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Preface to ”Optical Technologies Applied to Cultural
Heritage”

Art and optics have in common one of the most difficult materials to work w ith: l ight. Optics 
and art cannot be understood without light. Light has accompanied humans from the beginning 
of time. Light allowed human beings to create habitable spaces in places not reached by sunlight. 
Family, culture, magic, all of them were possible thanks to light. Fire (heat and light) let those early 
societies be heated, cook food, and have better relationships among individuals. This essential role is 
shown in many legends from the early stages of human history. For example, Gilgamesh’s trip is a 
metaphoric journey from darkness to light, or even in the Genesis God said:

“Let there be light,” and there was light. God saw that the light was good, and he separated the 
light from the darkness.

Nowadays, light has the same magical power as in those old times: it allows us to know 
what is beyond our eyes’ reach. Scientists from all around the world are changing the way we see 
nature and cultural heritage. They push the cutting edge of optics further, and this permits us to 
deepen our knowledge and understanding of artistic goods, apply better preservation technologies 
and open a window to a wide range of unknown possibilities where imagination is the limit. Light 
technology makes it possible to obtain extraordinary information about our universe, travel in time 
and read information that was hidden in the stars, which the history of cultural heritage is and how 
to restore and preserve this heritage. Like the lighthouse of Alexandria, a mythical construction 
whose creation was ordered by Ptolemy II (II BC) and was used to guide sailors to find t he right 
way into the harbour with a beacon light, the latest optical technologies enlighten to us to make the 
best decisions regarding how to preserve, restore and make it possible for people to access and enjoy 
cultural heritage. At the same time as science and technology are changing more and more quickly, 
cultural heritage is increasing its significance a nd i mportance i n s ociety. I t i s a  p aradox h ow the 
oldest and most constant agent gets a progressively more important role in societies where everything 
changes very fast. Simultaneously, new technologies are developed every year, which enable us to 
know better and deeper our cultural heritage. The changing world generates a strong need for a 
sense of belonging and cultural stability in all human beings around the world, but this sense can 
be more easily obtained by means of these new technologies due to their impact in cultural heritage 
preservation and exhibition. When we talk about cultural heritage, we refer to very different artefacts 
and relics with different conditions, shapes, forms, status, etc. It must be considered that cultural 
heritage includes artefacts, monuments, buildings, sites, museums, industries, and even intangible 
goods, and they have a diversity of values like symbolic, historic or aesthetic. With such a casuistry, 
the appropriate technology for each one cannot be the same. Restorers now have many technologies 
at their disposal, and more of them coming from optical technologies, but this was a chimera only 20 
years ago.
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All these new actors that appear around the restoration work require a close relationship among

experts from both worlds: science and arts. It is necessary to find new spaces where these two sides

of cultural heritage can meet and work together. It is not an easy task, and it requires spaces to share

relevant information of both worlds, optics and cultural heritage. This is mainly the scope of this

book, which contains important contributions that we hope will be useful to improve the knowledge,

understanding and valuation of this area.

Antonio Alvarez Fernandez-Balbuena and Daniel Vazquez-Molini

Editors
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Optical Technologies Applied to Cultural Heritage
Antonio A. Fernandez-Balbuena * and Daniel Vazquez-Molini

Departamento de Óptica, Universidad Complutense de Madrid, 28016 Madrid, Spain; dvazquez@ucm.es
* Correspondence: antonioa@ucm.es

Who knows about light? Who knows about art? These are difficult questions to answer.
Optical technologies, which can be applied to cultural heritage, are very diverse and can be
used for many purposes. Nowadays, new developments in optical technologies have made
it possible to apply these technologies in areas where we did not know it was possible
and to obtain data that seemed unreachable. We have a higher instrument accuracy, a
higher acquisition velocity, smaller devices, and relatively lower-cost systems. All these
factors have opened doors that were once thought to be beyond scientific limits. Today, we
have new horizons and possibilities. On the other hand, from a cultural, economic, and
social point of view, cultural heritage plays a key role in advanced societies every day. It
is very difficult to summarize all the fields in which optical technologies are helpful and
non-destructive tools can be used for restoration and analysis. We think that proposals such
as this Special Issue are very important for improving our knowledge of various scientific
areas. Let us here quote the motto of our university, the Complutense University of Madrid,
Libertas Perfundet Omnia Luce (liberty lights everything), which we can applied to our field
as “the light will make free”.

When we issued the call for papers for the Special Issue “Optical Technologies Applied
to Cultural Heritage”, our primary objective was to put together a variety of articles that
could explain or at least shed some light on these two questions. To achieve this, we invited
several authors to contribute papers from their field in relation to the topics of photonic
restoration, spectroscopy analysis, light and damage, hyperspectral image acquisition
and processing, light-based technique characterization (optical microscopy, FTIR, Raman,
X-ray. . . ), and color and visual implications. Additionally, we received some other papers
from scientists all around the world. This Special Issue has reached a total of 14 papers,
including reviews, research articles, and others that will help us to explain the complexity
of working in the field of cultural heritage.

The 14 contributions give special focus to the following items:

- Non-invasive technologies;
- Cleaning methods;
- Characterization of color, damage, LED lighting;
- Monitoring ageing;
- Analytical investigation;
- Image analysis;
- Virtual restoration;
- Vision and color;
- Technical and case studies.

In this Special Issue, we present papers on a mix of optical technologies related to
different restoration needs, as well as a specific paper related to a digital representation
of the Tower of the Captive located in the Alhambra palace in Granada [1]. It is clear
that humankind needs light to see in the dark—for example, the behavior of Paleolithic
groups was determined by how long the light of their torches lasted, since deeper parts
of the Paleolithic caves required light not only to access them but also to carry out artistic
activities [2].
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At present, cultural heritage lighting has been studied quite extensively. The Interna-
tional Commission on Illumination (CIE) provides several guides for the use of lighting.
For instance, there is an exhaustive guide on the need to prevent damage caused by light-
ing in museums [3]. However, this guide has some limitations that should be overcome
through further research. The damage function illustrates one of these relevant areas that
should be studied. This is related to wavelength and five material categories—namely,
low-quality paper, cotton paper, oil paint over canvass, textiles, and watercolors on fabric
paper; however, the number of relevant materials that need to be studied is considerable.
As can be seen, there is still much work to do. Artwork damage has been studied in the
literature, sometimes in relation to museum objects [4] and usually in relation to particular
materials such as Japanese lacquer [5].

Scientific studies on cultural heritage conservation have been carried out using non-
invasive techniques. Optical technologies are therefore a great ally in this area. As an
example, we present two detailed papers on the issue of non-invasive measurements: one
of them deals with a combination of imaging and spectroscopic techniques with principal
component analysis (PCA) and describes the pigment spatial distribution over the large-
format picture of Purísima Concepción located in México [6].

Dr. Dorukalp conducted an interesting study regarding the dilemma concerning light,
damage, and visibility when using LED light sources in museums. The author obtained
the color quality function related to energy efficiency for a multi-primary LED light source;
this is one of the greatest challenges when lighting artworks. Finally, he presents a 3D
representation of conflicting parameters (color quality vs. damage) that should be studied
carefully to improve lighting conditions and reduce damage. With a tunable RGB light
source, optimal spectral combination can reduce damage while maintaining a good level of
lighting [7].

Benítez et al. published an interesting article about the digital representation of an
historical building. In their case, they explain the workflow followed to reach the digital
representation of the whole interior of the Tower of the Captive located in the Alhambra
palace in Granada. The objective was to create a photorealistic 3D model to contribute
to the dissemination of cultural heritage. Virtual reality (VR) environments are potential
systems that can be used to visualize 3D models [1]. The photorealistic 3D projection of
this scene could contribute to reducing the damage caused to this fragile building due to
high amount of people wanting to visit it. Additionally, this is an example of a new form
of experiencing art through virtual reality or augmented reality. For this projection, the
authors studied different natural lighting conditions so that the interior of the building
could be virtually observed in any desired condition.

Ángela Gómez proposes a review of different virtual restoration techniques and
presents projection mapping as a necessary process to obtain a good calibration for fu-
ture projection lighting for restoration applications. Projected lighting can be useful for
restoration and lighting by employing algorithms to reduce damage while improving the
appearance of color. There are some artworks, such as Dali’s 1926 picture “Dos Figuras”,
that cannot be traditionally restored due to the canvas and pigment status; therefore, new
technologies such as light projection techniques should be applied.

Finally, the Guest Editors would like to reflect on the issue of lighting and cultural
heritage. Cultural heritage is a treasure that humankind has received, so we are responsible
for maintaining it for future research and contemplation. This may be difficult to achieve,
but non-invasive scientific techniques have been proven to be of great importance in
permitting curators to make good decisions about the conservation process. Therefore,
curators and scientists must work together to make this work possible.

Author Contributions: Writing—original draft preparation, A.A.F.-B. and D.V.-M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research has been funded by project number RTI2018-097633-A-100 of the Ministry of
Science and Innovation of Spain.
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Abstract: The virtual modification of the appearance of an object using lighting technologies has
become very important in recent years, since the projection of light on an object allows us to alter its
appearance in a virtual and reversible way. Considering the limitation of non-contact when analysing
a work of art, these optical techniques have been used in fields of restoration of cultural heritage,
allowing us to visualize the work as it was conceived by its author, after a process of acquisition and
treatment of the image. Furthermore, the technique of altering the appearance of objects through the
projection of light has been used in projects with artistic or even educational purposes. This review
has treated the main studies of light projection as a technique to alter the appearance of objects,
emphasizing the calibration methods used in each study, taking into account the importance of
a correct calibration between devices to carry out this technology. In addition, since the described
technique consists of projecting light, and one of the applications is related to cultural heritage,
those studies that carry out the design and optimization of lighting systems will be described for
a correct appreciation of the works of art, without altering its state of conservation.

Keywords: projection mapping; calibration; lighting; cultural heritage

1. Introduction

The colour and appearance of an object depend on the physical and chemical properties of the
object itself, the source of visible electromagnetic energy that illuminates it, and the observer who
detects the energy reflected by the object [1]. Taking into account these three factors, it is possible to
think that by projecting adequate lighting on an object, its appearance could be altered.

From this idea, the term Mixed Reality arises, in order to alter the perception of reality including
virtual content. Milgram and Kishino defined the concept of mixed reality as a subset of the
technologies related to virtual reality, which includes Augmented Reality (AR) and Augmented
Virtuality (AV). Thus, they defined Milgram’s Reality–Virtuality Continuum (Figure 1), which is a line
on which the virtual space is located at one end, real space at the other, and AR and AV in the center.
AR was defined by Milgram and Kishino as the technology that improves the visualization of a real
environment through virtual objects and AV was defined as the opposite of AR. Therefore, in Figure 1,
AR is closer to reality and AV closer to virtuality [2].

Taking these factors into account, it is possible to think that by projecting adequate
lighting on an object, its appearance could be altered in a virtual and therefore reversible way.
Thereby, the technique of Spatial Augmented Reality (SAR) or projection mapping arises, which uses
optical elements and video projectors, holograms, radio frequency labels and other tracking
technologies to display virtual information directly on an object altering their appearance [3–5].

5
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Figure 1. Milgram’s Reality–Virtuality Continuum [2].

Azuma, in 1997, completed the definition of Milgram and Kishino, defining AR as ‘a technology
that allows the user to see the real world, with virtual objects superimposed or compounded with the
real world’ [6].

In recent years, AR has become more important in fields such as education, entertainment, conservation,
restoration and adequate exhibition of cultural heritage, among others [3,7].

The projection mapping technique uses cameras to capture the object to be illuminated and
projectors to project the desired image onto the object. It has the advantage over other AR techniques
that it doesn’t require viewers to use any type of glasses or instrument to appreciate the effect,
allowing multiple users to appreciate the effects of projection mapping technology at the same time [5].

Section 2 of this article collects those studies which use the projection mapping technique in order
to alter the appearance of an object, with special emphasis on those studies that use the technique as a
method of displaying cultural heritage.

For the development of the projection mapping technique, a meticulous calibration method is
required that allows adequate synchronization between the instruments used. Then, it is necessary
that the image be correctly located on the object, avoiding unwanted effects. Section 3 of this article
lists the main calibration techniques used in projection mapping in recent years.

The complexity of implementing this technique in the field of conservation of cultural heritage
objects consists in the development of a lighting system that allows a safe display of the artwork
without producing alterations in its appearance with respect to when it was made by the artist. This is
due to the photochemical and thermal effect of light, causing degradation of the materials it illuminates.
Section 4 of this article collects the most significant techniques to address this difficulty.

2. Projection Mapping Applications

The ability of the projection mapping technique to alter the appearance of an object by projecting
light on it has made its applications more and more common every day, as shown in Figure 2. Under the
name of Shader Lamps, Raskar in 2001 introduced the idea of animating white objects without texture
by projecting different graphic images on them, altering the appearance of these objects by varying
their perception of colour and texture [8].

Amano, by means of superimposed projection, altered the appearance of contrast in real objects
that already had their own colourimetric and texture properties [9].

In Wang et al. (2010), the concept of context-aware light source was introduced, defined by them
as ‘a light source that can modify its lighting depending on the sensor information obtained from the
scene’. It is a projection mapping application, which works by means of the previous acquisition of the
information of the scene by a camera, so that after the appropriate image treatment, the improvements
are shown on the object through a projector. In this way, it allows improving the appearance of an object
in real time, even if the user manipulates it. From a context-aware light source, they developed the
concept of proxy light, designing a portable instrument which, as if it were a common flashlight, allows
the user to illuminate the areas of the object they want, appreciating parts of the object that are not
perceptible to the naked eye by humans. This instrument is a very valuable tool for museumgoers,
archaeologists, and art restorers [10].

6
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Figure 2. Outstanding applications of the projection mapping technique.

Later, in 2014, Revealing Flashlight emerged. It is an instrument that, like the one described by
Wang et al., allows users to visualize hidden parts of an object. Wang et al.’s instrument works in
real time, so it is limited by the camera resolution and 2D image processing, Revealing Flashlight
performs 3D object pre-analysis, then the displayed images are not limited by the camera resolution or
by analysis time, thus allowing a more detailed visualization of the object, obtaining the results shown
in Figure 3 [11].

Figure 3. Image proposed by Ridel et al. [11] where the result is shown after illuminating a cultural
artifact with the Revealing Flashlight technique.

Both Punpongsanon et al. and Kawabe et al. used the projection mapping technique in
combination with psychophysical studies to alter the perception of movement through lighting [12,13].
Kawabe et al. developed a technique called Deformation Lamps to achieve the perception of the
movement of objects while maintaining their original colour and texture [12]. Punpongsanon et al.
used the mapping projection technique to alter the perception of bending stiffness of a fabric [13].

Among the applications mentioned above, the application related to the conservation and
exhibition of cultural heritage objects will be described in more depth.

Some artworks have had their appearance affected due to the action of external agents, such as
non-optimal humidity/temperature conditions or the incidence of electromagnetic radiation from
the sun or different sources of artificial light over their years of exposure [14–16]. A restoration by
a classical method can then be complicated. However, by means of the projection mapping technique,
a restored vision of the artwork can be obtained by projecting an image on it, called in many studies
the compensation image.

7
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Lafontaine presented the precursor of this technique in 1986: he developed a projection technique
by which an artwork can be visualized without affecting the yellowing that occurs in its varnish with
the incidence of electromagnetic radiation on it [17].

The projection mapping technique was used in 2005 by Peral to virtually restore the appearance
of the portico of Saint Mary’s Cathedral in Vitoria (Spain) [18].

Aliaga et al. (2008) presented a technique to restore deteriorated objects by projecting light with
multiple overlapping projectors. They proposed an interactive restoration algorithm, in which users
could select those points they want to restore in a captured image. Then, using a restoration algorithm,
one could obtain the compensation image and thus project it onto the object [19].

Aleksić and Jovanović used the virtual restoration technique through projection mapping to
obtain a restored view of Lazar Vozarević’s Untitled from 1961. To do this, they were inspired by the
technique developed by Stenger in restoring Mark Rothko’s murals, since both artists used very similar
chemical compositions for the development of their work. But unlike Stenger’s work, Vozarevic’s work
has a three-dimensional geometry, requiring a different restoration technique [20].

Recently, Vázquez et al. (2020) presented a method of restoring artworks by projecting light
point by point, characterized by the previously acquired spectral reflectance of the artwork. For their
procedure, they used a photograph of Sorolla’s Walk on the Beach that was previously artificially aged
using a Matlab algorithm, as shown in Figure 4 [21].

Figure 4. Images proposed by Vázquez et al. [21] where it is shown: (a) RGB color matrix that will be
projected onto the aged image to compensate for the aged appearance of the artwork. (b) Photograph
of Sorolla’s Walk on the Beach artificially aged. (c) Photograph of Sorolla’s Walk on the Beach after virtual
restoration process.

8
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3. Calibration

Projection mapping systems use at least one camera and one projector, so that the camera can
detect and adjust the image from the projector [5]. In order for an image projected onto the real object
to be properly visualized, a series of geometric and photometric calibration algorithms are required [5].
This section shows the evolution of the calibration algorithms designed for projection mapping projects
(Figure 5).

Figure 5. Calibration methods used in the studies shown in this review article.

The technique of Aliaga et al. initially consisted of acquiring a geometric model of the object to be
restored and the proper calibration of the projectors based on the self-calibration method they described
in [19,22]. Subsequently, the image of the object was captured and restored using an interactive energy
minimization algorithm. Finally, the projection image that would be projected onto the object was
calculated [19].

They obtained a self-calibrated structured light method allowing data processing from multiple
points of view, being able to obtain a 3D object reconstruction. For the correspondence between the
pixels they exploited the duality of cameras and projectors [22].

For the development of Revealing Flashlight, Ridel et al. used the calibration method that
Audet et al. had proposed in 2010 [11,23]. Audet et al. had developed an alignment algorithm between
camera, object and projector [23]. In their method, they described two models, a geometric model and
a colour model, through which the necessary information can be obtained to predict how the image
projected on the camera sensor is formed. They were based on the pinhole camera model to obtain
Equations (1) and (2), which define the projection in the image plane of a camera placed at the origin
and a calibrated projector, respectively, for a point x3 located in the plane of the surface [23].

xc = Kc(Ix3 + 0), (1)

xp = Kp(Rpx3 + tp), (2)

where K is the camera matrix, which contains the internal or intrinsic projective parameters, and where
R and t are parameters that shape the orientation and position of the devices [23].

They developed a colour model so that the system could be easily calibrated without camera
control with a single projector and flat surface (Figure 6). For this, they formulated Equation (3),
which allows predicting the colour information that the camera will observe (pc) knowing the colour
emitted by the projector (pp) and the reflectance emitted on the surface (ps).

pc = ps[gX3x3 pp + a] + b, (3)

where g is the gain of the projector light; X is the colour mixing matrix; a, the ambient light; and b,
the noise bias of the camera. All vectors are three-vectors in the RGB colour space [23].
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Figure 6. Sketch proposed by Audet et al. [23] where the calibration method used is shown.

In order to use the models correctly, they developed a calibration algorithm to obtain the geometric
parameters (Kc, Kp, Rp and tp) and the colour parameters (X and b). To do this, through Equations (1)
and (2) that define the geometric model and a homography (H), they developed the warping functions,
which relate a point of the image in the camera with a point of the projector and a point from the
camera image xc with the point xs of the surface plane image [23].

wp(xc) = Hpcxc, (4)

ws(xc) = Hscxc. (5)

Finally, the equations are entered into the Equation (3) to obtain the colour of the pixels at the
camera point xc, as shown in Equation (6).

pc(xc) = ps(ws(xc))x[gXpp(wp(xc)) + a] + b. (6)

Once the calibration that provides us with the necessary parameters of the colour and geometric
models was developed, they developed a cost function and its minimization function to optimize the
system towards correct alignment [23].

Wang et al. (2010) established the alignment between the camera and the projector through a beam
splitter, which allowed the light signal to be divided so that the same signal was perceived by the
projector and the camera regardless of the detection distance. By performing this synchronization
between the camera and the projector, a feedback effect was produced since the projected signal was
part of the scene to be detected by the camera sensor. To avoid this phenomenon, the projector emitted
in the visible range and the camera detector only detected IR wavelengths, thus preventing the virtual
image from interfering with the projection of the following table [10].

Stenger et al. needed to develop a calibration system whereby the compensation image projected
onto Mark Rothko’s murals was displayed correctly. To do this, they first used the Matlab’s control
point selection tool to generate a geometric transformation and thus adjust the resolution of the target
image and the current image of the artwork. Then, a lighting matrix with the levels of the three
equal RGB channels was projected onto the work, in order to create a calibration curve for each
channel. These calibration curves together with the colour mixing matrix, created to compensate the
dependence of the channels on each other, created a suitable compensation image. In order for the
compensation image to be positioned in the correct position relative to the illustration, a very irregular
calibration image was projected onto the illustration and an image was captured. Then a Harris
corner detector related corresponding points on the captured image and the calibration image.
Using these points, a pattern was created in order to make the corresponding geometric transformation.
Finally, by means of a RANSAC algorithm, outliers were eliminated, through an iterative non-linear
fitting procedure [24].

10



Heritage 2020, 3

Deformation Lamps tries to achieve the illusion of the perception of movements in objects
by projecting an optimized light pattern on them. To do this, Kawabe et al. (2016) described
an algorithm that consisted of defining a dynamic image sequence in order to project it onto a static
object, thus achieving the perception of movement on the object.

To obtain this sequence of colour images, it was assumed that an image sequence, Imovie, can be
calculated as a linear combination of a static colour picture Istatic and a dynamic grayscale image
sequence Iluminancedynamic [12].

Imovie(x, y, t) ≈ Istatic(x, y) + Iluminancedynamic(x, y, t),. (7)

Finally, by means of Equation (8), the dynamic luminance is calculated, which by means of
Equation (9) is projected onto the image, w being the factor that modulates the contrast of the dynamic
component of the image and B is an arbitrary gray background so as not to take values below 0.

Iluminancedynamic(x, y, t) = Iluminanceseq(x, y, t)− Iluminancestatic(x, y) (8)

P(x, y, t) = wIluminancedynamic(x, y, t) + B (9)

For the deformation lamps method, Kawabe et al. used a manual alignment between the projector
and the object, since for this method on 2D objects, no specific calibration is needed to obtain the visual
effect they were looking for [12].

In Aleksić and Jovanović (2018), instead of using an algorithm yielding a real-time compensation
image, a meticulous analysis of the artwork was carried out in order to be able to restore it digitally.
This procedure was performed at the discretion of restoration professionals and then projected onto
the work under controlled lighting conditions. For the alignment between the projected image and the
actual artwork, the curvature of the image projection (curvilinear projection) as well as the perspective
distortion were determined. The compensation images were projected at an angle and this perspective
generated certain distortions of the image. In order for the compensation image to geometrically
match the painting surface, the projection image curvature and perspective-generated distortion were
determined so that the resulting image geometrically coincided with the surface of the artwork [20].

Vázquez et al. (2020) calibrated the projector to emit the corresponding lighting onto the work
through a calibration algorithm and a merit function. Since the spectral power distribution of
the projector (SPD) calculated is not the same as the real spectral emission of the projector (DPK),
an algorithm was developed that relates both distributions through the Z factor. The purpose of
the merit function is to minimize the colour difference (4E∗00) between the original and the restored
artwork. The 4E∗00 was calculated with CIEDE200. To eliminate distortions between the camera,
the projector and the printed image, a T transformation is developed through the Matlab image
processing toolbox [21]. Finally, the method of correspondence between pairs of images of Vincent
and Laganiere (2005) was used for the alignment between the projected image and the printed
image [21,25].

4. Lighting

Cultural heritage objects must be exhibited for their appreciation, but inadequate temperature
and lighting conditions can cause their deterioration [14,15,26]. Generating yellowing, discoloration or
colour variation, corrosion, alteration and corruption, increase in surface temperature, and acceleration of
deterioration on works of art [16]. This section reviews the main studies related to the lighting of artworks.

The damage caused by the emission of UV and IR radiation is controlled by filters or LED
sources, but the radiation emitted by the visible range of the electromagnetic spectrum is necessary
for the appreciation of the artwork and at the same time could produce irreparable damage to it [15].
The International Commission on Illumination (CIE) differentiates between the damage caused by
the photochemical effect on different pigments and the damage due to the thermal action of light [26].
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Photochemical damage is produced when a photon is absorbed by a pigment, causing the chemical
properties of this pigment to change, manifested in artworks as changes in the mechanical properties
of the pigments or in their colour [14]. The damage caused by thermal action, according to the
CIE, has been more ignored in museums, since the damage has not been as visible as in the case
of damage by photochemical action. Elena Lucchi (2016) evaluated the energy and environmental
quality of museums, based on 50 European institutions. The result was that light is the most important
environmental parameter in museums because it is directly related to the preventive conservation of
works of art and to the comfort of viewers [27]. As the control of photochemical damage in museums
has gained importance, so has the control of damage by the thermal action of light, taking into
account that an increase in temperature favours chemical action at the molecular level in the different
pigments [26,28–30]. Recently, a process to minimize the risk of deterioration in multifuncional historic
buildings has been developed. It puts forward the profitability associated with the lighting parameters
optimization in order to avoid damage to the cultural heritage shown in the exhibition [31].

The CIE made recommendation 157: 2004 to regulate the damage caused by photochemical
action and the effects of thermal radiation of light on the different artworks exhibited in museums.
Knowing that not all materials respond in the same way to the harmful effects of visible radiation,
the CIE established, in its regulations, maximum irradiance limits and a defined exposure time to
illuminate artworks, depending on the sensitivity to light radiation of the materials that constitute the
artwork [26,28]. Mayorga et al. (2015) introduced the concept of Global Risk Factor (GRF), presenting
a system for quantifying the damage produced by natural light, so that it could be used as the main or
secondary source, minimizing the intrinsic risks it carries and using its advantages in lighting such
as its ability to save energy, non-polluting, renewable source, psychological comfort, circadian cycle,
and colour reproduction [32].

In addition to taking into account the damage due to radiation in museum exposures, it is
important that the source used does not produce distortions in the perception of the artwork. For this,
the colour rendering index (CRI) is usually used, which defines the colour reproduction capacity of
a light source [26].

Even so, not all pigments used in an artwork respond in the same way to the effects of radiation,
and not in a linear way [15]. This section reviews the main techniques developed for lighting in
museums, which, in addition to protecting artworks from the effects of light, allow us to correctly
appreciate them.

Historically, incandescent or fluorescent lighting was responsible for lighting in museums [15,33],
however, in recent years, LED lighting has become very important for this application. LEDs offer great
advantages, such as compactness, long useful life, adjustable intensity [33] and absence of radiation in
the ultraviolet range and infrared range [33,34]. In addition, the radiation in the visible spectrum is
reduced compared to continuous spectrum emission [34], their surface temperature rarely exceeds
50 ◦C, allowing them to be placed near wooden objects [14]. In recent years, LED technology has
gained higher luminous efficiency, and by combining it with phosphors, it is easy to optimize the
spectrum for the desired application [33].

Delgado et al. (2010) presented an optimization strategy applied to improve the luminous
efficiency of a light source to illuminate artworks, excluding the part of the visible spectrum that does
not contribute to the adequate perception of the illuminated object [35].

Berns et al. (2011) optimized a simulated triband light source made up of three LEDs with the
fundamental objective of illuminating without causing damage to the artwork and producing the same
colour rendering as the D65 illuminant, which is usually used as a reference in simulations due to
its similarity to daylight. To this end, they performed four simulations using the emission of LEDs
with bandwidths of 25 nm, 50 nm, 75 nm and 100 nm. The LEDs with bandwidths of 50, 75 and
100 nm provided emissions almost identical to D65, and the LED with a bandwidth of 25 nm had
its efficiency improved by combining it with LEDs of greater bandwidth, obtaining very favourable
results of4E, colour reproduction and luminous efficacy, these being 1.24E∗94, 92 CRI, and 325 lm/W,

12



Heritage 2020, 3

respectively. The 1.24E∗94 is imperceptible to the human eye in lighting conditions between 50 and
200 lux [34].

Furthermore, Berns (2011) developed an optimization algorithm capable of increasing or
decreasing chroma depending on the demands of the artwork. On the one hand, an increase in
chroma would make it possible to compensate for the lack of colour, respecting in any case the artist’s
intention. On the other hand, works exhibited in caves or churches must maintain their low chroma
status since they were conceived that way [34].

Using an optimized white LED illumination obtained through the combination of different LEDs,
Vienot et al. (2011) recreated the appearance of a bird specimen. They were able to intensify the
saturation of faded colours by taking advantage of the distortions caused by narrow-band LED
lighting [33].

Durmus and Davis (2015a) developed a lighting system with an optimized emission spectrum
in order to produce energy savings without altering the appearance of the illuminated object. To do
this, they started from the idea of dispensing with the emissions at those wavelengths absorbed by
the object, designing a lighting system tuned by detectors with the reflectance of the objects, emitting
fundamentally at the wavelengths reflected by the object and perceptible by the human eye. In this
way, they managed to develop a lighting system through which an energy savings of 44% can be
obtained and without appreciable changes for the human eye in the appearance of the object, with low
values of4E∗ab calculated in the CIE 1976 colour space L * a * b * [36].

Durmus and Davis (2015b) further perfected that technique by implementing added bandwidths
of the order of 10 nm to the peaks of the selected emission spectrum, obtaining energy savings of
between 55% and 71% maintaining low values of4E∗ab [37].

Mayorga et al. (2016) analysed how lighting affects 23 different pigments in order to develop
a system to measure the spectral response of exposed materials. This system allowed estimating the
time and the maximum irradiance with which a artwork can be illuminated without noticeable changes
in its colour [38].

Stenger (2015) based the lighting of Mark Rothko’s murals on the limitation established by the
CIE of an illuminance of less than 50 lux, restricting UV and IR radiation [26], since, in addition, one of
the artist’s requirements was that the artwork not be too illuminated [24].

Taking into account the need to develop a lighting system capable of displaying artworks without
causing damage to them, the Zeus project emerged. It has been mainly promoted by scientists from the
Complutense University of Madrid. This project also includes institutions involved in the conservation
and dissemination of cultural heritage objecds and researchers in Communication and Audiovisual
Technology. Among other strategies related to the analysis of artworks for their correct conservation
and visualization, the Zeus project developed a selective lighting system that calculates the appropriate
light distribution point by point based on the characteristics of the artwork [30].

Durmus et al. (2018) designed an optimized lighting system by which the reflectance of the artworks
was obtained in order to be able to project onto them an illumination capable of reducing photochemical
damage due to spectral absorption of radiation in the pigments used based on the reflectance spectrum of
the pigments. In this development, it was essential not to affect the appearance of the objects so as not to
alter the intention of the artist. To this end, they used multi-objective genetic optimization algorithms
(MOGA). Genetic algorithms (GAs) are based on the theory of evolution, where, starting from a wide
range of species, only those suitable survive, the rest facing extinction. The MOGAs, unlike the GA, allow
a greater number of solutions by defining an aptitude function that evaluates the solutions at each step,
thus generating more precise solutions. Considering that when using a visible spectrum light source,
visibility and damage conflict, they used MOGA optimization algorithms since by themselves they can
produce more than one result that does not allow the optimal solution. Therefore, it was essential to use
Pareto’s optimal solution technique, which was responsible for selecting alternatives when there is no
single optimal solution, allowing obtaining an optimized lighting source to minimize absorption damage
without causing a notable damage to the colour of the artwork [29].
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Carla Balocco and Giulia Volante set out a methodology for sustainable cultural heritage lighting
that not only complied with the regulations for the correct conservation and protection of works of
art, but also provided visual and perception comfort from the point of view of observer reducing the
power consumption of the light source. Thus, they carried out a study to illuminate those areas of
interest of the work of art by analyzing the eye movements of a series of subjects when viewing it [39].

Muñoz De Luna, in his doctoral thesis published in 2017, developed a point-by-point spectral
reflectance measurement system using non-contact spectrophotometers in order to subsequently
carry out a colourmetric analysis of the artworks that allows a temporal monitoring of these in
an objective. This system was applied to study the following works of Pablo Picasso: Guernica and
Woman in Blue. Using Michiel Sweert’s Boy with a Turban and Corsage, he carried out a comparative
study of the colourimetric values of the artwork, illuminating it using the illuminants that the CIE
defines as standard illuminant, finding in certain areas of the work, appreciable colour differences
for human perception. Finally, using the reflectance measurement technique previously described
and the knowledge of how the different illuminants affect the conservation and appreciation of
an artwork, there was studied the lighting used for the cave paintings of the cave of El Castillo in
Puente Viesgo (Cantabria). To this end, an LED lighting system was developed using a minimum
optimization algorithm that allowed the emission of an optimal spectral distribution in terms
of minimal deterioration, maximum contrast between the colour stimulus and the background,
and minimum chromatic difference between the observed painting under the light used by the
artist and observed with the developed illuminant [28].

The lighting system developed by Vázquez et al. (2020) for projecting onto artworks was optimized
to minimize radiation damage, while also producing a restored appearance of the art [21]. With the
information from the CIELab coordinates and reflectance information, they developed a merit function
based on Fernandez-Balbuena et al. [40] to optimize the 4E∗00 between the D65 reference and test
illuminant. A second merit function was developed in order to minimize the radiation damage through
the concept of GRF, developed by Mayorga et al. [32,38]. Using the optimization algorithm, based on
Durmus and Davis [36,37] and Muñoz De Luna [28] described above, and the lighting system described
by the Zeus Project [30], they calculated the optimal SPD and the intensity of each point in the image [21].

Rui Dang et al. proposed a method of quantifying damage taking the type of paint, the level of
illuminance and the exposure time as three variable units, thus allowing to optimize lighting systems
in a much more precise way. They found that some works of art allow higher levels of illuminance
than those set by the regulations, thus achieving an improved visualization by the viewer [41].

5. Conclusions

This review article has treated the main studies that have been carried out in recent years that use
the projection mapping technique. Its purpose has been to provide the necessary help related to the
calibration and lighting processes that may be required in future applications.

In the section on calibration techniques, different viable methods have been described to achieve
the alignment between camera and projector, such as the structured light method [10,22], the beam
splitter method [10], and the use of the Harris corner detector [24]. Furthermore, in many of the studies,
different limitations have been taken into account, such as feedback, or the minimization of 4E in
virtual restoration applications, proposing in both cases suitable solutions.

When using the projection mapping technique, attention must be paid to adequate lighting
conditions, especially in those applications related to the exhibition and conservation of cultural
heritage objects. For this reason, in the fourth section of this article, there have been reviewed the main
lighting optimization studies whose aim is to minimize the change in appearance of the illuminated
surface while reducing the harmful effects of radiation.
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Abstract: Light causes damage when it is absorbed by sensitive artwork, such as oil paintings.
However, light is needed to initiate vision and display artwork. The dilemma between visibility and
damage, coupled with the inverse relationship between color quality and energy efficiency, poses
a challenge for curators, conservators, and lighting designers in identifying optimal light sources.
Multi-primary LEDs can provide great flexibility in terms of color quality, damage reduction, and
energy efficiency for artwork illumination. However, there are no established metrics that quantify
the output variability or highlight the trade-offs between different metrics. Here, various metrics
related to museum lighting (damage, the color quality of paintings, illuminance, luminous efficacy of
radiation) are analyzed using a voxelated 3-D volume. The continuous data in each dimension of the
3-D volume are converted to discrete data by identifying a significant minimum value (unit voxel).
Resulting discretized 3-D volumes display the trade-offs between selected measures. It is possible
to quantify the volume of the graph by summing unique voxels, which enables comparison of the
performance of different light sources. The proposed representation model can be used for individual
pigments or paintings with numerous pigments. The proposed method can be the foundation of a
damage appearance model (DAM).

Keywords: art conservation; cultural heritage; spectral optimization; color quality; LEDs; light
intensity; illuminance; exposure; energy efficiency; damage

1. Introduction

Optical radiation is electromagnetic energy that dissipates through space. Light, the
visible part of optical radiation, upon reaching the surface of an object is either reflected,
transmitted (if the object is transparent or translucent), or absorbed. Reflected light initiates
vision when it is detected by the human visual system. Light absorbed by the object turns
into heat and is considered wasted for illumination purposes. The absorbed light (energy)
may cause a chemical change in the molecules due to photochemical reactions, and if the
object is light-sensitive, such as a painting, it may cause irreversible damage (e.g., color
fading) [1,2]. The dilemma between visibility and damage is a crucial aspect of lighting
design for museums and galleries.

Characterizing the properties of the absorbed light can enable estimating and pre-
venting further damage to sensitive works of art. Past studies suggest that there are four
primary parameters that influence the optical damage to artwork: light intensity, exposure
duration, spectral power distribution (SPD) of the light source, and spectral sensitivity of
light sources [2,3]. An increase in light intensity and exposure duration increases damage
to artwork, although the relationship is likely not linear. The spectral power distribution
and spectral sensitivity of the pigments interact in a more complex manner.

Early models of damage were based on the Einstein–Planck law, which states that
energy in lower wavelengths (i.e., ultraviolet radiation) may cause more damage than
energy in longer wavelengths [4]. However, several research studies showed that energy
in long wavelengths, such as infrared radiation, and energy in the visible spectrum could
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also cause damage to artwork [5–8]. Another important factor is the selective influence of
light source SPD on the magnitude of damage. Studies suggest that the spectral absorption
of pigments may dictate the amount of damage to an artwork since only the light absorbed
by a pigment causes photochemical action [9–12]. This understanding, coupled with the
overall effect of lighting intensity, encouraged researchers to use spectral optimization
algorithms to reduce damage caused by lighting [13–19]. Some of these optimization
studies even considered the energy consumed by lighting to balance the end-users’ differ-
ent needs [14,16,18,19]. Despite the increase in computational power and knowledge of
materials’ response to light, there is still no universal damage model that can account for
different types of pigments. Another unresolved issue is the holistic presentation of the
trade-offs and complex relationships between the parameters, such as damage to artwork,
the color appearance of the painting, illumination levels (both for damage and visibility),
and energy consumption.

Although multi-primary LED (mpLED) systems can be optimized to generate tailor-
made solutions for light-sensitive artwork, quantifying the complex relationships between
target parameters using a single-dimensional model is not possible. Fortunately, the
complex relationships between different aspects can be presented using a 3-D graph,
and discretizing each continuous dimension of the graph (voxelating) can result in a
discrete, measurable volume. The voxelization method has been previously applied to
color rendition variability in mpLEDs [20]. Here, the voxelization method is applied to
display the trade-offs between damage, the color appearance of artwork, illumination
levels, and energy efficiency. The voxelization method is based on the idea that a large
distribution of data points can be grouped into discrete packages or cubes called voxels, as
shown in Figure 1. Converting a large dataset to voxels results in increased interpretability
of the data, reduces visual cluster, and enables creating predictive models. The data points
within each voxel are considered the “same” for classification purposes, and the “sameness”
(uniqueness) of the data points within a voxel can be defined by identifying the borders of
the voxel in each dimension. The voxelization in the context of museum lighting should
contain the primary goals of illuminating artwork, such as preventing damage caused by
lighting, optimizing the appearance of artwork (brightness and color), and improving the
efficiency of the light sources.
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2. Methods

Three-dimensional graphs are widely used in science communication to demonstrate
the relationship between conflicting parameters. The proposed voxelization method goes a
step further by discretizing the continuous data of each dimension to create unit voxels
(analogous to pixels in 3-D shapes). The size of a voxel can be defined by identifying the
acceptability or detectability of the minimum value for each dimension. The minimum
identifiable value is often characterized as a just-noticeable difference (JND) in psychophys-
ical studies. It is also possible to convert continuous data to discrete data by selecting
arbitrary unit sizes when a JND cannot be identified. Once the dimensions of a unit voxel
are identified, they can be plotted in a 3-D graph, as shown in Figure 1.

Key dimensions of the proposed demonstration method for museum studies are
damage, light intensity, color quality, and energy efficiency. Damage to artwork can be
quantified using the Berlin model [3] or the amount of light absorbed by the painting [19].
In the Berlin model, the damage caused by optical radiation is calculated as a function of
effective radiant irradiance.

Edm =
∫

λ

Ee,λ × s(λ)dm,rel × dλ (1)

where Edm (unit: W/m2) is the effective irradiance that causes damage, Ee,λ is the spectral
irradiance (unit: W/m2), s(λ)dm,rel is the relative spectral responsivity of a material normal-
ized at 300 nm, so that s(λ)dm,rel = 1.0 for λ = 300 nm, and λ is wavelength (unit: nm) [3].
The alternative damage calculation method is the ratio of the light absorbed by the surfaces
under a test light source to the light absorbed by the surfaces under a reference illuminant

A =

∫
λ

Ee,λ,test(λ)× (1 − R(λ))× dλ

∫
λ

Ee,λ,re f (λ)× (1 − R(λ))× dλ
(2)

where A is a unitless relative absorption value reported as a percentage, Ee,λ,test(λ) is the
test light source irradiance, Ee,λ,ref(λ) is the reference source irradiance, and R(λ) is the
reflectance factor of a pigment. The test light source Ee,λ,test(λ) should be rescaled so
that the light reflected from the painting under the test and reference light sources are
equal. Equalizing the reflected light from the painting under the test and reference light
source ensures the luminance is the same in both conditions so that the comparison is not
affected by luminance related color appearance phenomena, such as the Hunt Effect [21]
and Bezold–Brücke hue shift [22].

Both the Berlin Model and relative absorption calculation method account for the
Grotthuss–Draper law, which states that only light that is absorbed can cause photochemical
activation. The difference between the two methods is that the relative absorption A offers
an easy-to-interpret measure for damage, but it does not account for the Planck–Einstein
relation (lower wavelength radiation has higher energy potential). On the other hand,
the Berlin Model uses a damage curve (action spectra) normalized to 300 nm, which may
undermine the Grotthuss–Draper law and can be hard to interpret.

In the proposed voxelization method, the light intensity can also be quantified by using
appropriate metrics, such as illuminance (unit: lx) or irradiance (unit: W/m2). Although
illuminance is relevant for the human visual system, irradiance can be used to account
for the difference between spectral sensitivity of the materials and the spectral luminous
efficiency function (visual system’s response to light). The color quality of the painting
can be quantified using colorimetric tools, such as color rendition metrics, or more precise
tools, such as color difference, chroma, and hue shift formulae. Color shift formulae can
provide detailed and specific information about the magnitude and direction of color shifts
between two lighting conditions. In the following voxelization example, the two lighting
conditions will be a reference white illuminant (i.e., daylight and incandescent lamps are
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considered ideal in museums for color quality purposes) and a test light source (SPDs
generated by a mpLED).

Test SPDs were generated by the linear optimization of a seven-channel mpLED
lighting system. The spectrum of each channel, shown in Figure 2, were combined by
iteratively mixing each channel at 20% dimming intervals, resulting in 279,936 (67) test SPD
combinations. The color differences in the appearance of 24 Macbeth ColorChecker test
samples [23] between each test SPD combination and reference incandescent halogen light
source were calculated using CAM02-UCS [24]. The root mean square (RMS) of the 24 color
difference values (∆E’RMS) were calculated to get an average score of the color shifts.
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Figure 2. The spectral power distribution of the seven-channel multi-primary LED system is used
in the linear optimization to generate data that are analyzed for the proposed 3-D representation of
metric trade-offs.

An incandescent halogen light source spectrum was used as a reference since they
are still widely used in museums [25]. Macbeth ColorChecker samples include a range of
saturated, desaturated, chromatic, and achromatic samples, which can be representative of
a wide range of artwork, and it is widely used in color and museum lighting research [26,27].
The color quality of every nominal white light was quantified using an ANSI/IES TM-30
fidelity index Rf, a gamut index Rg, and a local chroma shift in hue bin 1 (Rcs,h1) [28]. In
addition, relative absorption A (light absorbed by a pigment under the test light source
divided by the light absorbed by a pigment under the reference halogen light source),
illuminance (Ev), irradiance (Ee), the luminous efficacy of radiation (LER), correlation color
temperature (CCT), and the distance from the Planckian locus (Duv) [29] were calculated
for each test SPD.

3. Results

The data generated by the linear optimization method have been sorted and ana-
lyzed for metric correlation. Since most of the LED combinations (236,502 out of 279,936)
were not nominally white, color quality metrics that require a test light source to be close
to the Planckian locus (i.e., Rf, Rg, CCT, Duv) were not used in the analysis. However,
it is possible to filter out the non-white SPD combinations to utilize color quality met-
rics that are developed for white lights, with a caveat of reduced damage reduction for
individual pigments.

The data generated by the optimization method were voxelated using the most
important measures for museum lighting: damage to artwork, color appearance, and
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energy efficiency. For example, a 3-D voxelated volume (VV1) was calculated using the
relative absorption for a test color sample (Macbeth ColorChecker sample #24), the RMS
color difference of 24 Macbeth ColorChecker samples ∆E’RMS, and the LER, as shown in
Figure 3. Measures in each dimension were discretized by rounding values to a unit size
of 1 (e.g., LER of 200.3 lm/W and 200.7 lm/W were rounded to 200 lm/W and 201 lm/W,
respectively, and they fell into two different voxels). All the test SPD combinations that
fell into the same voxel were considered identical. Therefore, the number of unique
voxels (VV1 = 45,813) represents the number of unique SPD combinations that can be
generated within the seven-channel mpLEDs. It is important to note that the uniqueness
of each voxel depends on the voxel size criteria. For example, if the LER was voxelated
using 5 lm/W as the unit voxel size, the number of voxels would drastically decrease.
Therefore, the absolute magnitude of the volume does not have an inherent meaning.
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Figure 3. The 3-D voxelated volume VV1 shows the trade-offs between damage to artwork (light
absorption ratio of test light source to reference), color quality (shifts in the appearance of 24 Macbeth
ColorChecker samples between test SPDs and the reference light source), and energy efficiency
of the light source (luminous efficacy of radiation; unit: lm/W). Voxels are shown as circles for
representation purposes only.

The data departed from normality at the 0.05 significance level as tested by the Shapiro–
Wilk test, and a non-parametric test (Spearman’s rank correlation coefficient) was used to
analyze the correlation between the dimensions of the voxelated VV1 volume. While the
correlation between absorption A and ∆E’RMS were low (ρ = 0.111), the LER was inversely
correlated to absorption (ρ = −0.757) and ∆E’RMS (ρ = −0.427).

Figure 3 illustrates the relationship between color quality, damage, and energy effi-
ciency, where the top far corner is the ideal condition (low absorption, small color shifts,
and high efficacy). The visual illustration makes it clear that the ideal SPDs are increasingly
scarce compared to other SPDs that perform worse in terms of either damage, color shifts,
or energy efficiency. Since the relative absorption A > 100 denotes additional damage,
and the large color differences are not desired, it is possible to zoom into the graph by
limiting the x and y axes (relative absorption (A < 100) and color difference (∆E’RMS < 20),
respectively), as shown in Figure 4.
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Figure 4. Limiting the x and y axes of the voxelated 3-D volume VV1 can highlight areas of interest,
such as low relative absorption (A < 100) and color difference (∆E’RMS < 20). Voxels are shown as
circles for representation purposes only.

A second example (VV2) was calculated using relative absorption A for a test color
sample (Macbeth ColorChecker sample #24), the TM-30 fidelity index Rf, and the irradiance
Ee, as shown in Figure 5. In the second volume, which is the graphical representation of
the same data, there were VV2 = 2,265 unique voxels. While the absolute volume size
does not have an inherent meaning, comparing two or more light sources—using identical
voxel dimension metrics—can provide more information about the performance of the
light sources for a specific set of pigments (or the overall color quality of a painting).
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Voxelated 3-D volume VV2 also shows the relationship between competing target
parameters. The fidelity index Rf was not correlated with either relative absorption A
(ρ = 0.010) or irradiance Ee (ρ = 0.017). However, irradiance Ee and relative absorption A
were highly correlated (ρ = 0.996), which is not surprising since absorption increases with
light intensity.

It should be noted that the graphical distributions were applied to a single pigment
using relative absorption and to multi-pigments (e.g., a painting with numerous colors)
using color quality metrics to demonstrate the different use cases of the proposed method.
The proposed model can provide a more analogous analysis if all the dimensions are chosen
at the individual pigment scale (e.g., absorption for a single color and color difference
in the pigment under reference and test light sources). On the other hand, the proposed
model can also be used to gain a holistic understanding of a painting by using a high-level
approach (e.g., average absorption ratio by the pigments used in a painting, the average
color difference of pigments in the painting under reference and test light sources). While
the provided examples do not include the exposure time—an important dimension of
damage to artwork—it is possible to incorporate the total radiant exposure as a metric to
the voxelization method. The total exposure can be calculated by multiplying exposure
time t (unit: hr) with irradiance (Ee × t, unit: W h/m2) or illuminance (Ev × t, unit: lx h).
Alternatively, the radiant exposure can be quantified using the Berlin model (Hdm, unit:
W h/m2) [3].

4. Discussion

The proposed voxelization method can help analyze and compare the performance
of multi-primary LED systems. Since each SPD is represented as a single dot in a 3-D
graph, the proposed method cannot be used to analyze a single static SPD light source.
However, it is possible to analyze large datasets that include commercially available light
sources in the proposed 3-D volume. Such large datasets can provide museum curators,
conservators, and lighting designers with an opportunity to compare the performance of
different lighting technologies. Large datasets of different lighting technologies can also be
used to analyze a set of reference test samples collected in a museum or a painting (similar
to the color rendition approach) to attain an approximate idea of the performance in a
given space. The caveat in such an approach would be the consideration of object surface
reflectance characteristics since it may be challenging to identify the action spectra of the
pigments and dyes in every painting in a museum or a gallery.

Non-invasive scanning techniques, such as Fourier-transform infrared spectroscopy
(FTIR), X-ray fluorescence (XRF), Raman imaging, hyperspectral imaging, scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) [30–32] are often used
to obtain absorption spectra from materials. The analysis of organic and inorganic pigments
can also lead to new horizons in tailor-made museum lighting. In the future, it may be
possible to build a library of pigment and dye characteristics and their response to light
spectra, which may ultimately lead to a universal damage calculation model.

Despite the challenges of facing a universal damage model today, studies investi-
gating the sensitivity of different materials [33–40] can converge into a complex damage
appearance model (DAM), similar to color appearance models (CAMs). Although the
CIE 1976 L*a*b* (CIELAB) is the most widely used color space in conservation science, the
proposed damage model is based on the CAM concept due to the multi-layered nature
and better performance of CAMs. The CIELAB has well-documented limitations, such as
abnormal hue angle shifts [41,42], poor performance in the [43], and blue regions (negative
b* axis) [44]. Research suggests that color appearance models, such as CAM02-UCS [24],
can outperform CIELAB, especially when color differences are small—which are crucial
for conservation science [45,46]. In addition, conservation scientists often perform visual
observations of the artwork under controlled environmental conditions (e.g., laboratory).
Therefore, the additional input parameters required by CAMs (i.e., background and sur-
round conditions, adapting luminance) can be accurately determined by the users. In short,
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the CAM provides a better basis both conceptually and mathematically for the proposed
damage calculation models compared to a color space, such as CIELAB.

A DAM can have several inputs, such as light source spectrum, light intensity, ex-
posure duration, pigment spectral reflectance/absorption, artwork type (e.g., oil, gauche,
acrylic paint), and choice of a reference illuminant (i.e., daylight, incandescent). DAM
would provide an output of damage caused by lighting and the color appearance of the
resulting pigment under a specific light source, as shown in Figure 6. It should also be
noted that color difference formulae are often used in conservation science as a proxy for
damage, as illustrated by fading. However, not all types of chemical and structural damage
are caused by lighting [47]. For example, viscometry and chromatography are used to
measure the brittle effect (the breakdown of paper fibers) [48].
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Although a rudimentary DAM can provide an estimation of damage to a single
material at a given time, more advanced models can be built by integrating the results
across different pigments and dyes (e.g., providing averages with standard deviation and
error estimates, using multi-dimensional data analysis or machine learning algorithms).
More complex DAMs can be used in adaptive lighting systems, where a sensor detects
the spectral reflectance function of paintings, and a projection system emits spectrally and
spatially optimized lighting to each colored part of the painting to reduce damage while
maintaining the overall color quality of the painting, or even visually restore the faded
colors of the artwork [18,49–51].

5. Conclusions

Museum conservators and curators often face the multi-faceted problem of identifying
the optimal lighting conditions in museums. While light is needed to display art, it may
also damage sensitive artwork over time. Museum conservators, curators, and lighting de-
signers can use the properties of light sources (spectral distribution, intensity, and exposure
duration) and materials (spectral absorption characteristics) to estimate the damage caused
by optical radiation. Here, a three-dimensional representation of the conflicting parameters
(e.g., color quality vs. damage) is provided to display the trade-offs between several mea-
sures. The continuous scale of each dimension of the 3-D graph is converted to discrete
data using unit voxels. The discretization of continuous data can enable the quantification
of the performance of multi-primary LEDs in the context of art conservation. Sample
calculations demonstrated the use of the proposed method to highlight the most common
trade-offs in museum lighting design: conflicts between the color quality of paintings
(average color difference), damage caused by lighting (absorption percentage), illuminance,
and luminous efficacy of the radiation. However, it is possible to adopt different metrics
for each dimension, such as color discrimination or other color rendition metrics for color
quality, the Berlin model [3] and irradiance for damage quantification, and CCT and Duv
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for color quality of the light source. In addition, new metrics that are relevant for museum
lighting and perception of artwork (e.g., visual clarity [52,53] and visual complexity [54])
can be utilized in the proposed 3-D volume. Future work will investigate the quantification
of the trade-offs between various damage, color quality, and visual perception metrics and
validate their accuracy through visual evaluations.
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Abstract: It is increasingly necessary to generate accessible and navigable digital representations of
historical or heritage buildings. This article explains the workflow that was applied to create such
a digital component for one of the least accessible areas of the Alhambra palace in Granada, the
so-called Torre de la Cautiva (Tower of the Captive). The main goal of this process was to create
affordable, photorealistic 3D models that contribute to the dissemination of cultural heritage, the
decision making for its conservation and restoration, and public engagement and entertainment. With
enough preparation, the time spent gathering data following a Structure from Motion (SfM) approach
can be significantly reduced by using a multi-camera (low cost DSLR) photogrammetric strategy.
Without the possibility of artificial lighting, it was essential to use RAW images and calibrate the color
in the scene for material and texture characterization. Through processing, the amount of data was
reduced by optimizing the model’s topology. Thus, a photorealistic result was obtained that could
be managed and visualized in immersive Visual Reality (VR) environments, simulating different
historical periods and environmental and lighting conditions. The potential of this method allows,
with slight modifications, the creation of HBIMs and the adaptation to VR systems development,
whose current visualization quality is below the resolution of actionable models in rendering engines.

Keywords: cultural heritage; photogrammetry; workflow; Alhambra’s Tower of the Captive

1. Introduction

A fundamental concern in the field of Cultural Heritage (CH) is the need to document
historical monuments as accurately as possible. Before the advent and popularization of
digital culture, it was proposed to carry out extensive suitable inventories of each site [1]
with photographs and drawings used to capture the nature of these environments, and
to guide conservation, restoration, or excavation activities [2,3]. Technological advances
have expanded the possibilities of documenting these CH sites, using not only natural
light, but also monochromatic light, ultraviolet light, and infrared rays [4]. Subsequently,
photogrammetry was specifically mentioned as a standard procedure to document the
properties of cultural interest in the 1987 Charter for the Conservation of Historic Towns
and Urban Areas [5].

From the time atoms began to be converted into bits [6], digitization has become
increasingly widespread, allowing not only for assets to be documented for their con-
servation, preservation [7] or restoration [8], but also for digital versions to be created.
With these, which constitute the Digital Cultural Heritage (DCH), dissemination actions
are promoted, play is proposed [9] and access is allowed [7] through virtual tours even
in complicated circumstances such as those experienced in recent times, marked by the
COVID-19 pandemic [10].
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Some arguments have been presented against the creation of DCH models. For
example, their cost, the complexity of the processes or the specialization required to obtain
them [11,12]. These are arguments that have been losing strength with the simplification of
software platforms, the increase in the power of hardware equipment and the lowering of
the cost of both elements [9,13].

At the same time, the need for a multidisciplinary approach has been recognized (The
Norms of Quito, 1967). New approaches have emerged that make it possible to produce
more complete documentation and expand the possible uses of the 3D models that were
obtained. An increasing number of heritage buildings have an informative model that
was obtained through Historic Building Information Modeling (HBIM) procedures [9,14].
Such models are based on a complex and precise methodology [15,16] originating from
architectural functionalities. These approaches encourage the construction of parametric
models with the integration of many disciplines [16].

Irrespective of their origin, 3D models have been employed in the interest of the
conservation and restoration of CH sites, but also for other objectives. Education [12] or
entertainment in the form of video game scenarios or Virtual Reality (VR) experiences [17]
are examples. Their use with the holistic intention of gathering as much knowledge as
possible about a building and reaching their recipients in the form of ‘edutaintment’ is also
remarkable [9]. Moreover, the data collected as a part of these processes can help in the
restoration of irreplaceable sites after unexpected catastrophes, as recently highlighted by
the fire at the Notre Dame cathedral in Paris [18].

Thus, this article is part of the exploration of the possibilities of digital modeling for
historical heritage. Workflows (or pipelines) that are applicable to photogrammetry are
being simplified, although they are still not fully standardized. Some of them are becoming
clearer and simpler, making them accessible to the uninitiated, but they coexist with others
that do require specialization. Some of the possible results can still be achieved in very
different ways, sometimes by retracing routes that have already been experienced and
commented on. The case that is discussed in this article has tried to avoid this as much as
possible by using audiovisual procedures and using only digital photography cameras in
the capture, with the aim of obtaining a useful model that works as a video game scenario
as well as in a conservation and restoration environment. It was launched before some
initiatives were published, several of whose elements we agree with [17], and with which
we share the view that it will be necessary to continue looking for procedures that are easy
to implement, effective, efficient, cheap, and that can be standardized or become universal.

In an attempt to gain a wider picture by drawing on a multidisciplinary environment,
more than a few cinematography techniques are also suitable for projects of this type [19].
Minimum standards of precision and accuracy or fidelity must be achieved in the multi-
spectral characterization of the surfaces in order to obtain the right data for HBIM [3,20].
During shooting, cinematographic photography is similarly concerned with the on-screen
results, which are achieved through adequate attention to exposure and color calibration.
As such, in both cases there is a need to take extreme care in the preparation procedures
for shooting.

DHCs can and should be used for dissemination as they are part of a collective
heritage [7,9,21]. The main goal of the audiovisual sector is that the stories engage the
audience. Since the same is true for the dissemination of DCH, it would be logical to use
the methods and procedures adopted by the former, i.e., defining and following a script
prepared for that purpose [17]. Indeed, some of the processes that will be discussed in
this text are specific to the audiovisual industry, such as: pre-production, multi-camera
shooting in rigs, care in exposure, the use of RAW files, re-topology and the integration of
lighting and environment.

In this case, the aim was to achieve immersion and presence, with full awareness of
having discarded the real environment, in the sense attributed to it by [22]. The aim was to
provide a simple viewing in VR with a level of quality that allows the user to experience
photorealistic sensations [23].
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There are ever more platforms available for this type of experience, although the
systems still suffer from many limitations, as their manufacturers warn [17]. It is important
to emphasize that at the time of starting this project, the most widespread VR devices were
still unable to correctly reproduce the resolution and quality of the models that are being
obtained through photogrammetry. However, given the vertiginous advances of the last
few years, this team has no doubt that within a short time the performance of the systems
that allow VR to be experienced will surpass that of most existing scenes and models.

The objective should be independent of the platform used. Rather, it will have to refer
to the appearance of real materiality of the content, not to the predisposition to which
the technology subjects the viewer. It will have more to do with contemplation, with
the amazement of being in the middle of a story that leaves a feeling of photorealism. It
will have to take advantage of the immersive capacity of the narrative device in order to
overcome the resistance that the spectator may oppose to letting him or herself be carried
away by the story, in the sense that whoever experiences it may reach a state of pathos
such as that described by Sergei M. Eisenstein, whereby one is taken out of oneself and
immersed in the reality presented on the screen [24]. To achieve this immersion, it was
essential to work with lighting and the setting of scenarios with techniques that achieve an
optimal degree of integration [12,17].

This article describes all of the processes that were carried out in order to obtain the
model of the interior of the Torre de la Cautiva (The Tower of the Captive) of the Alhambra
in Granada, to achieve a stereoscopic piece that can be experienced in VR 360◦, according
to a script that was set in simulations throughout different epochs. For a proper analysis
of the experience, we will first present a brief approach to the selected case study and the
challenges it posed. Subsequently, the methodology and workflows will be explained in
greater detail. Finally, the conclusions of this study will be presented and a series of future
lines of research will be proposed.

1.1. La Torre de la Cautiva (The Tower of the Captive)

The Alhambra-Generalife complex in Granada, Spain, figures on the World Heritage
List since 1984, according to UNESCO records.

The Alhambra has been the ideal setting for artists and writers of Romanticism,
inspired on numerous occasions by folklore and medieval historical plots. According to
legend, Doña Isabel de Solís, an Andalusian noblewoman, was kidnapped and fell in love
with the king of Granada, Muley Hacén. She converted to Islam and adopted the name
Zoraya. The outlines of this story were part of Washington Irving’s book ‘A Chronicle of
the conquest of Granada’ [25]. A few years later, Francisco Martínez de la Rosa published
the historical novel ‘Doña Isabel de Solís, Reina de Granada’ [26], which delves into this
story and is the one that justifies the name of the tower.

The tower is part of the north-northeast walled enclosure and is located between the
Torre del Cadí (Tower of the Judge) and the Torre de las Infantas (Tower of the Princesses).
It was built in the mid-fourteenth century, in the time of Yusuf I. Its exterior has a sober
defensive aspect and a very simple geometry, but inside it is richly decorated. The main
hall measures about 5 m × 5 m and its walls contain a good number of epigraphic poems
composed by Ibn al-Yayyab (1274–1349).

In addition to the plans drawn up by architects or draftsmen, which are preserved in
the Archives of The Alhambra and Generalife Trust, there is also a physical model of part
of the interior of the tower, which was made by Enrique Linares in the last quarter of the
19th century, in the Victoria and Albert Museum in London [27]. It weighs 100 kg and is
almost one meter high.

1.2. Case Study

The Torre de la Cautiva is one of the parts of the Alhambra that is not usually open to
the public. In the summer of 2018, the challenge was posed to produce a pilot piece of the
interior of the tower. Its goal was to explore the possibilities of 3D models obtained through
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affordable passive-sensor data-acquisition techniques, not only as a simulation platform
for conservation and restoration, but also as a vehicle for dissemination and engagement.
Two rooms were to be covered: the main room, with profuse decoration and ambient
light, and the secondary room or courtyard, with simpler decoration and little natural light
(see Figure 1b). The result would be used in stereoscopic 3D in the Head Mount Display
(HMD). In Milgram and Kishino’s Reproduction Fidelity dimension, the aim was to achieve
what they call the “‘ultimate’ graphic rendering”, referred to as “real-time, high-fidelity 3D
animation” [28].
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the same piece. The action was meant to observe a certain historical consistency. Some 
characters inhabited the stage, but they were not overly prominent. In this case, it was not 
so important to obtain data that were faultless from the architectural point of view, that is 
to say, the result did not have to consist of an informative HBIM model. 

After becoming familiar with the first draft of the script (handling and division into 
temporal sequences), three strategies were combined, one for each line of work. The first 
consisted of the application of multi-camera photogrammetry using a vertical rig (see 
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of photogrammetry with a giratutto [29] to obtain the characters. Finally, in the third, 
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Figure 1. (a,b) Surveys with delineation techniques of the profile and floor plans of the Torre de la
Cautiva. The main room has balconies on the walls, while the courtyard or secondary room has no
direct lateral exits to the exterior. Compiled by the authors based on documents and plans maintained
in the collection of the Patronato de la Alhambra y El Generalife (The Alhambra and Generalife Trust):
P-1158_2 and P-4615.

A script was drafted to create a dramatic scene that would take place in different
epochs and, therefore, different architectural and decorative moments would be shown
in the same piece. The action was meant to observe a certain historical consistency. Some
characters inhabited the stage, but they were not overly prominent. In this case, it was not
so important to obtain data that were faultless from the architectural point of view, that is
to say, the result did not have to consist of an informative HBIM model.

After becoming familiar with the first draft of the script (handling and division into
temporal sequences), three strategies were combined, one for each line of work. The first
consisted of the application of multi-camera photogrammetry using a vertical rig (see
Figure 2) for interiors and walls in their current state of preservation. The second consisted
of photogrammetry with a giratutto [29] to obtain the characters. Finally, in the third,
conventional 3D modeling was used for the setting and assets.

Another of the project’s goals, which was aimed at distinguishing this work from
those that used similar approaches, was to achieve a look of veracity, or photorealism,
by capturing images with low-cost DSLR cameras. The result would be experienced
by the audience on a platform that allowed interaction with a freedom of observation
on all three axes (pan, tilt, roll), but on principle, without the freedom of displacement.
These interaction conditions are known as three degrees of freedom (3DoF) on the scale of
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freedom of use [30]. It would also have a sound program to guide and complement what
the viewer discovers.
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An additional challenge was the time that was available for data capture, only ten
hours spread over one afternoon and the following morning, which was a key factor in
choosing the method with which to carry out this task. To complicate matters further,
surveying methods to secure control points could not be used, nor lighting supports
for photography.

1.3. Choice of Strategy

A wide repertoire of methods is available with which to obtain digital models [12,21],
yet the unique nature of each project implies that the solutions employed in earlier strategies
are not always the best approaches to adopt, and that the advances in hardware or software
are not the only factors to consider [31]. Likely the only generalization that can be made for
digital-model-acquisition projects is that there is not yet a methodology that is applicable
to the majority of cases.

Among the known strategies, Structure from Motion (SfM) [7,11,13,29,32,33] using
only digital camera photography is best adapted to the circumstances associated with the
data collection in this study, and it has been used without a set order of shooting [7] or even
without checkpoints. This feature constituted a good point of support, since we could not
count on having active sensors or Total Stations in our work. Moreover, it was known that
stereoscopically configured work reduces the need for a high number of shots [11,34].

Although positive results had been reported with mobile devices [35,36] (which is
later than our data collection), much of the success of the work depended on the flexibility
and reliability of the cameras in capturing, and therefore the cell-phone option was ruled
out. We considered cell phones as offering insufficient and unreliable control over exposure
in the conditions in which we had to work, which we would still argue today [36]. The
aim was to interfere as little as possible with the physical environment, so the motto was
“get in, do it and get out”, just as in photogrammetry projects that involve the police or
forensics, which cannot alter the environment in any way whatsoever [37]. With this remit
it was clear that the background preparation for the data capture had to be as thorough
as possible.
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1.4. Photorrealism

The great cinematographer Néstor Almendros used to argue that “we must learn
to transcend the model, while respecting it” and that “the stylization of an image can
sometimes be more important than history and logic” [38]. Obviously, this philosophy
cannot be applied to obtaining data for HBIM, yet it is valid to immerse the public in the
illusion of photorealism within an environment defined by a script. Similarly, it is not valid
to simply confront the user with a 3D graphic model [23] via an HDM that fails to provide
the user with any other immediate references to reality. Rather, it is necessary to go further,
to create an impression of authenticity and accuracy in the user [20,39], but in this case
one that is diachronic. It must be borne in mind that to do so implies moving with the
imagination to the past, and the capacity to compare the result of a photograph of that
time [40,41] with what is being experienced at that moment.

2. Methodology

This project was approached in three phases that are not necessarily sequential or
consecutive: pre-production, production, and post-production. Based on approaches used
in the audiovisual industry, these phases were applied to a script and focused on different
aspects: inside the tower, obtaining the characters, and the creation of assets. While it is
clear that careful preparation is required, as reflected elsewhere in the literature [42,43],
phases such as Data Capture, Data Processing and Output Presentation can sometimes be
found, which either do not consider shot preparation as a relevant step or do not include
it in their first stage [17,29–31,33]. Due to the importance of the decisions that had to be
taken in the preparation of the workflow, it is established here as a singular phase, while
the presentation of the final result is included in post-production as one of the processes
that usually make it up [44].

The general outline of the procedures (Figure 3) will be broken down below, with
special attention to the fact that one of the objectives was specifically the development of
the workflow.
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Figure 3. Scheme of the processes employed in the tower project. All the preparative decisions are
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2.1. Pre-Production Stage

The pre-production phase of the pipeline had to ensure that the restrictions that were
imposed on the shooting inside the tower were not insurmountable, since the rest of the

32



Heritage 2022, 5

lines of work could be readily controlled. After a process of documentation and deliberation
about the different possibilities, it was concluded that the only certain method of covering
the surfaces in such a short time and without lighting aids was to use a vertical rig of
cameras shooting simultaneously (See Figure 2). The preparation of each shot would take
more time, but if properly synchronized, the total time required could be divided by the
number of cameras used. Initially, calculations were made for a vertical rig consisting
of four mid-range DSLR cameras anchored to a rigid, telescoping pole on a tripod. The
path of the rig would be parallel to the walls in different passes at different distances, and
the relative position of the cameras on the rig would be changed to obtain segments at
different heights. According to the specialist literature, this approach has rarely been used
for photogrammetry projects and it is much more common to find stereoscopic approaches
using two cameras [3,32].

The cameras that were used were four Canon EOS 1200D with 25–80 mm lenses for
the main room, and one additional Canon EOS 60D with a 24–70 mm lens for the second
room, bringing the total to five simultaneous cameras. The cameras were set to a resolution
of 5184 × 3456 pixels, about 18 MP (megapixels). The sensor of both rooms was identical,
and according to the manufacturer had a total of 18.7 MP, but 18 effective MP and a size
of 22.3 mm × 14.9 mm with an aspect ratio of 3:2. This means that the sensor captured
232.47 pixels per mm in width and 231.95 in height (dividing the number of pixels by the
number of millimeters). In area: 53,919.7 pixels2/mm2. If photographs were taken at
80 cm from the walls, at a focal length of 25 mm, one would be working with just over
three pixels/mm.

The problems of color characterization and exposure could be aggravated by the
need to use natural light. The fact that the spaces were either diaphanous or almost
diaphanous worked in our favor. The reference for our work was a color chart, such as
Color Checker [45], which is often used in film shoots. In order to reduce the possibility
of occlusions caused by over- or under-exposures, a fixed aperture was used to ensure a
sufficient depth of field and low sensitivity in order to avoid problems with noise reading,
and RAW files were also used in order to have the possibility of correcting the exposure
values later [29,39,45].

Regarding the characters, the script conceived them as static figures, establishing
situations and suggesting activities, but keeping them static so that the scenery would
be the most prominent feature. The animation was applied to environmental or weather
conditions, so that it would have an impact on the appearance of the surfaces. Research
was done on the clothing, styling, and tools with which to dress the models, and they were
asked to pose continuously in order to be captured by with photogrammetry methods, but
on a giratutto and in controlled and constant lighting conditions.

In this phase, research was carried out on the assets that would be used to decorate
the main hall. The initial documentation was collected precisely in the Alhambra’s own
museum, but a number of paintings set in the Nasrid period were also used.

2.2. Production Phase. Shooting Inside the Torre de la Cautiva

Due to the prevailing weather conditions on the days of shooting, i.e., cloudy with
clear spells, it was decided to use a vertical rig of three cameras for the main room and four
cameras in the courtyard, given the more complicated geometry but simpler decoration
of the latter (see Figure 1b). A route was established that ran parallel to the walls, with
stops to take shots every 15 cm. At each height, four passes were made in both rooms,
starting almost four meters from the parament that was being portrayed and moving
closer. To compose the first horizontal band, the cameras were placed on a vertical pole
on a tripod, with the camera axis parallel to the ground and perpendicular to the wall
at approximately 80, 130 and 170 cm. In the second band, the cameras were settled at
approximately two meters, 2.35 m and 2.70 m. Another band was not established due to
the risk of excessive camera shaking causing a blurring of the pictures at the exposure
speeds that were used. Furthermore, the user experience with 3DoF VR indicates that
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the starting point for observation should be at the height of the person experiencing the
room, which enables emphasis to be placed on the strong areas in the final result. This way
of working requires coordination between the teams that are in charge of the script and
photogrammetry, as demanded by some authors [17].

The courtyard needed more time to adjust the exposures and shots, and a Canon 5D
camera was used to take cover photographs in hand-held mode at the brightest times of
the day. These photographs focused on the most awkward details and the most difficult
angles, considering that the main hall had arches with muqarnas and other filigree decora-
tions. This camera was also used to take photographs of the coffered ceiling, which was
particularly difficult due to its inverted boat hull shape, making it very difficult to achieve
a sufficient depth of field. This situation was aggravated by the minimal relief and the
homogeneity of the surface.

The shots of the main room were taken with a focal length of 25mm, at 100 ISO, an
aperture of f/8, a manual exposure at 1/6 of a second, and were corrected according to
the lighting conditions; manual white balance with presets for dense and light clouds and
Color Checker images were taken in both situations (Figure 4).
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fourth Canon 60D camera with a 25 mm focal length was attached. The material was 
simultaneously saved as 30 Mb RAW files and 8 Mb JPEGs. 

To obtain the images of the characters, a setup was made with a turntable with tickers 
to mark control points, a lighting installation with four flash-type fixtures (4 Linkstar DL-
500D) and three vertical rigs of five Canon EOS 1200D cameras each [29]. Once 
characterized with period costumes and styling, the models were asked to pose as still as 
possible while the giratutto was set in motion. After photographing the Color Checker, a 
shot was taken every 30 degrees (Figure 5a), synchronized to the photographic flash lights 

Figure 4. A Color Checker shot near the epigraphic poems on the wall was used to quickly and
automatically adjust the color, and to ensure fidelity of the textures and models.

In the inner room, being less accessible to natural light, 20 s exposures were taken.
A fourth Canon 60D camera with a 25 mm focal length was attached. The material was
simultaneously saved as 30 Mb RAW files and 8 Mb JPEGs.

To obtain the images of the characters, a setup was made with a turntable with tickers
to mark control points, a lighting installation with four flash-type fixtures (4 Linkstar
DL-500D) and three vertical rigs of five Canon EOS 1200D cameras each [29]. Once charac-
terized with period costumes and styling, the models were asked to pose as still as possible
while the giratutto was set in motion. After photographing the Color Checker, a shot was
taken every 30 degrees (Figure 5a), synchronized to the photographic flash lights through an
Arduino ad hoc setup (Figure 5b) and triggering the 15 cameras simultaneously. This was
done with two poses of the six different models, sometimes changing the characterization.
Finally, the shots of three characters were used, one of them in duplicate.
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Figure 5. (a,b). Image of one of the models (a) on the giratutto with the control points and the color
checker. In (b), the Arduino device used that is connected to a small turntable is shown.

2.3. Post-Production Phase

The first part of the processing (Figure 6), photogrammetry, required an initial step to
prepare the photographs, using the RAW files [29], with two objectives: to adjust the color
from the images that had been taken from the chart and to try to avoid occlusions due to
incorrect exposures (Figure 7a,b).
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Figure 7. (a,b). Image before and after color correction from the RAW file. Note how the walls are
much darker in the image on the left ((a), before applying corrections) owing to the contrast and how
the edges of the column on the balcony are barely visible. When using a RAW file, the EVs can be
modified to optimize the image before (b) copying it to the photogrammetry software.

Meanwhile, camera alignment tests were carried out to check if the software, Reality
Capture 1.3, recognized the camera positions well and provided enough homologous
points, which in this case was a number close to 22 million. Through adjustments and
corrections, a corrected data set was obtained and redundant points were eliminated from
the dense point cloud in order to achieve one that was as faithful as possible to the shots.
This was necessary because the software is asked to propose a geometric model that is
built with triangles, and this model is usually disproportionately large with a huge number
of triangles and is very difficult to handle. In this case, about 50 million triangles were
counted in the first version of the mesh.

With careful planning of the photographic sessions, the photogrammetry software can
produce a geometry with sufficient detail and with textures that are true to the original
surfaces. Once the cloud of points was obtained through photogrammetry, simplifying
the mesh proved to be useful for the subsequent tasks, as recently noted elsewhere [17,29].
However, there are programs available that specialize in this type of task, such as Zbrush,
which recreates the mesh in a much simpler form through a process known as re-topology.
As a result, the mesh was eventually reduced to about 200,000 polygons. This process
was necessary for two reasons: first to restore areas that have been left with little or no
detail [17], which in our case affected the corners of the floor and some small interior sectors
of the balcony arches; second, it offers the possibility of creating clean UVs in order to
obtain masks that extend the resolution of the textures using multi-UDIM. If the program
originally generated an 8K texture for each room, through this procedure it was possible to
have that resolution for each of the maps that were generated, 27 in total (see Figure 8a).
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Figure 8. (a,b). UDIMs with textures (a) and masks (b) prepared for back-projection on the optimized
model once the re-topology process had been completed.

The textures that were obtained in this way were albedo (from photogrammetry with
color and shadow or exposure correction), tile mask, wooden coffered ceiling mask, stone
surfaces mask, floor mask, albedo for the artisan scene (because this scene is conceptualized
at the time before the room decoration and therefore needs to be colorless), a displacement
map, a normal map, a roughness map and a specular map [17,30].

A few days after the capture, the photogrammetry-generated 3D model visualization
tests were carried out with the Clarisse iFX 3.5 program. Re-topology was a complex and
laborious task, especially the geometry of the arches, in which there were many small
details that required significant precision. It was also necessary to intervene in the wooden
coffered ceiling, which was difficult to capture due to the lack of light and the lack of
detail, which prevented the software from differentiating between sectors and locating
the homologous points. Nowadays, in the same programs, there are new algorithms that
perform very accurate automatic re-topology, especially for static models, but at the time of
this project they did not exist, so everything was done by hand.

The shading and look-dev processes (Figure 9), which are common in the work of 3D
artists in audiovisuals or video games, for example [17], were directly responsible for the
desired photorealism in this study, since they controlled the perception of the surface of the
objects and considered their reaction to the light illuminating the scene and the atmosphere.

The modeling and look-dev of the assets were also performed using Maya and Zbrush.
In total about thirty were worked on, although not all of them were included in the final
scenes. Carpets, curtains, cushions and pillows, the brazier, the jamuga (a type of medieval
chair), the latticework, vases, the rebec, scaffolding, masonry objects and painter’s tools,
lamps, etc., were all inspired or taken directly from originals that were kept in the Alhambra
Museum or the National Archaeological Museum of Madrid.

As mentioned above, these phases do not have to be carried out consecutively and
thus, to save time, the integration of the characters and assets in the scenery can be done
gradually, starting by obtaining a geometry of materials that are not yet fully worked on
or are in wireframe. Positions, sizes, scales and points of view can be harmonized with
enough experience to handle scene overlays in this way (see Figure 10a,b).
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Figure 10. (a,b). Craftsman scene in plan (a) and perspective (b) views in wireframe render. It is
crucial to arrange the elements to be able to work interactively with quick previews within the layout
of the scenes.

However, in order to check if the scene works, it is necessary to test with more or
less the final textures and a setting that brings the scene together properly, after ensuring
that the chosen light interacts correctly with the surfaces and the camera positions and
animations are well chosen. In addition to other qualities, the view of the integrated scene
must not be disjointed. To achieve this, the first rendering tests were performed with
Arnold. However, each image took between three and four hours to process at 4K with its
optimal parameters (Figure 11), which was unacceptable, especially to observe the result of
the animation of lights and cameras and make final decisions about its placement on screen.
It was possible to reduce the time for each image at 4K to 25 min using Houdini 17.5 with
Octane render 2019 1.2.0, which is a GPU-based engine, and a computer equipped with
two NVIDIA 2080 TI GPUs.
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Figure 11. (a,b) Light tests are essential to observe the integration of surfaces and environmental
elements in the scene, as well as the suitability of the arrangement of elements and camera positions.
For this, it is necessary to launch renders, which in conventional form can take up to four hours using
powerful computers for processing.

Following the script, the scenes of the present day, the night storm, the artisan and the
captive were composed, while fine-tuning the light and camera animations and creating
transitions between them. With a previous low-quality rendering, the sound program was
created, and the voiceover, music, effects and Foley were adjusted. This task, together with
the sound synchronization, was performed using DaVinci Resolve 16. This program was
also used to perform the final rendering at a resolution of 4096 × 4096, with Quick Time
output format without YUV 4:2:2 compression. A conversion to the 360◦ 3D stereoscopic
format of the BT (Bottom-Top) type was performed so that it could be experienced with
Oculus Rift glasses, with an appearance similar to that shown in Figure 12a–c.
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3. Results and Discussion
3.1. Multi-Camera Techniques with Rigs

Using a multi-camera data-capture setup ensures the overlapping of images so that
each point appears in more than one, which is known since stereoscopy has been used for
the same processes [3,11,32,46]. But it allows us to go a step further, covering a larger area
in the same amount of time, relative to the number of cameras at each shooting position. A
simple technique to prepare the multi-camera shot is to imagine the space in slices (which
would be equivalent to the geographical longitude, the vertical sector to be covered), which
are represented by each shooting position of a vertical rig, and segments (the geographical
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latitude, the horizontal sector to be covered), which are represented by each camera anchor
on the tripod.

There is concern about the minimum cost that needs to be addressed for a photogram-
metry project [7,11,29,33,45]. While increasing the number of cameras clearly increases
the budget, at current prices, it is still much less than covering the costs of using more
photographers, a laser scanner or a Total Station [36]. In this project, mid-range DSLR
cameras with about 18 Mpix resolutions and conventional optics were used, but mirrorless,
medium-format cameras with higher resolution (thus providing more detail from the same
number of shots) and faster speeds, because each shot does not involve mechanical dis-
placement, are becoming more affordable. When a large number of shots is involved, time
savings are multiplied, especially if bracketing is used to ensure correct exposure, which
reduces the possibility of occlusion due to under- or over-exposure. In addition, access
to better optics also reduces the exposure time, but raises the budget. Nevertheless, this
project was less expensive overall as the costs associated with the number of cameras used
were much lower than those that would have been imposed by increasing the number of
photographers [45].

Another important issue to foresee is the shooting path. It is often necessary to resort to
complex algorithms, such as those of the Traveling Salesman Problem for active sensors [47].
In this case, the chosen route was more or less simple and always parallel to the walls with
sufficient shots. To generalize the optimization of the route, one should perhaps resort to
artificial intelligence (AI), which considers factors such as the geometry of the object, the
available equipment, the environmental conditions and the demands of the script [17]. Any
software used must be able to interpret camera positions and locate sufficient homologous
points, thereby avoiding occlusions. In our case, it was important to cover all possible
angulations in order to obtain a sufficient number of overlapping points, but equal care
must be taken not to oversize the shots, as it makes the project unmanageable. On the other
hand, when using a multi-camera setup, coordination errors that may exist are multiplied,
so extreme care must be taken in this regard. Other factors are focus and exposure, which
are explained below.

Some 1900 photographs were taken in the tower (7 cameras × 4 passes × 2 heights
× 29–35 rig positions), and some 800 without a tripod. Among them, about 2500 were
used for the photogrammetric models. For the characters, about 2150 pictures were taken
(6 models × 2 poses × 12 shots × 15 cameras) and about 720 were used.

The time required to make adjustments before each shot increases when using the
multi-camera technique. The exposure and focus must be set manually, even if some pa-
rameters are automatic. Again, affordable technology facilitates the operation, as nowadays
it is common to control camera viewfinders remotely (both the image displayed and the
overlays) as they are the main operations for exposure, focus and shooting.

Another problem was camera shaking; in order to gain height and ensure angles
that might otherwise cause occlusions, the cameras had to be raised as high as the pole
would allow without swaying. Maintaining stability with light equipment three meters
off the ground was difficult, but essential when the shots exceeded 1/30th of a second.
This circumstance arose in virtually all of the cases in our work. However, the results were
equally dramatic, enabling views from the coffered ceiling with the viewer positioned four
meters above the floor to be included in the final experience.

There is no doubt that a robotic system that incorporates AI, which is capable of
making some decisions regarding settings and routes and also of detecting and solving
possible occlusions, would ultimately simplify and reduce the cost of projects, leading to
optimal results.

3.2. The Importance of Preparation in Pre-Production

Audiovisual projects such as film animation or video games are exceptionally complex,
and the procedures they have been developing and turning into knowledge with their
experience can certainly be beneficial to apply to a photogrammetry challenge that should
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have a photorealistic final look. With this conviction, this project has assumed some of
their techniques.

A key factor for the success of the project, given the restrictions that were to be
experienced during data collection, was to be aware of the relevance of the pre-production-
style decision-making process. What had been studied and agreed upon during this phase
significantly determined the subsequent capacity for action, since it contained an element
that was lacking in both the filming and post-production stages, i.e., time [48]. In the
specialized literature, significant relevance is always given to the duration and intensity of
this phase [49,50].

The first decision was to work on a draft script with a fixed number of sequences. It
was prepared according to the capabilities that the project wanted to demonstrate: the
creation of environments, the simulation of past scenarios with naturalness, and mastery
over the scenery. This mastery was especially directed towards the fidelity of the geometry,
the variety in the application of textures, and the animation of light sources.

Foresight and the careful preparation of the capture allows for decisions to be made
ahead of time in terms of overcoming the main challenges, which allows more time to be
dedicated to study and optimization of the workflow, thereby avoiding confusion. This
factor will also help to define the areas where authenticity and accuracy are more or less
important, so that the script does not conflict with the pre-production workflow of time
optimization. On the contrary, storytelling should be another criterion by which to define
technical parameters such as the number of polygons and their layout [17]. It is important
to establish fluid communication between those who develop the script and the members
of the team responsible for taking the shots and processing the digital models in order to
optimize work times and effort.

3.3. Exposure and Color Correction

In cinema, a scientific approach to questions concerning the control of color and
exposure when shooting has long been employed. It is common for all image- and video-
editing programs to implement procedures with externally calibrated measurements [45],
using very accurate meters and different procedures to control EVs, as well as employing
Color Checker. These procedures, which are also described in the literature specialized
in photogrammetry [29,45] were used in this project to solve the color-characterization
problem and to avoid occlusions due to exposure problems. By obtaining RAW and
compressed JPEG files simultaneously, a safety margin was established in the acquisition
that neutralized the risks associated with working with natural light. In fact, during the
days of data capture, the sky was very cloudy in Granada and at times quite dark. The use
of RAW files allowed us to vary the exposure values and, to some extent, to correct the
fluctuations and prevent over- or under-exposure.

In terms of focus, there is always a moment when the image is zoomed in when the
circle of confusion is no longer small enough and, therefore, when further scaling up means
losing sharpness. Obtaining the correct focus in the shot is very important both for the
subsequent definition of the textures and for the photogrammetry program to determine
where the points of interest are, and to be able to identify the homologous points. In
this project, according to the previsions made in pre-production, we wanted to ensure a
minimum aperture of f/8 in order to obtain a sufficient depth of field. In this way, the
details of the decorations (4 cm fretwork or longer muqarnas) could be captured without
the need to correct the focus at each rig position. Such a decision implied a trade-off that
increased the exposure time, which ran the risk of blurring the edges and consequently
of increasing the time needed for stabilization and exposure. This time can be carefully
calculated so that it is less than the time that would be invested in an eventual focus
correction. An alternative solution would be to increase the sensitivity, which was kept at
100 ASA, but such an operation would have the consequence of increasing the noise in the
images, which is detrimental to the unequivocal obtention of homologous points. Finally,
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thanks to this set of decisions, it was ensured that the results surpassed what the playback
or viewing platforms are currently capable of resolving in terms of fluidity and sharpness.

3.4. Photorealism

Shading and look-dev processes are crucial for making the scenery, assets and charac-
ters appear photorealistic on screen, but lighting and environmental effects are also equally
important. In this project, a detailed study of each character in the environment, light
and optics was carried out (see Figure 13a–c), and such a challenge requires a lot of time
with conventional methods, so it is recommended, after the experience, to use a rendering
engine for testing.
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Figure 13. (a–c). Some of the lighting, framing and environment tests that were carried out with
the captive character. Note the variations in the depth of field due to the use of different optics in
the simulation.

Sometimes a large number of possibilities for configuration or modification can be
counterproductive in achieving clarity in the final results, even making them less convinc-
ing. Nevertheless, such tools make it possible to obtain well-integrated scenes that give
the illusion of coming close to what historical reality must have been like, or what could
now be interpreted as such. In this sense, the audiovisual industry’s way of proceeding
consists of trying to make the integration of the different elements invisible, so that even
experts find it difficult to reverse engineer and extract the method that was used to achieve
this result.

Photorealism aims to provide the audience with a product that seems natural, such
that studies of user experience and acceptance should be considered in order to determine
if this is achieved. Strictly speaking, by definition, no image can be photorealistic if it is
intended to portray a past era, as it will resemble, at best, what other previous artists have
imagined those realities to be. If 3D artists are given the opportunity to work closely with
those in charge of the care of monuments and with specialists such as archeologists and
architects, many possibilities open up for their conservation, or at least for the simulation
of interventions and recreations.

In this project, the starting point was a narrative script that placed the story in the
realm of fiction. However, under certain conditions and scales, the use of photorealism is
not incompatible with the possibility of obtaining the necessary and sufficient data to make
the HBIM of the heritage sites usable by conservators and restorers, from a data-collection
method that is more or less accessible and rigorous with the color parameters and with
elements of anchorage or location. For the objective of photorealism, accuracy and fidelity
are not as important as the feeling of naturalness and coherence with the imagination of
the audience.

It is true that the desire for photorealism pushes a project towards obtaining an
excessive amount of data, thereby generating problems of manageability. For now, not all
systems and formats can handle all of these models and sometimes the rendering capacity
is insufficient. However, if the scenes have been set up with consistency and are ambitious,
the renderings can be improved and adapted to systems with better performance in the
near future.
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3.5. Re-Topology

Coinciding in time with the work presented in this article, but more diligent in publish-
ing their results, the text ‘New realities for Canada’s Parliament: A workflow for preparing
Heritage BIM for game engines and Virtual Reality’ [17] already explains clearly and suffi-
ciently the importance of re-topology in the processes of building 3D models and, therefore,
in photogrammetry projects. It does not deny that it could always have been photographed
better and more effectively and, as is proposed in the mentioned research, that it would
have been helpful to have a previous understanding of the script with respect to the points
of most interest to the viewers, in order to make decisions during the data capture and
processing that would have helped in the composition and the rendering.

Without going into the depths of the analysis, the 3D models that were directly
produced by the data from photogrammetry platforms far exceeded the dimensions that
were manageable by graphics cards and processors, however powerful they may have
been, and yet such a profusion of data does not result in improved accuracy or fidelity,
nor photorealism, as we have seen. An intermediate process, re-topology, is necessary to
simplify the models, retouch possible occlusions or imperfections and produce textures
that, once back-projected onto the new model, allow greater detail that is more similar to
the real scenarios, and much greater fluidity in the interaction with the scenes.

The specific issue of viewer interaction with the scene also needs to be addressed, as
there are specific methods that can improve the performance of the platforms. At the end
of 2015, Nick Kraaman explained in his Headjack blog [51] the progress made by different
professionals to develop scenes in which viewers would be immersed and equipped with
HMD. One of the points made was the possibility of covering up areas of inactivity with
static images instead of video, which would make interaction in the other areas much
smoother and take up far fewer system resources.

There is no doubt that platforms will continue to improve, as will hardware devices,
and it is clear that, by knowing the geography of the scene well and foreseeing the points
of greatest interest, it will be possible to make better use of resources.

3.6. Integration and the Problem of Previsualization

Logic or common sense establishes an order when it comes to the integration of all
the elements of the scenes. Once the geometries have been created, the textures made
available, the look-dev has been worked on and the lighting, camera positions and eventual
environmental effects and animations have been thought of, it is time to see what the scenes
will look like.

But working according to a script has advantages: the challenges are already estab-
lished, the range of possible decisions is narrower, a narrative structure that makes sense
can be followed and the dimension of the result is more or less clear from the beginning.
It is also possible to fit the pieces together without all the elements being finished, so
that processes can be followed. For example, in this project it was possible to work in
sequences, fitting elements into the layout and studying camera trajectories before the
textures were applied.

As the time will ultimately arrive to check what the final result will look like, rendering
must be performed. The usual and most sensible thing to do is to choose some frames first
and process them, and then do the same with small sequences, using definitive textures
(much more laborious for the machines) or materials depending on what you want to test.

Scenes with large amounts of information require a lot of calculation time and, there-
fore, necessary decisions must be postponed until the end of the computer processes. The
experience of this project before and after using render engines for these tasks is clear:
the entire scene must be passed to an engine of these characteristics in order to speed up
the decision-making process as much as possible before the final calculations. The time
required for pre-testing is drastically reduced in this way. This assertion is all the more
valid when the final layout of the scenes is less studied, i.e., if there is no script, it is more
essential to carry out tests with immediate visualizations.
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4. Conclusions

The Torre de la Cautiva is located in one of the walls of the Alhambra in Granada,
a complex named a World Heritage Site in 1984, and is one of its enclaves to which the
general public does not usually have access.

Bearing in mind its historic value and the fact that it can rarely be enjoyed in person,
the challenge of creating a photorealistic 3D model of its interior was posed. This initiative
was intended to serve both conservators and restorers, and as a DCH site for public
dissemination and entertainment. Throughout this article we have explained the workflow
that achieves this.

Regarding the execution of the project, it should be noted that the data collection was
carried out with important restrictions: only ten hours to shoot, using only natural light,
and with no cables or control points. The model was built with low-cost photogrammetry
techniques, using conventional DSLR cameras as passive sensors. The display was planned
on 360◦ Stereoscopic VR platforms with interactivity and 3DoF on the scale of freedom
of action.

The script contemplated several scenes that predominantly focused on the past, al-
though one of them was set in the present day. The others recreated a night storm, a typical
scene of the period in which the interior of the tower was decorated, and a third evoking
the routine atmosphere of the captive princess’s lodging. In addition, three lines of work
were defined for the script: that of the stage, which should be given maximum prominence,
that of the characters with a narrative sense and that of the assets, fulfilling the function
of ambience and decoration. A specific procedure was used to obtain data for each of
these lines.

Without reaching the demands that HBIM informative models may have, a certain
historical and traditional coherence with the period scenes was attempted, as well as a
certain level of detail and fidelity to the original decoration.

Although in agreement with the academic literature in many points and starting from
a script and a desire for photorealism, this project also adopted some procedures commonly
employed in the audiovisual industry, which is accustomed to this type of complexity. The
pre-production process is therefore analyzed in more detail within its workflow.

Since it is difficult to reach an agreement on the meaning of photorealism, especially
if the past is to be shown, it was established as a principle of the project that it could be
perceived naturally and coherently by the viewer. In this case, moreover, being accurate
with geometry and color characterization was assumed as being of the utmost importance.

Another common process in the audiovisual industry that was an important part of
the project workflow was the multi-camera work, which was carried out with vertical rigs
and careful planning.

In the post-shooting processes, the importance of re-topology to obtain simpler meshes
and of UDIM textures to retain great definition of detail was clear, as was the importance
of the script to be able to work separately on the integration of the elements in the scenes,
their lighting, environmental effects, and animation.

Two key ideas for future work stem from the experience of this project: the convenience
of using robotic devices coupled to AI algorithms to optimize decisions during the data
acquisition process, and the adaptation of rendering engines, not only for final viewing or
creation of VR environments, but also for previsualization and tests, since they radically
reduce the time required to perform different procedures.
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Abstract: Purísima Concepción, a large-format and unusual panel painting attributed to the 18th
century, based on style and the common aspect of the visual tradition of the Virgin Mary found
in the Viceroyalty of New Spain, is sheltered at the Museo Ex-convento San Agustín Acolman-INAH,
México, an institution opened in late 1920, and one of the oldest museums in México. In this work, we
present the material characterization of the surface layer of the painting by means of a non-invasive
methodology, resulting from the combination of imaging and spectroscopic techniques. Analysis of
hyperspectral images employing methods such as spectral angle mapper and principal component
analysis allowed us to describe spatial distribution of the pigments and manufacturing methods,
while XRF and FORS allowed us to record the complex and diverse color palette employed to achieve
effects such as brightness, hue, saturation, and even the covering power of this painting.

Keywords: hyperspectral imaging; 18th century painting; FORS; XRF

1. Introduction

The study of painting in México is an important challenge due to the number of
preserved artworks over a long period (16th–21st centuries) of time, with different pictorial
traditions. In this research area, each technical study provides a piece of the puzzle, and
contributes to the understanding of the heritage legacy developed through generations.

Purísima Concepción is an artifact of time and technique, and an artistic document in
which different plastic and formal solutions can be studied. Its research strategy, defined by
the study of its technology, materiality, and state of conservation through imaging and spec-
troscopic techniques, can complement the understanding of its temporality and material
meaning of its production related to the 16th, 17th, and 18th centuries. By using imaging
techniques, underlayer versions representing the Virgin Mary were recently discovered, as
shown in [1], and the study of those layers will help understand the changes and formula-
tions of its meaning. Meanwhile, the upper layer composition of Virgin Mary coronated
by the angels, related to the 18th century, and the relevance of the Museo Exconvento San
Agustín Acolman-INAH are discussed in this paper, and should provide a starting point for
further and deeper studies of the currently hidden layers. The painting technique from the
18th century Novo-Hispanic period is scarcely studied, and it is unknown if there was a
continuity of materials, anonymous painters, and geography. This research also seeks to
provide an insight on such subjects.

The study of cultural heritage requires the use of non-invasive techniques and a
multidisciplinary approach, in order to generate significant knowledge while preserving
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the studied objects. It has been necessary to develop methodologies where complementary
techniques provide pieces of information that, when assembled, deliver the whole picture
on the material properties and historical importance of an object. It is in this fashion
that XRF spectroscopy data provides unequivocally elemental information in order to
discriminate the material composition of a pigment, and FORS information provides a
chemical signature of pigments and binders. Both are known to be powerful techniques,
but are limited to analyze a single point, and usually require complex interpretations
if a detailed description of the manufacture of an object is required. In contrast, some
imaging techniques, such as digital radiography, ultraviolet photography, and even visible
photography, can provide global information on a given object, and usually enhance details
on the production of the studied object.

Hyperspectral imaging (HIS) combines properties of both spectroscopic and imaging
techniques. Therefore, it is not limited to a local analysis (as with spectroscopic techniques),
but instead, it can deliver a global description of the studied object. The generated images
contain physical or chemical information, describing the distribution maps of certain
materials. Therefore, results are not limited to a mere material study, but they can also
provide—through an adequate analysis and interpretation—insights on the manufacturing
process of the object, information regarding later interventions or modifications, and
even its preservation state. HSI analysis has recently proven to be useful for heritage
sciences [2–6]. In fact, it has become a well appreciated analysis technique due to its
intrinsic characteristics: it is a non-invasive and portable technique which provides results
over large areas in a relatively short time.

As recent examples of the use of HSI in heritage science studies, we have: the work by
Pérez et al. [7], where different manufacturing stages were identified in the painting The
Pentecost by Baltasar de Echave Orio (1558–1619); the work by Padoan et al. [8], in which HSI
was used to monitor preservation and aging conditions of historical documents; the study
by Sun et al. [9], where different degrees of flaking deterioration were evaluated in mural
paintings at the Mogao Grottoes by using NIR-his; and the work of Hou et al. [10], where a
combination of HSI information and multivariable analysis algorithms were employed to
create a virtual restoration of ancient Chinese Qing dynasty paintings.

1.1. Description of the Painting

The Purísima Concepción painting (see Figure 1) depicts Mary, expectant, her delicate
face and smooth skin are accompanied by wide and flowing hair, a pair of ruby earrings
set in fine gold hang from her ears, and a pearl necklace hangs from her neck. The Virgin
looks towards the devotee, and the hands are fixed in a prayerful position. These, in
turn, frame the golden christogram on her womb, announcing her future motherhood. His
elongated figure, covered with fine cloth, stands on cherubs and the inverted waning moon.
(Genesis 3, 15 and Lk 1, 28). Behind her, the reddish mid-afternoon sun peeks out, and at
the top, her head is accompanied by a stellarium, two angels hold the great imperial crown,
composed of the golden circlet of jewels, the crimson reddish lining and three arches. The
Holy Spirit witnesses the event, and the blazing sunlight opens the clouds of heaven. In the
lower plane, a horizon of warm waters, represented by blue hues and white lights, ends in
a continental terrain. On this island firm, the palm, the cypress, and a palm tree appear
stoically, accompanied by a lily with a recent shoot and a rose bush with soft and rounded
brushstrokes. On the periphery, a simulated frame, with a golden appearance, presents
pebbles, shells, and black tendrils made with the point of a round brush.

The visual tradition of this painting had been associated with the characteristics of the
art of New Spain which shows variants of the iconography of Tota Pulchra, which arrived in
America in 16th century, and had continuity almost up to the 18th century [1]. The support
of this image is a rectangular panel measuring 258 cm × 165 cm, and is made up of five
live-joint planks and three crossbars measuring 11 cm × 165 cm wide each. Tangentially
cut and brown in color, the plank and crossbar wood are distinguished by a large presence
of knots and a rough surface finish due to the roughing of the material with a possible
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hatchet. The reinforcement between crossbars and planks also coincides with the insertion
of forging nails through the front and an iron ring located in the upper center of the panel,
possibly to hold it to the wall.
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Specially in Spain between the 15th and 17th centuries, the size, format and quality
of the wood used to support paintings were directly based on an economy controlled by
the regulations stipulated in ordinances. The diptych or triptych panels, with dimensions
of up to 300 cm high by 250 cm wide, gave rise to altarpieces that, in some cases, reached
great monumentality [11,12]. Due to the magnitude of these altarpieces, their execution
depended on the collaboration of several artists. The use of wood as a support for paintings
lasted during the three centuries of the viceroyalty of New Spain with basically the same
construction technology, but during the eighteenth century, its use declined when compared
to canvas [13].

1.2. Analytical Techniques
1.2.1. Visible (VIS) and Ultraviolet (UV) Imaging

The use of VIS and UV fluorescence as complementary imaging techniques provide
information regarding the manufacturing process of the artwork. The painting was exam-
ined using a lamp UVP mod. B-100AP in long wave (365 nm), and was recorded with a
DSLR Nikon D7100, lens NIKKOR 24–120.

1.2.2. Hyperspectral Imaging (HSI)

Hyperspectral images were generated using a Surface Optics 710VP camera, based
on a dispersive system and a silicon sensor, providing a 4.5 nm spectral resolution in the
375 nm to 1047 nm range. Image dimensions are 696 × 520 pixels. Two 3200 K halogen
lamps illuminate the object, and its intensity is determined right in front of the artwork
using a solar power meter H110 series from Anaheim Scientific. Verification of the wave-
length calibration is achieved by using yellow, blue, red, and green reflectance standards
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CSS-04-020 AS-01178-060. Deconvolution of the light source and detector contributions
were calculated with Spectral Radiance Analysis Toolkit v3.5 using a Spectralon certified
reflectance standard (model SRT-99-050 AA-00821-000) with a 5 cm × 5 cm reflective
area. Classification, image analysis, and generation of hypercubes was performed with
Harris Geospatial Solutions ENVI 5.5 software. HSI analysis methods used in this work
allowed us to generate different images: pseudo color IR; spectral angle mapper (SAM); UV
fluorescence; PCA-RGB composite image; and single PC images, which are described in
detail in the work of Perez et al. [7], and references therein. Such images permit a detailed
description of the techniques involved in the manufacture of the Purísima Concepción.

In brief, the classification workflow was: (i) images were background-subtracted and
normalized to rule out contributions from light source and detector efficiency; (ii) end-
members were determined using the pixel purity index (PPI) criteria, and resulting pixels
were processed following the process described in the work of Veganzones et al. [14] and
Kale et al. [15]; (iii) endmembers were mapped by using the ENVI-SAM algorithm, thus
resulting in an artificially colored image, where each color corresponds with a material
with a characteristic spectrum; (iv) optimization of angle thresholds was achieved by using
the ENVI rule classifier tool to determine the correct threshold angle for each class, and the
results were tuned by examination of the corresponding angle distribution histograms, as
in the work of Foglini et al. [16].

Principal component analysis (PCA) was performed to provide a direct classification
of regions with spectral information variations, which could not be easily distinguishable
in each of the single-band images. Resulting images provide a reduced set, in which material,
spectral, or even manufacturing features are condensed. Most of the data variance is
included in the first PC, thus we propose that an RGB-PCA image conformed with the first
three PCs will significantly enhance such features. Mathematically, each PC is determined
by a linear combination of the wavelengths, thus providing insights on chemical or physical
properties linked with the associated spectra. We have shown in a previous work [7] that it
is possible to go even further by considering a multidisciplinary approach for PCA image
interpretation, allowing the description of manufacturing details on the studied object.

1.2.3. Fiber Optic Reflectance Spectroscopy (FORS)

FORS spectral information was generated and recorded by a FieldSpect-4 ASD system,
with spectra in the visible, near infrared (NIR), and short-wave infrared (SWIR) wave-
lengths. Spectral resolution is 3 nm for the visible and NIR regions (300–1000 nm), and
10 nm for the remaining region of the spectra (1000–2500 nm). The analysis area is about
1 cm2, and requires the probe to be in contact with the studied object. The system employs
a D65 illuminant, and spectra acquisition time was set at 0.2 s. The system is routinely
calibrated by an ASD Inc. certified reflectance standard (AS-02035-000CSTM-SRM-990-362).

1.2.4. X-ray Fluorescence Spectroscopy (XRF)

A home built portable X-ray system (SANDRA) was used for recording the elemental
composition of the studied object, this system and its applications are described in detail
elsewhere [17]. In brief, the system employed a Mo X-ray source collimated to a 1 mm area,
and an Amptek SDD detector with detection angle fixed at 45◦. Calibration of the system
is achieved by using a NIST multicomponent glass standard reference material (SRM 1412).
Irradiation parameters were 45 kV, 0.200 mA with a recording time of 90 seconds, and no
filters were used during the spectra acquisition. Spectra analysis and deconvolution was
performed by means of ESRF-BLISS PyMca software.

Due to the existence of an underlying painting, interpretation of XRF data could
be complex, since the range of photons in matter allow them to penetrate hundreds of
micrometers, encompassing not only the surface, but most of the layers of the painting.
However, the physics ruling the interactions between X-rays and solids, such as the
attenuation of photons in matter, provide a testing ground for determining the depth from
which the recorded photons arise. We considered the Kα/Kβ (or Lα/Lβ, depending on
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the studied element) relative intensity ratio of the representative elements in each pigment,
since the attenuation strongly depends on the energy (especially for the energy range
involved). When the ratio corresponded (within uncertainties) with predictions from
databases, XRF data was then related with the surface layer, otherwise data were associated
with deeper layers

2. Results and Discussion

Results of the spectroscopic techniques (FORS, XRF) are grouped by the binding media
and the materials associated by the color palette of this painting: golden; blue; red; brown;
green; flesh tones. Results from the imaging techniques are grouped by following the
main areas of the painting composition: the Virgin’s face and hands; the crown; and the
right-side angel. These images provided the most relevant information of the upper layer
version of Mary. The analysis always considered the underlayer versions registered by the
radiographic images, which are described in detail in [1], to achieve a correct interpretation
of the results provided by the spectroscopic techniques. Imaging results are presented as
mosaics, where the different acquired images of one region are contrasted: visible; UV
fluorescence; IR pseudo-color (IRPC); spectral angle mapping (SAM); a pseudo-color image
composed by the three main PC (PC-1,2,3); principal component 1(PC-1); and three selected
different principal components (PC-n).

2.1. Purísima Concepción: Materials and Painting Technique

Results from the spectroscopic techniques are divided in a description of the binding
media and color palette. In a first approximation, the color palette appears to be simple,
with predominance of golden, blue, and red hues. However, the interpretation of the
studies applied show a great diversity of materials employed to achieve effects such as
brightness, hue, saturation, and even covering power of the paint.

2.1.1. Binding Media

FORS SWIR spectra from regions with different colors of the paint are shown in Figure 2,
from which it was possible to find common characteristics associated with the binder.
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Figure 2. FORS spectra from representative regions corresponding to different colors. Principal fea-
tures related with binder media are indicated. Spectra corresponding numbers are indicated in Ap-
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In Figure 2, we can observe spectral features related to lipids on 1729 nm, associated
with the first overtone of the stretching mode from the methilenic group [2νaCH2], and
combination bands from stretching (νa asymmetric and νs symmetric) and bending (δ)
modes on 2308 nm, [(νa + δ)CH2], and 2349 nm [(νs + δ)CH2]. Such characteristics have
been noticed in the works by Pérez et al. [7], and Dooley et al. [18]. These absorption bands
are common all over the paint, and their presence indicates the knowledge of the drying
oil to bind the pigments.

2.1.2. Color Palette

Table 1 summarizes the main findings by FORS and XRF spectroscopic techniques of
the materials composing the color palette. A detailed description of each pigment is also
provided further in this section.

Table 1. Description of the palette by FORS and XRF spectroscopic techniques. a = absorption maximum, b = inflection
point, c = reflectance maximum. A correspondence between FORS and XRF measurements as well as a detailed description
of XRF results can be found in Appendix B Tables A1–A6.

Palette Region Compounds
Identified/Inferred FORS (nm) XRF

Golden

Virgin Mary:
Trimming

Collar
Christogram
Star Mantle

Imperial crown arche
Imperial crown circlet

Holy Spirit:
Nimbus

Simulated frame
Stellarium
Radiance

Gold Alloy: Au and Cu
Ochre (FeO) + Orpiment

(AsS)

538 b

536 b

558 b

–
–
–

535 b

546 b

–
–

Pb, Cu, Au, Hg
Pb, Au, Cu, Ca

–
Pb, Cu, Au, Fe
Pb, Cu, Fe, Hg
Pb, Au, Cu, Fe
Pb, Au, Cu, Fe
Pb, Cu, Fe, Au
Pb, Fe, Au, Ca
Pb, Fe, Ca, As

Blues

Virgin Mary Mantle
Angel Mantle

Holy Spirit Celestial
Background

Azurite (CuCaCO)
Azurite (CuCaCO)

Indigo

465 c, 646 a, 1000 b, 1496 a,
2289 a, 2352 a, 483 c, 645 a,

1003 b, 1496 a, 2289 a, 2352 a

784 b

Pb, Ca, Cu, As
Pb, As, Ca, Cu

Pb, Ca, As

Reds

Virgin Mary:
Lips

Sleeve
Corona

Vermillion (HgS)
594 b

596 b

594 b

Pb, Hg, Ca, Fe
Hg, Pb, Fe, Ca
Pb, Hg, Cu, Fe

Brownish

Virgin Mary:
Hair

Crown
Angel:
Hair
Eye

Iron Oxide, Orpiment (AsS)
Iron Oxide, Pb-Sn Yellow

Iron Oxide
Iron Oxide, Pb-Sn Yellow

578 b, 718 b, 831 a

–
567 b, 720 b, 832 a

–

Pb, Fe, Ca, Cu, As
Pb, Cu, Fe, Ca, Hg, Sn

–
Pb, Fe, Hg, Ca

Greens
Virgin Mary Emerald

Palm
Lily

Copper Resinate
584 c, 712 a

704 a

708 a

Pb, Cu, Au, Fe
Pb, As, Ca, Fe
Pb, As, Cu, Fe

Flesh tones
Virgin Mary

Angel
Cherub

Vermillion (HgS) + Lead
White + Azurite

–
585 b, 1204 a, 1447 a

–

Pb, Ca, Hg, Fe
Pb, Ca, Hg, Fe
Pb, Ca, Hg, Fe

The gilding strategies: In the Purísima Concepción, golden regions are present in Mary’s
apparel, her jewelry, in the stellarium, radiance, and in the painting’s frame, with different
shades and finishes. The interpretation of the XRF spectra (Figure 3) of the golden regions
indicate the presence of Pb, Au, Cu, Fe, Ca, Sn, and As. These elements are, in turn,
associated with the presence of various pictorial materials. For the gilding, a gold alloy,
mainly composed of Au and Cu with a significant presence of Pb, commonly associated
with lead white (2PbCO3 Pb (OH)2), e.g., in the trimming, stellarium, crown, and frame.
The presence of Fe is due to the use of brown layers for shadows. These two elements (Fe
and Pb) are present in a higher proportion in the broad golden lights on the upper part of
the painting. The spectra also present an associated signal of Sn, probably related to the
tin lead yellow present in the jewelry highlights. The As signal and a noticeably intense
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enhancement in the region where the S signal is expected provide evidence that orpiment
(As2S3) could be present in the earrings and radiance of the Virgin Mary.
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Figure 3. Representative XRF spectrum of a golden region around the crown (XRF.30). See the
Appendix A general diagram for details on the acquisition location.

Likewise, representative FORS spectra of the golden regions are presented in Figure 4,
where their main characteristics correspond to inflection points between 535 nm and
590 nm. In metals such as gold, radiation absorption in the visible region is mainly due to
processes that involve free electrons.

Heritage 2021, 4 FOR PEER REVIEW  7 
 

 

frame. The presence of Fe is due to the use of brown layers for shadows. These two ele-
ments (Fe and Pb) are present in a higher proportion in the broad golden lights on the 
upper part of the painting. The spectra also present an associated signal of Sn, probably 
related to the tin lead yellow present in the jewelry highlights. The As signal and a notice-
ably intense enhancement in the region where the S signal is expected provide evidence 
that orpiment (As2S3) could be present in the earrings and radiance of the Virgin Mary. 

2 4 6 8 10 12 14 16 18 20 22 24 26 28
10

100

1000

10000

Lβ Pb

K β F
e

K β C
a

K 
K

K 
Ar

L β A
uL l P

b

M Pb 
+ M Au
+ K S

K Al

K Mo

In
te

ns
ity

Energy (keV)

Kα Ca
3.69 keV

Kα Fe
6.40 keV

Kα Cu
8.05 keV

Kα Sn
25.27 keV

Kβ As
11.73 keV

Lα Au 
9.71 keV

Lα Pb
10.55 keV

  K Mo
(scatter)

Lγ Pb

 
Figure 3. Representative XRF spectrum of a golden region around the crown (XRF.30). See the Ap-
pendix A general diagram for details on the acquisition location. 

Likewise, representative FORS spectra of the golden regions are presented in Figure 
4, where their main characteristics correspond to inflection points between 535 nm and 
590 nm. In metals such as gold, radiation absorption in the visible region is mainly due to 
processes that involve free electrons. 

400 500 600 700 800 900 1000

0.1

0.2

0.3

0.4

0.5

R
ef

le
ct

an
ce

 (n
or

m
)

Wavelength (nm)

 001
 009
 026
 036
 038

59
0 

nm

53
5 

nm

 
Figure 4. FORS representative spectra from golden regions. Inflection points between 535 nm and 
590 nm are indicated. Spectra corresponding numbers are indicated in the Appendix A general di-
agram. 

The gilding technique in this painting consisted of flakes ground to a powder, then 
mixed in oil. Lead white was used to increase the covering power and density of the pic-
torial layer. The earrings and radiance were made with orpiment, and due to its charac-
teristic tone, saturation, and brightness which makes it look like a precious metal, as well 
as its ease of handling, plasticity and economy, it replaced the use of gold in certain areas. 
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The gilding technique in this painting consisted of flakes ground to a powder, then
mixed in oil. Lead white was used to increase the covering power and density of the
pictorial layer. The earrings and radiance were made with orpiment, and due to its
characteristic tone, saturation, and brightness which makes it look like a precious metal,
as well as its ease of handling, plasticity and economy, it replaced the use of gold in
certain areas.

In contrast, the simulated frame was created with a golden and matte surface applied
with a flat brush, whereas organic figures such as shells and tendrils are highlighted by a
brownish shade applied with a round brush. In Novo-Hispanic works from the second half
of the 17th century, simulated frames were recurring resources used by artists [19] due to
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an economic limitation, as it was necessary to provide a frame for the works, and bespoke
frameworks may have been out of budget, or perhaps the painting of a frame was used to
dignify the artistic content.

Gold, an incorruptible and shiny-looking material, has been related to the solar, the
igneous, and the divine over time, in addition to its aesthetic and theological metaphors
that have added to the notions of prestige and wealth of the precious metal with economic
value [20]. The difference between the materials identified to produce the golden effect
of the jewels and the Virgin’s crown, radiance, and the frame accounts for the knowledge
about their properties, their cost, and possibly their existence in the market. The decorum,
ornament, and splendor as an object for the liturgy, shows in the gold dust applied in
the frame and trimmings, a consideration of distinction of power, luxury, and the elite,
entrusted to the master workshop.

Shades of blue: Blue tones are in the second hierarchy of this painting. Even though
different shades are registered for the mantle of the Virgin, the cloth of the right angel, the
celestial background of the Holy Spirit, and the insular sea in the background, our results
by imaging techniques, and by XRF and FORS spectroscopic techniques, indicate the use
of only two pigments (see Figure 5 for XRF results), and also provide their distribution
throughout the painting. Spectroscopic elemental analysis revealed the use of a Cu rich
pigment in the blue regions of the Virgin’s mantle and the clothing of the right angel,
which was identified as azurite-Cu3(CO3)2(OH)2-from its characteristic bands (646 nm,
1496 nm, 2289 nm and 2352 nm, see references [18,21]) in the FORS spectra (see Figure 6).
In the region of the Holy Spirit, the absorption peaks in these spectra are between 645 nm
and 707 nm, and the shift in absorption peaks could be related to bathochromic effect
caused by the mixing of pigments. With precision, the 660 nm peak is reported as the main
characteristic of indigo [21]. Regarding the blue hues, the material distinction between a
mineral and lake-pigment was researched in paintings of Virgin Mary from the 16th and
17th centuries [22]. The predominant color in the mantles is azurite, and indigo for the
backgrounds. In this case, the anonymous painter continues with this knowledge and
significance, proposing not only a common solution, but also the knowledge of treatise,
and the cost of these materials.

Traces of mercury for red areas: XRF spectra from the red areas revealed the use of a
Hg rich pigment (Figure 7). Likewise, FORS reflectance spectra from these red areas show
an inflection point around 594 nm as the main characteristic (Figure 8), confirming the
presence of vermillion (HgS) as the main pigment to give this hue. Additionally, absorption
characteristics were identified at 1198 nm and 1447 nm, associated with the first overtone
of the hydroxyl group [2νOH] in the lead white pigment, as reported in Picollo et al. [23].
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Green tones: A single pigment was identified in all the green areas from this painting,
found in the representation of emeralds in the imperial crown, and the stems and leaves of
the palm and the lily in the lower area. FORS spectra for this pigment have a reflectance
maximum between 554 nm and 584 nm, and absorption bands between 696 nm and 717 nm
(Figure 9), which together with the IR signature (Figure 10) allowed to identify the pigment
as copper resinate [7]. XRF spectra (Figure 11) confirm the presence of Cu in the green
areas, but also presents Pb, Hg and Fe, and vermilion or iron earth to change the saturation
of the jewel and the volume from the shadows. Finally, the presence of Au in the green
emeralds from the crown may indicate that these were painted over the golden region.
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Figure 6. FORS spectra from blue regions: Virgin’s mantle, angel’s mantle, and Holy Spirit blue 
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Figure 7. Representative spectrum (XRF.73) from red regions. Features related with Hg 
are indicated. Spectra detailed location can be seen in Appendix A general diagram. 

Figure 6. FORS spectra from blue regions: Virgin’s mantle, angel’s mantle, and Holy Spirit blue
background. Vis-NIR reflectance features are indicated. Reference materials (indigo, Cu resinate, and
azurite) are included for comparison.
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Figure 6. FORS spectra from blue regions: Virgin’s mantle, angel’s mantle, and Holy Spirit blue 
background. Vis-NIR reflectance features are indicated. Reference materials (indigo, Cu resinate, 
and azurite) are included for comparison. 

Traces of mercury for red areas: XRF spectra from the red areas revealed the use of a 
Hg rich pigment (Figure 7). Likewise, FORS reflectance spectra from these red areas show 
an inflection point around 594 nm as the main characteristic (Figure 8), confirming the 
presence of vermillion (HgS) as the main pigment to give this hue. Additionally, absorp-
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Figure 7. Representative spectrum (XRF.73) from red regions. Features related with Hg 
are indicated. Spectra detailed location can be seen in Appendix A general diagram. 

Figure 7. Representative spectrum (XRF.73) from red regions. Features related with Hg are indicated.
Spectra detailed location can be seen in Appendix A general diagram.
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Figure 8. (TOP) FORS representative spectra from red regions (FORS.007 and FORS.010), inflection
point near 594 nm related with vermilion (HgS) is indicated. (BOTTOM) (FORS representative
spectra from incarnation regions (FORS.017 and FORS.021). Features near 1198 nm and 1447 nm,
related with lead white are indicated. Spectra corresponding locations are indicated in Appendix A
general diagram.

Heritage 2021, 4 FOR PEER REVIEW  10 
 

 

400 600 800 1000 1200 1400
 

 007
 010

59
4 

nm

14
47

 n
m

11
98

 n
m

R
ef

le
ct

an
ce

 (n
or

m
)

Wavelength (nm)

 017
 021

14
47

 n
m

12
04

 n
m

58
5 

nm

 

Figure 8. (TOP) FORS representative spectra from red regions (FORS.007 and FORS.010), inflection 
point near 594 nm related with vermilion (HgS) is indicated. (BOTTOM) (FORS representative spec-
tra from incarnation regions (FORS.017 and FORS.021). Features near 1198 nm and 1447 nm, related 
with lead white are indicated. Spectra corresponding locations are indicated in Appendix A general 
diagram. 

Green tones: A single pigment was identified in all the green areas from this painting, 
found in the representation of emeralds in the imperial crown, and the stems and leaves 
of the palm and the lily in the lower area. FORS spectra for this pigment have a reflectance 
maximum between 554 nm and 584 nm, and absorption bands between 696 nm and 717 
nm (Figure 9), which together with the IR signature (Figure 10) allowed to identify the 
pigment as copper resinate [7]. XRF spectra (Figure 11) confirm the presence of Cu in the 
green areas, but also presents Pb, Hg and Fe, and vermilion or iron earth to change the 
saturation of the jewel and the volume from the shadows. Finally, the presence of Au in 
the green emeralds from the crown may indicate that these were painted over the golden 
region. 

400 600 800 1000 1200
0.0

0.1

0.2

0.3

0.4

R
ef

le
ct

an
ce

 (n
or

m
)

Wavelength (nm)

 013
 014
 049
 056
 Cu resinate

58
4 

nm

69
6 

nm

55
4 

nm

71
7 

nm

562 nm 717 nm

 
Figure 9. FORS representative spectra from green regions. Reflectance maxima were observed
between 554 nm and 584 nm, and absorption bands between 696 nm and 717 nm. Copper resinate
reflectance spectrum was included for comparison. Numbers corresponding to spectra are shown in
Appendix A general diagram.

Brown: Brown areas in the painting were associated with the presence of Fe, as
determined by XRF, possibly related with the use of burnt earth for the shadows, and are
of a uniform hue. Its use in the hair and pupils of Mary and the angels were defined by
brushstrokes at the tip of a round and fine brush, whereas for the volume of the cloths,
the jewelry, or the crown, a flat brush was applied. From the interpretation by XRF
spectroscopy, the abundant presence of Pb indicates the incorporation of white lead in this
color layer, probably to provide a greater covering power.
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Flesh tones: To generate the flesh tones of Mary and the angels, XRF identified the
incorporation in a higher proportion of white lead (Pb), vermilion (Hg), azurite (Cu), and
calcine natural iron oxide (Fe) (Figure 12). This mixture was made on a palette and applied
with a fine brush tip. Vermilion was used for the touches of blush on the cheeks, whereas
the volume of the face from lights used an abundance of lead white, and the shadows used
natural sienna.
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2.2. The Virgin Mary: Changes of View and Composition by Imaging Techniques

The comparison of the resulting images from the different techniques allowed the
identification of changes in the Virgin Mary, the angels, and the iconographic elements
that accompany them, and made it possible to identify restoration areas more easily in
the artwork, which were not noticeable due to the yellowish varnish and the absence
of documentation on the restoration carried out in the painting. Table 2 gathers the
characteristics observed from the different imaging techniques for the three areas analyzed
(Figures 13–16), where visible image, IRPC, UV image, and PC stand out.
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Table 2. Results from imaging analysis for the three studied regions in the Purísima Concepción.

Region Image Results

Virgin Mary, Face (Figure 13)

(a), (d) When comparing the mosaics (a) and (d), we notice the restoration by
vertical lines on the face and the white tunic.

(h) Mosaic (h) highlights the volume of the layers of color in the golden areas.

(a), (e)

When comparing (a) and (e), the pseudo color image shows that the reddish
tones of the eyelids, cheeks, and tunic present a similar tonality, which
indicates a vermilion distribution. This pigment was identified by XRF and
FORS.

(a), (e) Image (e) allows us to appreciate the distribution of the gilding applied in
the jewels, trimmings, and Stellarium.

(a), (i)
By comparing (a) and (i), we can observe the restoration areas on the face
corresponding with white tones. It also highlights the texture of the
Stellarium fillings, the pearl necklace, and trimmings for the tunic.

Virgin Mary, Hands
(Figure 14)

(a), (b), (e)

Images (a), (b), and (e) make it possible to compare the distribution of the
material applied in the gilding of the trimmings, the Christogram, and the
stars of the mantle. From XRF, the presence of Au and Cu indicate a gold
alloy, such as in the quadrant of Mary’s face, whereas the stars of the mantle
were made by a pigment with a high content of Pb and Sn.

(a), (d) Comparing (a) and (d), we can observe restoration areas.

(a), (i) Between (a) and (i), we could see the profile of a version of the Virgin Mary,
an underlying composition painted in a previous century.

Imperial Crown (Figure 15)

(a), (b)

Images (a) and (b) exhibit different contributions of the materials used in the
golden, reddish, bluish, and green tones. First, the application of gilding in
the lower area of the crown and Stellarium present a similar composition of
Au and Cu, whereas the upper area presents an opaque tonality due to the
use of an earth shade.
The reddish bonnet of the crown, in addition to the incarnation of the angels’
hands, and the representation of rubies, present the same yellow hue based
on vermilion.
Blush is distinguished by a reddish hue for the celestial background of the
Holy Spirit, compared to FORS spectroscopic techniques, and this material
indicates the presence, in greater contribution, of a lacquer pigment, such as
indigo.
As for the green, the jewels that represent the emeralds indicate the same
bluish material, whereas the XRF spectroscopy indicates the presence of Cu,
and, in complement with FORS, they help us to confirm the presence of a
copper resinate.

(a), (d), (i)
The comparison of Images (a), (d), and (i) allows us to distinguish the
restoration of the background of the painting by means of the Rigatino, which
is vertical and fine brushstrokes applied in the regions with material losses.

right-Side Angel (Figure 16)
(a), (b), (d)

In Figures (a) and (b), the distribution of materials with the same behavior
are shown: the reddish tone of vermilion was used in the blush of the cheeks,
lips, and wings of the angels, whereas in the blue tone of the cloth, there is
azurite.

(a), (d) The restoration of the background by Rigatino is noticeable when comparing
Figures (a) and (d).
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Figure 16. Right-side angel region: (a) visible image; (b) pseudo color image; (c) SAM image; (d) UV
fluorescence image; (e) RGB–PCA; (f) PC1; (g) PC2; (h) PC3; and (i) PC8.

3. Conclusions

This work provided detailed information on the material composition of the color
palette, by means of a combined imaging and spectroscopy method. HSI analysis has
proven to be a powerful tool, and it allowed us to describe details on the distribution of
the pigments, as well as a description on the manufacture of the painting. It also provided
information on the presence of later repairs (consistent with UV imaging analysis), as well
as insights on the existence of a previous painting (as was demonstrated by radiography of
the painting).

In this artwork, the selection of materials by the artist considered the importance of
the represented objects. Golden regions are present with different shades and finishes, and
a gold alloy was used for the trimming, stellarium, crown, and frame. Fe was used for
brown layers in the shadows. Tin lead yellow is present in jewelry highlights, orpiment
in the earrings, and in radiance of the Virgin Mary. Blue tones characterization indicates
the use of only two pigments: azurite for the Virgin’s mantle and the clothing of the right
angel; and indigo for the Holy Spirit region. A single green pigment was found in the
painting, located in the representation of emeralds, and the stems and leaves in the palm
and the lily in the lower area, which has been identified as copper resinate. Brown areas
exhibit the presence of Fe, which is related with the use of burnt earth, used in the hair and
pupils of Mary and the angels. Flesh tones of Mary and the angels contain a mixture of
white lead, vermilion, azurite, and calcine natural iron oxide.

Results suggest the knowledge and experience of an oil-on-wood painter who possibly
still conformed to the conditions of the ordinances and traditions established in the prior
two centuries of colonial establishments. For the wood panel, its cut and construction are
due to a process of specialized knowledge of carpentry work. However, it would be worth-
while to carry out studies on the cellular structure of the wood, the ring count to identify
the selected genus, its possible extraction region, and when the tree was cut, in order to
specify the work production system, in terms of the time and use of material resources.

Regarding the color palette, the system of selection and application of materials
possibly considered qualities of stability, accessibility, and cost, which makes us think
about the knowledge and versatility on the part of the architect to work with the different
materials available.

It is also necessary to mention that the non-invasive studies by imaging techniques
complemented with FORS and XRF spectroscopic techniques, although they offer high
sensitivity and precision, had limitations in interpreting the areas of analysis, due to the
complex layer superposition in the painting. The continuity of this study is suggested
through the application of invasive techniques by means of a strategic selection of samples,
and their eventual analysis by optical and electron microscopy to identify the sequence of
their application and distribution, as well as the underlying pictorial campaign.
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Appendix A

A general description of the acquisition regions and points for the different analysis
techniques are presented here.
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Appendix B

The main findings from spectroscopic techniques are presented in the following tables,
grouped by colors. Acquisition region is indicated, as well as ID for XRF and FORS
acquisition points. In some cases, both spectroscopic techniques correspond with the same
geometric spot, although they have different ID numbers. Elements reported are sorted
in descending order by the intensity of their most intense characteristic X-ray line. Each
pigment’s representative elements are highlighted.

Table A1. Golden.

Region XRF ID Elements FORS ID

Virgin Mary
Trimming 49 Pb, Cu, Au, Hg, Ca, Fe 36
Collar 43 Pb, Au, Cu, Ca, Hg, Fe 29
Christogram 38
Star Mantle 56 Pb, Cu, Au, Fe, Co, K
Imperial Crown Arche 28 Pb, Cu, Fe, Hg, Zn, Ca, Au
Imperial crown Circlet 30 Pb, Au, Cu, Fe, Ca, Hg, Sn
Stellarium 32 Pb, Fe, Au, Ca, Cu, Hg
Radiance
Radiance 1 Pb, Fe, Zn, Ca, Hg, Cu
Radiance 13 Pb, Fe, Ca, Cu, Hg, As
Radiance 37 Pb, Ca, Fe, As, Hg, Cu
Glory Break
Glory Break 2 Pb, Ca, Fe, Hg, As, Cu, Sn 5
Glory Break 3 Pb, Fe, Ca, As, Cu, Hg
Glory Break 7 Pb, Zn, Fe, Ca, Hg, As
Glory Break 9 Pb, Fe, Ca, As, Hg, Cu
Glory Break 10 Pb, Fe, Ca, Cu, As, Hg 32
Glory Break 12 Pb, Fe, Ca, As, Cu, Hg 31
Glory Break 36 Pb, Fe, Ca, As, Hg, Cu,
Holy Spirit
Nimbus Holy Spirit 22 Pb, Au, Cu, Fe, Co, Hg, Ca 2
Simulated Frame
Simulated Frame 14 Pb, Cu, Fe, Au, Ca, Hg 1
Simulated Frame 23 Pb, Au, Cu, Fe, Hg, Ca, Sn
Simulated Frame 67 Pb, Fe, Au, Cu, Ca, Hg

Table A2. Blue.

Region XRF ID Elements FORS ID

Virgin Mary
Mantle 45 Pb, As, Cu, Fe, Ca, Co, K
Mantle 46 Pb, Ca, As, Fe, Cu, Co 33, 34
Mantle 47 Pb, Cu, Fe, Ca, Cu, K, Co
Mantle 52 Pb, Ca, As, Fe, Co, Cu 39
Mantle 54 Pb, Cu, As, Fe, Co, Ca, K
Mantle 55 Pb, Cu, As, Ca, Fe, Co
Mantle 57 Ca, Zn, Cr, Sr, Ti, Co, Fe, Pb
Angel
Mantle 34 Pb, As, Ca, Cu, Fe, Hg 20, 22
Mantle 35 Pb, As, Ca, Fe, Cu, Hg 25
Holy Spirit celestial
background

20 Pb, Ca, Zn, As, Fe, Ti, Co 4
24 Pb, Ca, As, Fe, Co
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Table A3. Red.

Region XRF ID Elements FORS ID

Virgin Mary
Lips 42 Pb, Hg, Ca, Fe, Cu 28
Sleeve 51 Hg, Pb, Fe, Ca, Cu 37
Mantle 58 Pb, Hg, Ca, Fe, Cu 54
Crown 26 Pb, Hg, Ca, Fe, Cu 10
Crown 53 Pb, Hg, Cu, Fe, Ca

Table A4. Brown.

Region XRF ID Elements FORS ID

Virgin Mary
Virgin’s Hair 38 Pb, Fe, Ca, Cu, As, Hg 27
Left Angel
Hair 16 Pb, Fe, Ca, Hg, As, Cu, Au, Sn
left Angel
Hair 16
Eye 33 Pb, Fe, Hg, Ca, Cu, K, Au Sn

Table A5. Green.

Region XRF ID Elements FORS ID

Virgin Mary
Emerald 27 Pb, Cu, Au, Fe, Ca, Hg, Zn 14
Emerald 29 Pb, Cu, Ca, Fe, Hg, Zn 13
palm

86 Pb, As, Ca, Fe, Hg, Cu 58
Lily
Lily 81 Pb, As, Cu, Fe, Hg, Ca 57

Table A6. Flesh tones.

Region XRF ID Elements FORS ID

Virgin Mary
Head 40 Pb, Ca, Hg, Fe, Cu
Cheek 41 Pb, Ca, Hg, Cu, Fe
Angel
Foot 11 Pb, Ca, Hg, Fe, Cu
Cheek 17 Pb, Ca, Hg, Fe, Cu 6
Hand 31 Pb, Ca, Hg, Fe, Cu 17, 21
Querubin
Head 68 Pb, Ca, Hg, Fe, Cu
Cheek 70 Pb, Hg, Ca, Cu, Fe
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Abstract: Non-invasive optical spectroscopical analyses were conducted on the three main walls of
Alexander and Roxane’s Wedding Room in Villa Farnesina, Rome. The north and the east walls were
frescoed by Sodoma in 1519. The decoration of the third wall was subsequent and neither the author
nor the period is known. The north and east walls underwent various restorations, some even very
invasive. For these reasons, the supposed remaining original parts of the two walls by Sodoma were
studied and compared with the third one, aiming to obtain more information about its author and
epoch. The results show the use of the same pigments for the three walls. In particular, the same
yellow pigments including lead antimonate, the use of enamel blue with Bi impurities whose use
is time-limited, and the use of a certain kind of purple hematite. The commonality in the pictorial
technique also emerged, especially in the yellow parts, painted in the same way on each wall. This
information, and documentary sources, reinforce the hypothesis that the third wall was decorated
shortly after the death of Agostino Chigi by someone who was well-acquainted with the materials
and techniques used by Sodoma for the other two walls.

Keywords: non-invasive investigations; portable/reflectance spectroscopy; portable Raman spec-
troscopy; lead antimonate; enamel blue; caput mortuum

1. Introduction

Villa Farnesina, the Renaissance Roman villa built in 1506 by the Sienese banker
Agostino Chigi, patron and close friend of Raphael, is currently the headquarters of the
Accademia Nazionale dei Lincei, which is devoted to promoting and protecting its huge
artistic heritage consisting in some of the most famous artworks of the Italian Renaissance
Masters—Raphael included—which were summoned by Chigi for adorning his own
private, suburban, relaxing place. Among the artists who left their sempiternal mark inside
the residence was Giovanni Antonio Bazzi, better known as Sodoma (1477–1549), who
frescoed the bridal suite of Agostino Chigi and his beloved Francesca Ordeaschi. The suite
was decorated with scenes from the life of Alexander the Great, including his marriage
with Roxane, in explicit reference to that of Chigi. Before the new restoration of the room
began, some non-invasive analyses were carried out on the two walls painted by Sodoma
and his workshop depicting the Darius family before Alexander on the east wall (Figure 1)
and Alexander meeting his new bride-to-be Roxane on the north wall (Figure 2). A third wall,
the west one, depicts the Taming of Bucephalus by an unknown author (Figure 3). It was
frescoed later than the other two walls because it hosted the double bed of Agostino Chigi
and Francesca Ordeaschi. After the death of both of them, in 1520, the wall was decorated,
but it is still uncertain how much later this work was carried out and by whose hand.
Taking advantage of an imminent restoration campaign involving the northern and eastern
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walls, the non-invasive analyses were also extended to the Taming of Bucephalus, the west
wall, which was never investigated before, aiming to collect information about its painting
material to be compared with the other two walls of certain authorship in order to establish
the epoch of this fresco. It is important to highlight that both the north and the east wall
underwent many restorations, three of them documented. The first restoration dates back
to 1870, when the Duke of Ripalta, shortly after buying the Villa in emphyteusis [1], had
these murals restored, adopting as a programmatic choice to “entrust the restoration of the
frescoes by Sodoma, not to an illustrious artist—who no doubt would have hardly resisted
the desire to redo as much as possible but, on the contrary, to a modest painter—already
elderly—whose action would be limited to the indispensable” [2]. The second one, carried
out at the beginning of the 20th century, is documented by an inscription on one of the
walls of the room: “Vito Mameli restored in May 1915” whose work remained a “thick dark
mixture painted with glue”, which the Istituto Centrale del Restauro (ICR) was called to
remedy in the 1970s, as can be seen from the technical report attached to the cost report no.
4 of 1 February 1974 signed by the restorer Paolo Mora, which provided for “consolidation,
cleaning and restoration of the frescoes by Sodoma and other 16th century artists” and
referred to the “implementation of the work plan prepared for the restoration of the entire
pictorial decoration of the Villa” [3].
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Figure 1. The Darius family before Alexander Fresco by Giovanni Antonio Bazzi, known as Sodoma,
1519. Alexander and Roxane’s wedding room, north wall. Villa Farnesina, Rome. Courtesy of
Archivio Villa Farnesina.

For this reason, the non-invasive investigations of the east wall depicting the Darius
family before Alexander and on the north one depicting Alexander meeting his new bride-
to-be Roxane were limited to the supposed original parts and were compared with the
results emerged from the third wall, the west one, showing the Taming of Bucephalus by an
unknown artist, trying to chronologically locate such fresco, in order to establish whether
it was coeval to the other two.

A set of non-invasive optical spectroscopic analyses, including Visible Reflectance
(Vis-R) portable Raman and Reflectance Infrared Spectroscopy (MIR), have been used
in a multi-technique approach, widely used and well-established in the last decade [4,5]
for the individuation of painting materials by refining and unravelling the information
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about chemical elements from X-Ray Fluorescence (XRF), making possible the comparison
among the pigments of the three walls and even disclosing some peculiarities of the
execution technique.
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Figure 2. Alexander meeting his new bride-to-be Roxane. Fresco by Giovanni Antonio Bazzi, known as
Sodoma, 1519. Alexander and Roxane’s wedding room, east wall. Villa Farnesina, Rome. Courtesy
of Archivio Villa Farnesina.
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2. Materials and Methods
2.1. X-ray Fluorescence Spectrometer (XRF)

The portable XRF instrument Tracer III-SD (Bruker AXS) consists of an X-ray tube
equipped with a Rh target, and a Peltier cooled Si drift XFlash detector having a resolution
of 130 eV FWHM at 5.9 keV. The source was operated at 40 kV and 0.030 mA, with a data
acquisition time of 30 s. This instrumental setup allows for the analysis of elements with
an atomic number (Z) greater than 10. The X-rays emitted by the tube are collimated on
the analyzed surface with a spot diameter of 4 mm. The spectra, corrected for the efficiency
of the detector, were expressed as counts per second (cps).

2.2. Portable Raman Spectrometer

The BRAVO spectrometer uses a new patented technology called SSE™ (Sequentially
Shifted Excitation, patent number US8570507B1) in order to mitigate fluorescence [6,7].
The laser is slightly wavelength-shifted during the acquisition three times, and three raw
Raman spectra are recorded. A proper algorithm recognizes all the peaks that shift at differ-
ent laser wavelengths as good Raman peaks, and other peaks, non-shifting, as fluorescence
(or absorbance) peaks, removing them. Moreover, the BRAVO use two different lasers
(DuoLaser™), ranging from 700 to 1100 nm, during the acquisition. The use of the second
laser is not intended as in usual commercial handheld or portable Raman spectrometer
as a tool to try to mitigate the fluorescence, but as a way to collect Raman spectra up to
3200 cm−1 and hence to access the CH stretching region also. The first laser is dedicated
to the acquisition of the Raman spectra in the first range (called fingerprint region), and
the second one in the second range (called CH region). The BRAVO acquired spectrum is
finally a Raman spectrum free from fluorescence on a whole spectral range from 3200 to
300 cm−1. The applied laser power is always less than 100 mW for both lasers. Obviously,
using the two BRAVO lasers ranging from 700 to 1100 nm, the sensitivity to inorganic green
and blue is very reduced compared to the use of a 532 nm laser. The spectral information
from the enhanced spectral range are useful for identification, for example, of resins and
waxes. The spectra were acquired with acquisition time ranging from 500 ms to 2 s and ac-
cumulation ranging from 5 to 100. For all the measurements, OPUS™ software (Version 7.7)
has been used in order to select the appropriate acquisition parameters. We performed at
least 4 acquisitions for each point.

2.3. Visible Reflectance

The visible reflectance measurements have been carried out by a portable spectrometer
CM-700d produced by Konika Minolta. The spectrometer is equipped with an UV radiation
filter Xenon lamp and a silicon photodiodes array detector. The analysis range is 400–700 nm
with a slit of 10 nm. Illumination area: 8 mm2, Observer: 10, Illuminant: D65, measure-
ment conditions: SCI (SCI/SCE, illumination/acquisition geometry), number of averaged
acquisitions: 5. We performed at least 4 acquisitions for each point.

2.4. Reflection Infrared Spectroscopy

The portable infrared spectrophotometer ALPHA-R (Bruker Optik GmbH) is equipped
with a Globar IR source, a patented interferometer (RockSolid™, insensitive to external
vibrations and able to work in any spatial orientation), and a DLaTGS room temperature
detector. The working optical layout for reflection measurements is 22◦/22◦ (specular op-
tics), with about 15 mm of working distance. The infrared spectra have been acquired in the
spectral range 7500–375 cm−1 with a spectral resolution of 4 cm−1 and 200 interferograms.
The sampling area was 28 mm2. A background correction using a reference spectrum from
a gold flat mirror was applied for representing the reflectance profile (R), expressed in the
graphs as pseudo-absorbance, log (1/R).
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3. Results

Non-invasive analyses were carried out on the supposed unrestored parts of the north
and east walls of Alexander and Roxane’s wedding room in Villa Farnesina, both attributed
to the painter Giovanni Antonio Bazzi, called Sodoma, and his workshop. Further analyses
were also carried out on the third wall, the west one, of an unknown period and author in
order to compare the results. The Tables 1–3 show the colors investigated and the main
results for each employed technique. Not every color of the frescoes has been analyzed
because a large part of the walls underwent heavy restorations, whose traces are also still
sometimes visible in the investigated areas. Therefore, we limited our investigation to those
supposed unrestored parts whose colors are shared by each of the three walls. The XRF
analysis indicates Fe and Co as the most abundant elements. Fe, which often characterizes
most of the pigments used for the fresco technique because of their stability and coverage,
is found in red, orange, yellow, and purple areas. Cobalt is present instead as the main
constituent of blue areas, widely used in all the walls studied both alone and in a mixture
with other pigments.

3.1. Red

In the red areas, the presence of Fe-based pigments prevails (Table 1). In the darker
shades, Raman spectroscopy identified red ochre, with the addition of a few hematite
(Figure 4a, right, line 2). The bright red of Dario’s daughter’s dress at the left edge of
the east wall is characterized by Fe (XRF, Figure 4a, left, line 1), but Raman spectroscopy
individuates only calcium carbonate with its band at 1085 cm−1 due to the symmetric
stretching of C-O bonds [8], while hematite results instead in the dark red areas, such as
the skirt of Alexander (Figure 4a, line 2). In Figure 4a, the characteristic Raman bands of
hematite at 498 and 610 cm−1 are highlighted [9].

A similar mixture of generic Fe-based red with hematite can be found in the north
wall on the red curtains of Roxane’s canopy bed on the north wall and in the dress of the
putto on the right edge (Table 2). The first derivative of the reflectance spectrum of the red
curtains (Figure 4b, line 3) does not show differences with respect to the bright red ones
of the east wall (Figure 4b, lines 1, 2, areas 1, 2), and in each analyzed point, the spectrum
follows the trend of a generic iron oxide. It is worth noting that on the curtains (Figure
4b, area 3), traces of cinnabar were also found, confirmed by Raman spectroscopy [17] and
by Hg from XRF. Since from the reflectance spectrum it is not possible to individuate the
features of cinnabar, it is likely that it was used in a mixture and is not found enough on
the surface so as to be revealed. The third wall shows again the use of Fe-based red and
hematite in the skirt of the back-turned man running away behind Bucephalus (Table 3).
The reflectance spectrum of this area (Figure 4b, line 4/area 4) is similar to those recorded
on the other two walls.
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Table 3. Main results of non-invasive investigation on the west wall—The Taming of Bucephalus (Ip: Inflection point, Max: 
maximum, Min: minimum). 

Wall Colored Area 
X-ray Fluorescence 

(XRF) Main Elements 
Vis-Reflectance  

(Vis-R) 
Raman Comments 

The Taming of Bucephalus  
(west wall) 

Red 
Ca, Fe, K Sr  Ip:582,640 nm CaCO3 [8] 

Generic Fe-based red 
from Vis-R [9] 

 
Fe, Ca, Sr, K, S (dark 

red) 
Ip:580,640 nm Hematite [10] 

Generic Fe-based red 
from Vis-R [9] 

 Orange Fe, Ca, Sr, Pb, K Ip:435,510,570,635 nm CaCO3 [8] 

Mixture of red and yel-
low ochre; Pb-yellow not 
to be excluded due to the 
inflection at 510 nm [12] 

 
Yellow 

Pb, Fe, Sb (K) Ip:450,521,627 nm 
Pb-antimonate 

[18,19] 

Pb-yellow and few yel-
low ochre from Vis-R 

[12]. Naples yellow from 
XRF and Raman 

 Pb, Fe, Sb Ip:449,506,627 nm 
Pb-antimonate 

[18,19] 
Mostly Pb-yellow from 

Vis-R [12] 

 Purple Fe, Ca, Sr, K Ip:590,639,688 nm 
CaCO3 [8], 

hematite 

Hematite-based purple, 
possible caput mortuum 

[15] 

 Blue 
Ca, Co, Fe, Bi,As, K, Si, 

Pb 

Max:440,549,608 nm; 
Min:500,580,637 nm;  

Ip:692 nm 
CaCO3 [8] Smalt [16] 

3.1. Red 
In the red areas, the presence of Fe-based pigments prevails (Table 1). In the darker 

shades, Raman spectroscopy identified red ochre, with the addition of a few hematite 
(Figure 4a, right, line 2). The bright red of Dario’s daughter’s dress at the left edge of the 
east wall is characterized by Fe (XRF, Figure 4a, left, line 1), but Raman spectroscopy in-
dividuates only calcium carbonate with its band at 1085 cm−1 due to the symmetric stretch-
ing of C-O bonds [8], while hematite results instead in the dark red areas, such as the skirt 
of Alexander (Figure 4a, line 2). In Figure 4a, the characteristic Raman bands of hematite 
at 498 and 610 cm−1 are highlighted [9]. 
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Figure 4. (a) From left to right: XRF and Raman spectra of points 1 and 2 on the east wall. (b) Comparison of the first 
derivative reflectance spectra measured on selected red areas (lines 1–4). 

A similar mixture of generic Fe-based red with hematite can be found in the north 
wall on the red curtains of Roxane’s canopy bed on the north wall and in the dress of the 
putto on the right edge (Table 2). The first derivative of the reflectance spectrum of the 
red curtains (Figure 4b, line 3) does not show differences with respect to the bright red 
ones of the east wall (Figure 4b, lines 1, 2, areas 1, 2), and in each analyzed point, the 
spectrum follows the trend of a generic iron oxide. It is worth noting that on the curtains 
(Figure 4b, area 3), traces of cinnabar were also found, confirmed by Raman spectroscopy 
[17] and by Hg from XRF. Since from the reflectance spectrum it is not possible to individ-
uate the features of cinnabar, it is likely that it was used in a mixture and is not found 
enough on the surface so as to be revealed. The third wall shows again the use of Fe-based 
red and hematite in the skirt of the back-turned man running away behind Bucephalus 
(Table 3). The reflectance spectrum of this area (Figure 4b, line 4/area 4) is similar to those 
recorded on the other two walls. 

3.2. Purple 
The composition of the purple areas by XRF is the same as the red ones on each of 

the three walls (see Tables 1–3). Raman spectroscopy instead individuates stronger hem-
atite signals with respect to the red ones in all the purple zones, such as in the dress of 
Dario’s wife on the east wall (Table 1). 

The dress of Darius’ wife Statira II appears as red/purplish (Figure 5, area 2) and has 
the same elemental composition as the red dress of Darius’ daughter (Figure 5, area 1) 
depicted next to her (Table 1, bright red), but Raman spectroscopy indicates a strong pres-
ence of hematite only in the former (Table 1, dark red). 

This difference of hue is hardly appreciated in the reflectance spectra but becomes 
clearer when considering their first derivatives. Indeed, for the dress of Darius’ wife Sta-
tira II (Figure 5, line 2), there is a shift of the maximum of about 10 nm towards the red, 
and at the same time, the narrowing of the minimum to 640 nm and the consequent steep 
climb up to 700 nm with respect to the daughter’s red dress (Figure 5, line 1). These fea-
tures recur in the purple areas of each of the three walls, and more particularly, in the 
already discussed robe of Statira II on the east wall (Figure 5, line 2), of the half-naked 
Hephaestion on the north wall (Figure 5, line 4/area 4), and on the skirt of a running, back-
turned figure on the third wall, the Taming of Bucephalus (Figure 5, line 5/area 5). 

Figure 4. (a) From left to right: XRF and Raman spectra of points 1 and 2 on the east wall. (b) Comparison of the first
derivative reflectance spectra measured on selected red areas (lines 1–4).

3.2. Purple

The composition of the purple areas by XRF is the same as the red ones on each of the
three walls (see Tables 1–3). Raman spectroscopy instead individuates stronger hematite
signals with respect to the red ones in all the purple zones, such as in the dress of Dario’s
wife on the east wall (Table 1).

The dress of Darius’ wife Statira II appears as red/purplish (Figure 5, area 2) and
has the same elemental composition as the red dress of Darius’ daughter (Figure 5, area
1) depicted next to her (Table 1, bright red), but Raman spectroscopy indicates a strong
presence of hematite only in the former (Table 1, dark red).
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The purple/greyish dress of Darius’ mother Sisigambi (Figure 5, area 3) consists of 
hematite and smalt according to a common technique concerning frescoes [15]. 

Smalt is indicated by XRF from the Co presence and its associated impurities, such 
as Bi and As. The presence of smalt is not identifiable in the reflectance spectrum, which 
follows exactly those of Co-free, hematite-based purples, so this area was probably 
painted with different superimposed layers, with purple hematite on the surface. 

 
Figure 5. Comparison of first derivative reflectance spectra measured on selected red and purple areas (lines 1–5). 

3.3. Yellow 
The yellow areas are quite articulated, being a mixture of two or three different yel-

low pigments. Their composition is mostly of two types: one containing Fe and Pb, and 
the other Fe, Pb, and Sb. The simultaneous presence of Sb and Pb indicates the use of Pb-
antimonate, also known as Naples yellow [21,22], and always coincides with lighter yel-
low hues. On the east wall, the use of Naples yellow is found on the lighter parts of the 
dress of Darius’ daughter (Figure 6, area 1), where XRF indicates Fe, Pb, and Sb (Table 1). 
The first derivative of its reflectance spectrum is mostly that of yellow ochre (Figure 6, line 
1), but a little broader, according to Naples yellow features [12]. In the yellow skirt of 
Hephaestion, XRF indicates Fe and Pb but no Sb. Since there is no evidence of lead white 
in this area, Pb is probably due to litharge, a lead monoxide, as can be inferred in the first 
derivative of the reflectance spectrum from the maximum at 530 nm [12], mixed with yel-
low ochre, which can be seen in its weakened maximum at 450 nm (Figure 6, line 2). An 
abundant use of litharge still accompanied by a background of yellow ochre, as suggested 
by Fe presence, is even clearer in the landscape on the north wall (Figure 6, area 4), where 
XRF indicates only three main elements: Ca, Pb, and Fe (Table 2), and the reflectance 
shows, in its first derivative, mostly the spectrum of litharge but little modified by yellow 
ochre, recognizable for the maximum at 450 nm (Figure 6, line 4). The yellow dress of 
Roxane’s maid on the left edge is characterized by Fe and Pb, and the first derivative of 
its reflectance spectrum essentially shows yellow ochre, so in this case, the source of Pb 
should be other than litharge (Figure 6, line 3/area 3). All three types of pigments, yellow 
ochre, litharge, and Naples yellow, can be found in Roxane’s dress (Figure 6, area 5), 
where Naples yellow is used to paint lighter, cold tones. The main elements found from 

Figure 5. Comparison of first derivative reflectance spectra measured on selected red and purple areas (lines 1–5).

This difference of hue is hardly appreciated in the reflectance spectra but becomes
clearer when considering their first derivatives. Indeed, for the dress of Darius’ wife Statira
II (Figure 5, line 2), there is a shift of the maximum of about 10 nm towards the red, and at
the same time, the narrowing of the minimum to 640 nm and the consequent steep climb
up to 700 nm with respect to the daughter’s red dress (Figure 5, line 1). These features
recur in the purple areas of each of the three walls, and more particularly, in the already
discussed robe of Statira II on the east wall (Figure 5, line 2), of the half-naked Hephaestion
on the north wall (Figure 5, line 4/area 4), and on the skirt of a running, back-turned figure
on the third wall, the Taming of Bucephalus (Figure 5, line 5/area 5).

The purple/greyish dress of Darius’ mother Sisigambi (Figure 5, area 3) consists of
hematite and smalt according to a common technique concerning frescoes [15].

Smalt is indicated by XRF from the Co presence and its associated impurities, such
as Bi and As. The presence of smalt is not identifiable in the reflectance spectrum, which
follows exactly those of Co-free, hematite-based purples, so this area was probably painted
with different superimposed layers, with purple hematite on the surface.

3.3. Yellow

The yellow areas are quite articulated, being a mixture of two or three different yellow
pigments. Their composition is mostly of two types: one containing Fe and Pb, and the
other Fe, Pb, and Sb. The simultaneous presence of Sb and Pb indicates the use of Pb-
antimonate, also known as Naples yellow [21,22], and always coincides with lighter yellow
hues. On the east wall, the use of Naples yellow is found on the lighter parts of the dress of
Darius’ daughter (Figure 6, area 1), where XRF indicates Fe, Pb, and Sb (Table 1). The first
derivative of its reflectance spectrum is mostly that of yellow ochre (Figure 6, line 1), but a
little broader, according to Naples yellow features [12]. In the yellow skirt of Hephaestion,
XRF indicates Fe and Pb but no Sb. Since there is no evidence of lead white in this area,
Pb is probably due to litharge, a lead monoxide, as can be inferred in the first derivative
of the reflectance spectrum from the maximum at 530 nm [12], mixed with yellow ochre,
which can be seen in its weakened maximum at 450 nm (Figure 6, line 2). An abundant
use of litharge still accompanied by a background of yellow ochre, as suggested by Fe
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presence, is even clearer in the landscape on the north wall (Figure 6, area 4), where XRF
indicates only three main elements: Ca, Pb, and Fe (Table 2), and the reflectance shows,
in its first derivative, mostly the spectrum of litharge but little modified by yellow ochre,
recognizable for the maximum at 450 nm (Figure 6, line 4). The yellow dress of Roxane’s
maid on the left edge is characterized by Fe and Pb, and the first derivative of its reflectance
spectrum essentially shows yellow ochre, so in this case, the source of Pb should be other
than litharge (Figure 6, line 3/area 3). All three types of pigments, yellow ochre, litharge,
and Naples yellow, can be found in Roxane’s dress (Figure 6, area 5), where Naples yellow
is used to paint lighter, cold tones. The main elements found from XRF, Fe, Pb, and Sb,
suggest the presence of Naples yellow and yellow ochre, but from Vis-reflectance, litharge
can also be individuated.

Heritage 2021, 4 FOR PEER REVIEW  10 
 

 

XRF, Fe, Pb, and Sb, suggest the presence of Naples yellow and yellow ochre, but from 
Vis-reflectance, litharge can also be individuated. 

 
Figure 6. Comparison of first (top) and second (bottom) derivative reflectance spectra, recorded on selected yellow areas 
(lines 1–5). 

Litharge’s presence can be argued by the first derivative (Figure 6, line 5), where Rox-
ane’s dress shows the main features of both yellow ochre and Naples yellow: namely, the 
relative maximum at 445 nm and the broader shape of the main band, respectively. Nev-
ertheless, a further growth at 509 nm (Figure 6, line 5) suggests the presence of litharge, 
otherwise impossible to establish on the basis of XRF data alone, due to the joint presence 
of Pb and Sb. Litharge features of Roxane’s dress are more evident if the second deriva-
tives are checked, in the maximum at 494 nm when compared with the landscape area, 
which was the one with the most evident presence of litharge (Figure 6, lines 4, 5). In fact, 
if we consider the second derivatives, the mixture of yellow ochre and Naples yellow (Fig-
ure 6, line 1) does not account for the trend between 465 and 550 nm of Roxane’s dress 
(Figure 6, line 5), which can be explained by the presence of litharge already seen in the 
landscape (Figure 6, line 4) with the two relative maximums at 494 and 529 nm, which 
also appear in this spectrum, facilitating the identification of litharge in a situation diffi-
cult to decipher due to the overlapping of common elements. Naples yellow is also easily 
individuated by its Raman features at 510 and 655 cm−1 [11,12], together with calcium car-
bonate [8] (Figure 7). The 655 cm−1 Raman band of Naples yellow is present when there is 
an excess of lead and it is specific to a non-stoichiometric Pb:Sb molar ratio [11]. 

Figure 6. Comparison of first (top) and second (bottom) derivative reflectance spectra, recorded on selected yellow areas
(lines 1–5).

Litharge’s presence can be argued by the first derivative (Figure 6, line 5), where
Roxane’s dress shows the main features of both yellow ochre and Naples yellow: namely,
the relative maximum at 445 nm and the broader shape of the main band, respectively.
Nevertheless, a further growth at 509 nm (Figure 6, line 5) suggests the presence of litharge,
otherwise impossible to establish on the basis of XRF data alone, due to the joint presence
of Pb and Sb. Litharge features of Roxane’s dress are more evident if the second derivatives
are checked, in the maximum at 494 nm when compared with the landscape area, which
was the one with the most evident presence of litharge (Figure 6, lines 4, 5). In fact, if we
consider the second derivatives, the mixture of yellow ochre and Naples yellow (Figure 6,
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line 1) does not account for the trend between 465 and 550 nm of Roxane’s dress (Figure 6,
line 5), which can be explained by the presence of litharge already seen in the landscape
(Figure 6, line 4) with the two relative maximums at 494 and 529 nm, which also appear in
this spectrum, facilitating the identification of litharge in a situation difficult to decipher
due to the overlapping of common elements. Naples yellow is also easily individuated
by its Raman features at 510 and 655 cm−1 [11,12], together with calcium carbonate [8]
(Figure 7). The 655 cm−1 Raman band of Naples yellow is present when there is an excess
of lead and it is specific to a non-stoichiometric Pb:Sb molar ratio [11].
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Figure 7. Raman spectrum of Roxane’s yellow dress showing the presence of lead antimonate and
calcium carbonate.

The presence of Naples yellow is also found on the third wall, as revealed by XRF and
Raman spectroscopy (Table 3). However, in these areas, the first derivative of reflectance
spectra almost exclusively shows the shape of litharge (Figure 8, lines 3, 4), as can be seen
from Figure 8 by comparison with the reflectance spectrum on the landscape of the north
wall (mostly litharge and yellow ochre, Figure 8, line 2) and with the dress of Roxane’s
maid, which in reflectance shows mostly yellow ochre (Figure 8, line 1). The striking
presence of litharge allows for its otherwise difficult identification, due to the simultaneous
presence of Pb and Sb.

3.4. Orange

In orange areas, the most evident and common feature of the three walls is the
disappearance of Sb from the XRF analysis with respect to the corresponding yellow areas
(Tables 2 and 3). In Alexander’s mantle on the north wall, the use of red ochre added to
the yellow ochre was identified. In addition, the presence of Pb was seen by XRF, and the
first derivative of reflectance with the hinted maximum at 510 nm (Figure 9, line 1) also
suggests, if compared with other litharge-based areas (Figure 9, lines 2, 4), its presence,
which is not so strange due to its yellow/orange hue (Figure 9, area 1).
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Additionally, on the third wall, the orange areas are characterized by mixtures of
yellow and red ochre, with the presence of Pb seen from XRF (Table 3). The use of litharge
is also perceivable in the orange hue of the dress of both young Alexander and his father
Philip II of Macedon, when considering in the first derivative of their reflectance the
weakened maximum at 510 nm compared to their yellow counterparts (Figure 9, lines 2, 3
and lines 4, 5).

3.5. Blue

The blue areas in each of the three walls studied are characterized by the presence of
Co, which corresponds—in most cases—to the reflectance spectrum of smalt. Along with
Co, associated impurities such as As and Bi are always found.

On the east wall, smalt is used to create the shades in the white robe of one of Darius’
daughters (Figure 10, area 1) and in the white cloak of Hephaestion (Figure 10, area 2). It
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is also found mixed with hematite to obtain the gray/purple hue of Sisigambi’s dress, as
already highlighted above (Figure 5, area 3). On the third wall, the use of smalt returns, as
indicated by the presence of Co, Bi, and As, in the dark blue areas of Alexander’s father’s
robe, Philip II of Macedon (Figure 10, area 4), and in the white garment of the young
Alexander taming the horse Bucephalus (Figure 10, area 3). The first derivative of the
reflectance spectra measured in the same points confirms its presence (Figure 10).
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On the north wall, two different blue pigments were individuated: smalt and lapis
lazuli, with the latter univocally identified by infrared spectroscopy (Figure 11) thanks to
its characteristic infrared band at 2340 cm−1 [20]. Both these pigments have been used to
obtain different shades of blue in different ways, namely:

(1) The use of lapis lazuli, only on the north wall, for the blue highlights on white
draperies, such as on the white dress of the putto that helps Roxane to get ready
(Figure 12, line 1).

(2) The use of smalt. It is found as the only blue for highlighting the white dress of
Hymenaeus (Figure 12, area 3): from XRF, the characterizing elements Co, Bi, and As
emerged, and the reflectance spectrum corresponds to that of smalt (Figure 12, line
3). It is also found in those areas currently perceived as grey, such as in the helmet
in the foreground, on the north wall. XRF indicates the presence of Co, Bi, and As,
throughout the whole helmet.

(3) The use of smalt and lapis lazuli in single superimposed layers, with lapis lazuli on the
surface, distinguishable only with the joint use of XRF and reflectance spectroscopy,
because the latter individuates only pigments on the surface. This is the case of the
upper part of Alexander’s dress, where the characteristic elements of the blue enamel
emerged from the XRF, but its reflectance is almost entirely attributable to that of lapis
lazuli, whose elements cannot be revealed by XRF (Figure 12, line 2).

(4) The use of smalt and lapis lazuli mixed together, which is evident from the reflectance
spectra of the points analyzed, where the characteristics of both pigments are found.
This is the case of the lower part of Alexander’s dress and that of the putto on the
right, intent on playing with Alexander’s shield (Figure 12, line 4).
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Figure 12. Comparison of first derivative spectra of visible reflectance spectra recorded on selected blue areas (lines 1–4).

Further lapis lazuli finishes would also seem by now lost or seriously compromised,
as can be seen from the heavy repainting of some mantles, to restore the outlines that are
no longer perceptible, including Alexander’s dress, which presents elements attributable
to restoration interventions such as Ti and Zn. Moreover, some gold finishes which were
revealed by XRF only in the north wall also seem to be very compromised by restoration.
They are present in the columns, in the mirror behind Roxane, and as labile traces in the
sleeves’ edge of Alexander’s blue garment.
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4. Discussion

Some common features emerged from the non-invasive analyses of the three walls,
which are worthy of discussion. The presence of hematite, identified by Raman spec-
troscopy, seems to always coincide with a purplish hue. In fact, if we exclude the cases in
which hematite is added to a Fe-based pigment to obtain a darker red tone, all the other
areas rich in hematite are purple. No organic compound ascribable to a dye has been
identified in these purple hues, which show the same composition and the same impurities
as the red ones without hematite, and compared to these, show a definitely different shade.
This chromatic diversity, with the elemental composition being the same and in the absence
of organic dyes, suggests the use of hematite as a purple pigment in its own right, perhaps
in the form of caput mortuum [15]. The use of this hematite-based purple pigment occurs
in each of the three walls. The yellow areas show a very articulated composition. They
are all characterized by the presence of yellow ochre to which other yellow pigments are
added. First, Pb-antimonate, also known as Naples yellow, is easy to individuate from
Sb and Pb by XRF. Furthermore, from the joint analysis of XRF and visible reflectance, a
Pb-based yellow was also revealed, namely litharge, which would otherwise be impossible
to identify by the elemental analysis alone when used together with Pb-antimonate. In fact,
the contemporary presence of Pb and Sb from XRF may have distracted from considering
other Pb-based yellows, but the Vis-reflectance revealed the spectral shape of litharge also
in those areas where Pb-antimonate has been found. The presence of the Pb-antimonate
or Naples yellow occurs in the yellow areas in the lighter hues, with a cold tone. Naples
yellow is one of the synthetically produced pigments known and lost and rediscovered a
number of times throughout history [21]. It comes from the glassmakers’ tradition and its
use as a pigment at the beginning of the XVI century was very early and unexpected [22].
It is worth noting that Naples yellow has already been individuated in Villa Farnesina, in
the Loggia of Cupid and Psyche, both in the figurative part of the scenes and in the fruits
of the vegetable festoons [23].

In Alexander and Roxane’s Wedding Room, it is used in the walls painted by Sodoma
to lighten the yellow tones, affording a lighter and cooler shade.

Additionally, on the third wall, the same three yellow pigments were used, but with an
interesting difference. On the walls by Sodoma, the Naples yellow is always detectable by
reflectance, and this means that it is on the surface, as a “final touch” in the lighter shades.
On the third wall, Naples yellow is present in the yellow areas because it is individuated by
XRF, but the reflectance does not always detect it, with litharge or yellow ochre prevailing
instead.

Thus, even though we found the same yellow pigments for each of the three walls, it
is important to highlight the diversity in the “final touch”. Indeed, Sodoma used Naples
yellow to refine the light hues, while the painter of the third wall, who used the same
materials as Sodoma, indifferently mixed Naples yellow with yellow ochre and litharge,
without preferring one particular pigment for finishing. Furthermore, the evidence that
Sb disappears in the orange areas in both walls one and two, and in the third wall as well,
indirectly confirms the precise choice by both Sodoma and the unknown painter to use
Naples yellow only for light yellow shades.

Smalt, which is widely used in each of the three walls studied, has the characteristic
of having, associated with the Co, some impurities of As and Bi. In particular, the latter
allows the pigment to be placed within a specific processing method that obtained the blue
of enamel from the bismuth slag, locating its extraction both geographically, as a German
manufacture from the Erzgebirge, and chronologically as well, attesting to it within the XVI
century [24,25]. This means that the decoration on the third wall is realistically ascribable
within the 16th century. It must be remembered that the third wall was the one that housed
the double bed of Agostino Chigi and Francesca Ordeaschi, who both died in 1520, terminus
post quem from which to start the decoration of the third wall. Documentary sources attest
the presence of Sodoma in Rome to settle and open a workshop in 1521 [25], and the same
sources exclude any kind of pictorial production from Sodoma in the capital from that
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date, apart from a few drawings [25]. This fact does not exclude that he may have passed
on his knowledge to the students in the workshop, who could have worked inside Villa
Farnesina, as their Master did. This information together with the scientific evidence of the
painting material support the hypothesis that the third wall is probably coeval to the other
two, and painted by someone who had attended Sodoma’s workshop and had learned his
painting techniques and his painting materials as well.

Finally, it must also be noted that for the north wall, i.e., that depicting Alexander
meeting his new bride-to-be Roxane, some precious painting materials such as gold finishes
and lapis lazuli were used, which do not appear on the other two walls. These unique
features only present on the north wall tell us something about the relevance of this fresco,
other than the authorship. In fact, Sodoma used very precious materials for decorating this
wall, which he himself did not use for the east one. This must be ascribed to the painted
subject of this wall—the marriage of Alexander and Roxane—which must be the most
significant of the room and therefore deserving the most precious painting materials which
were circulating at that time.

5. Conclusions

The results obtained show a substantial uniformity in the typology of the pigments
used on the east, north, and west walls of Alexander and Roxane’s Wedding Room in
Villa Farnesina, Rome. Additionally, the execution technique relative to the mixtures of
pigments used was found to be the same, in the rendering of yellows and their different
shades from colder tones to golden ones, and in the blue hues on a white background.
Although it is not known how much time passed between the execution of the two frescoes,
it should be noted that the palette of the east and north walls is the same as the third wall,
the west one. In particular, those pigments that in the two walls frescoed by Sodoma are a
reason of interest because they were still uncommon or because they were available in a
limited period of time, such as Naples yellow, caput mortuum, and smalt, are also found,
used in the same way, in the third wall. Combining the spectroscopic evidence resulting
from the non-invasive analyses of pigments with historical sources, we hypothesized
that the decoration of the third wall, which represents the Taming of Bucephalus, was
carried out shortly after 1520 and within the sixteenth century, as evidenced by the use
of smalt containing Bi impurities. Moreover, the decoration of the third wall was likely
accomplished by an artist who surely knew Sodoma’s painting technique very well, as
evidenced by the same materials used, and the same execution technique for painting
particular areas. This work demonstrates how investigations on pictorial materials can
reveal very useful details, much like documentary sources, in order to obtain—totally
non-invasively—crucial information about some still uncertain artistic productions.
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Abstract: We report a study on the effect of chemical and electrochemical cleaning of tarnished
daguerreotypes observed using X-ray fluorescence (XRF) microscopy with a micro-focussed X-ray
beam from a synchrotron source. It has been found that, while both techniques result in some success
depending on the condition of the plate and the experimental parameters (chemical concentration,
voltage, current, etc.) the effect varies, and cleaning is often incomplete. The XRF images using Hg
Lα,β at an excitation energy just above the L3 edge threshold produce fine images, regardless of
the treatment. This finding confirms previous observations that if the bulk of the image particles
remains intact, the surface tarnish has little effect on the quality of the original daguerreotype image
retrievable from XRF.

Keywords: daguerreotype; tarnish; chemical cleaning; electrocleaning; synchrotron; X-ray fluorescence
imaging

1. Introduction
1.1. The Daguerreotype

Daguerreotypes are the earliest form of photography, produced on a silver-coated
copper plate, which was used predominantly in the mid to late 1800s [1,2]. The process of
creating a daguerreotype was developed by Louis-Jacques-Mande Daguerre and perfected
in 1839. As creating daguerreotypes was a lengthy and costly practice, only people of high
status could afford to have their photo taken this way [3,4]. Nevertheless, daguerreotypes
offer snapshots, literally, for the very first time, into this era of human activities, and are of
artistic, cultural, and historical significance. Efforts to preserve and restore these images
have aroused considerable interest in the art preservation community [5].

The production of a daguerreotype image requires several steps. The result is a high
contrast, one-of-a-kind photograph [1–4]. The process begins with making a finely polished
silver-coated copper plate. This is followed by the exposure of the surface to iodine,
making the plate photosensitive upon the formation of silver iodide. Later variations
utilized alternative halogens, chlorine, bromine, or a combination of these, in order to
increase the sensitivity of the surface to light. The photosensitive plate is mounted in the
lightproof interior of a camera. When the photo to be taken is appropriately framed, the lens
cap is removed, exposing the plate to light. This step causes the formation of silver image
particles that result from the photolysis of the silver halide on the silver surface, creating
the image. Areas with dense distributions of image particles of a rather consistent shape
and size correspond to a high light intensity, whereas areas exposed to a low light intensity
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display thin and nonuniform image particles. Bright regions are the result of the particles
scattering light, and where there are few image particles, only light from specular reflection
can be seen. This is why the light and dark areas can change if the daguerreotype is
tilted [1]. After the image has formed on the surface, the plate is then exposed to mercury
vapor, which fixes the image on the silver-coated copper plate. This is the crucial step
in the entire process and, as we shall show below, the presence of Hg on the image’s
particles allows us to retrieve the fine image details from a tarnished daguerreotype. Excess
halides are removed with a salt solution, such as sodium thiosulfate. This makes the
surface insensitive to light, and halts the creation of additional image particles, which could
cloud the image [1,2]. Next, the silver-coated copper plate is washed with distilled water,
and a gold chloride solution is poured on the daguerreotype to ensure the longevity and
durability of the image [1]. Note, the addition of gold chloride, known as the gilding step,
was later introduced into the final stages of the daguerreotype procedure. Finally, the plate
is heated to dry the surface. This process produces a completed daguerreotype image of
the subject.

1.2. Deterioration of the Daguerreotype

Daguerreotypes are subject to the formation of surface tarnish, which, in the extreme,
can completely obscure the image. Surface corrosion will alter the shape and refractivity of
the image particles, and hence the direction and intensity of the scattered light. The most
frequent tarnishes are silver halides, silver oxides, and sulfur compounds originating
from incomplete washing during the original preparation, exposure to atmospheric gases,
and deterioration of the cover glass [5,6]. Studies have also focused in great detail on the ef-
fects of the daguerreotype storage and exposure conditions. Extreme temperatures and/or
humidity can have a negative influence on the integrity of the surface. When a daguerreo-
type is stored, a glass cover is usually present on the image side of the surface; however,
deterioration of the glass cover can be another factor contributing to the degradation of the
plate [7]. Many original glass cover plates contained sodium and potassium, which have
been shown, over time, to diffuse from the glass and leave deposits on the daguerreotype
surface. This leads to highly localized spots of corrosion across the daguerreotype. In
addition, the glue that was used to adhere the glass cover to the plate also contributed to
corrosion at the perimeter of the daguerreotypes [8,9]. Compounds such as oxides and
various sulfides may have been formed because of this practice [10].

1.3. Conservation and Preservation Methods

Daguerreotypes are fragile, and Daguerre himself recommended that the plate be pro-
tected with a cover glass. About 20 years after their invention, the commercial production
of daguerreotypes ceased; there was little effort to preserve them and they became collec-
tors’ items. It was not until the twentieth century that archives and art institutions began to
collect and preserve daguerreotypes [1]. Many preservation and restoration processes have
been tried with varying success. As a result of the variation in the methods of preparation,
as well as diverse storage conditions, many daguerreotypes have unique damage requiring
tailored cleaning methods. As a result, there is not a single method guaranteed to restore
these images. While progress has been made towards a more universal cleaning procedure,
these procedures completely depend on the original quality of the surface [5]. There are
two general cleaning techniques: chemical cleaning and electrocleaning [1,2]. There are
also two common methods in electrocleaning, sometimes referred to as the Wei method and
the Barger method [11,12]. The Wei method simply applies a cathodic polarization to the
daguerreotype plate in a cleaning solution [11]. The Barger method applies both oxidizing
and reducing polarizations to induce anodic and cathodic currents on the daguerreotype,
switching between the two throughout the process. It is hoped that by manipulating the
surface chemistry, the tarnish will be removed, while the image particles (nano particles of
Ag coated with Hg forming an amalgam) will remain intact. Various studies have proven
that both methods can help restore the daguerreotype image to some extent. However, as
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each daguerreotype is unique in terms of the elemental composition of the tarnish and
how deteriorated it is, the methods are not always effective. In some cases, electroclean-
ing treatments have further damaged the daguerreotype. To remove the tarnish from
the surface with electrocleaning methods, adjustments of the potential are made. This
potential is biased on the daguerreotype surface, and monitored by a reference electrode,
as described below.

1.4. XRF Imaging Using a Micro Focused X-ray Beam

It was recently reported that using a micro-focused X-ray beam from a synchrotron
light source and selecting the excitation energy to just above the L3 absorption edge of Hg
and tracking the intensity of the Hg Lα and Lβ lines in a two-dimensional scan across the
daguerreotype plate could retrieve the original image from the daguerreotypes tarnished
beyond recognition [7]. These results show that it is the integrity of the silver image particles
that were formed upon the photochemical reaction of the photosensitizer, silver halide,
when exposed to the object, and the subsequent exposure to hot Hg vapor that determines
the quality of the daguerreotype [1,2]. Thus, Hg vapor stabilizes the image particles of
silver clusters, forming an amalgam that defines the image, and the image particles are
preserved by the presence of Hg. If surface reactions or adventitious contaminants such
as the organic molecules that tarnish the plate only affect the surface and the near-surface
region (on the order of < nm), this would have very little effect on the image retrieved from
Hg Lα fluorescence X-rays. This is also why chemical and electrocleaning would work if
the bulk of the image particles remained largely undisturbed after cleaning. The objective
of this work is to proceed with chemical cleaning and electrocleaning methods under
various conditions on a single daguerreotype plate, and to then conduct Hg XRF imaging
to further confirm this notion [3,7].

2. Materials and Methods
2.1. The Daguerreotype Plate and Cleaning Solutions

The daguerreotype plate under investigation, “Little Girl, Pretty Purse”, was provided
by the Canadian Conservation Institute, National Gallery of Canada (Ottawa, Canada).
The reagents used for the chemical cleaning portion included reagent grade ammonium
hydroxide (NH4OH, Caledon Laboratory Chemicals) and reagent grade sodium thiosulfate
Na2S2O3, 99% assay (Sigma Aldrich). Solutions containing specific reagent concentrations
were prepared, including a sodium thiosulfate solution of 3% mass/volume (0.190 M) and
1% and 0.5% mass/volume of ammonium hydroxide (0.294 M and 0.147 M, respectively).
Additionally, 0.01 M and 0.1 M reagent grade potassium chloride (KCl BioShop), and
0.01 M reagent grade potassium sulfate (K2SO4, 99% assay, Caledon Laboratory Chemicals)
solutions were created for the electrochemical cleaning process. All of the dilution schemes
and rinsing processes were done with Type 1 water (18.2 MΩ × cm resistivity).

2.2. Chemical and Electrochemical Solution Cell Fabrication

To clean the daguerreotype, two cells were designed using Autodesk Inventor Profes-
sional 2020, and were 3D printed from UV-cured resin (ANYCUBIC Photon UV 3D Printer,
ANYCUBIC 405 nm Resin Green) for chemical and electrochemical cleaning. These cells
were designed to be clamped against the face of the daguerreotype, compressing an O-Ring
and creating a tight seal with the surface. Both designs exposed a small surface area of the
sample surface to the solution, allowing for multiple reagents and techniques to be tested
on localized regions of the same specimen. The chemical cleaning device was composed
of three solution wells in proximity, allowing for the simultaneous testing of multiple
solutions on a localized area. The electrochemical cell incorporated a much larger solution
volume, accommodating a three-electrode electrochemical setup [13]. These arrangements
are displayed in Figure S1.
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2.3. Chemical Cleaning and Electrocleaning

The chemical cleaning cell was clamped onto the daguerreotype surface, as shown in
Figure S1c. Each of the three wells had a different solution pipetted into them and were left
for 1 h. After that, the solutions were removed, and each well was gently rinsed with Type
1 water. The daguerreotype was then rinsed and patted dry with Kimwipes. Each site was
then inspected at Surface Science Western with a VHX-6000 optical microscope (Keyence),
as well as VP-SEM (Hitachi SU3900) and EDX (Oxford Instruments Ultim Max 65).

Electrocleaning and measurements were performed with a Solartron 1287 potentiostat
on the daguerreotype plate. A three-electrode setup was used, as shown in Figure S1a,b,
where the daguerreotype was the working electrode, Ag/AgCl was the reference electrode,
and platinum foil was the counter electrode. The solution cell was clamped onto the da-
guerreotype, then filled with one of the several electrolytes being studied, and a 5 min open
circuit potential (OCP) measurement was performed. The OCP measurement determines
the resting potential of the working electrode. This was followed by an electrolytic cleaning
step using the Wei method [11] or the Barger method [12], described as follows.

In the Wei method, we applied a constant cathodic polarization (constant negative
potential) for 90 s, as seen in the potential versus time graph (Figure 1, top-left). In the
corresponding current versus time graph (Figure 1, top-right), a typical current response
is shown; the current started at a rather negative value, while reducible species were
abundant on the surface, and then gradually approached zero, suggesting that the oxidized
surface species were becoming depleted as the cleaning procedure progressed.
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Figure 1. (Top): the potential versus time, and current versus time profiles for the Wei method; only
the first 30 s were plotted in a 90-s test. (Bottom): the potential versus time, and current versus time
profiles for the Barger method; only the first 20 s were plotted in an 80-s test, including the 10 s of the
constant negative potential applied at the end of each test.

In the Barger method, we applied a modified version in which the applied potential
was alternated between anodic and cathodic polarizations in 2-s intervals for 80 s, followed
by a 10-s cathodic cleaning step, also seen in Figure 1, bottom-left, in the potential versus
time graph. The corresponding current versus time graph (Figure 1, bottom-right) does
not show the same approach to zero current seen in the Wei method, for several reasons.
First, the electrode was not given enough time during any of the cathodic stages to achieve
a steady state. Second, the anodic phase preceding each cathodic phase of the oscillation
generated more oxidized species [7] for reduction during the subsequent cathodic phase,
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and finally, the current during the anodic phase should never be eliminated because it
could correspond to the oxidation of the Ag that makes up the bulk of the daguerreotype.
Following the application of one of these cleaning profiles, the electrolyte solution was
immediately removed, and the daguerreotype surface was gently flushed with Type 1
water. Each site was then analyzed optically, as well as by VP-SEM and EDX.

2.4. SEM and EDX Characterization

The morphology and elemental distribution of the plate before and after the cleaning
were examined with SEM and EDX, respectively [14]. A Hitachi SU3900 Large Chamber
Variable Pressure SEM combined with an Oxford ULTIM MAX 65 SDD X-ray analyzer was
used. High resolution (up to 100 k X magnification) [15] FE-SEM imaging was performed
using a Hitachi SU8230 Regulus Ultra High-Resolution Field Emission SEM. Selected areas
on the daguerreotype were imaged using FESEM (image resolution of 0.6 nm at 15 kV
acceleration or 0.8 nm at 1 kV acceleration).

2.5. XRF Imaging Using Synchrotron Radiation

XRF images of the plate were recorded at the microprobe station at CLS@APS at the ID
beamline of sector 20 of the Advanced Photon Source at Argonne National Laboratory [16].
The ID line was equipped with a Si(111) double crystal monochromator and a KB mirror
capable of focussing the X-ray beam down to 5 micrometres routinely. We used an exci-
tation energy of 13 keV; this energy is just above the Hg L3 (12,284 eV) and Au L3 edge
(11,919 eV), producing Hg Lα1,2 (9989 eV and 9898 eV) and Au Lα1,2 (9713 eV and 9628 eV)
X-ray fluorescence lines, as well as other lines of interest, e.g., Kα of first row transition
elements [17]. The incident beam was tuned to a spot size of ~ 50 µm to optimize the data
acquisition efficiency. The experiment was conducted when APS was running in a top-up
mode, 24 bunches with a total current of 100 mA. This mode, together with the incident
focussed beam (Io) being monitored with an ionization chamber, ensured the beam stability
and proper normalization, which is essential as it normally takes several hours to scan the
entire plate. In this run, the photon flux was approximately 1012 photons per second over a
spot size of ~50 µm with a step size of 50 µm. The illumination time was 50 ms per pixel,
number of pixels of the map was 881 X 1061, and the total scan time was 13 h 24 min and
23 s. It should be noted that synchrotron XRF imaging has been widely used and the scope
of its application can be found in a recent contribution [18].

The daguerreotype plate was mounted on a three-axis platform and the scanning was
done by moving the plate across the beam pixel by pixel. The XRF image was obtained by
setting the energy window of interest, e.g., Hg Lα and Au Lα, in the X-ray fluorescence
spectra collected by a four-element Vortex-Me4 solid state detector (~250 eV energy resolu-
tion) and stored in a multichannel analyser (MCA). The experimental set-up is shown in
Figure S2, and a snapshot of the MCA display is shown in Figure S3, where the fitting of
the overlapping fluorescence X-rays with which we could obtain more accurate elemental
distribution and better contrast were obtained.

3. Results

The optical images of the “Little Girl, Pretty Purse” daguerreotype before cleaning
and after cleaning, as well as the XRF image from collecting Hg Lα fluorescence X-rays,
are shown in Figure 2. It is apparent from Figure 2 that the chemical and electrochemical
cleaning methods are generally effective. We will inspect several selected areas and discuss
the effects below.
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Figure 2. (a) Optical image of the plate before cleaning, the oval marks are due to some preliminary
cleaning test using similar solution cell prior to this experiment. (b) Optical image after a series of
local cleaning attempts with chemical (two regions marked by three wells of the solution cell) and
electrochemical methods using larger oval shape cells (see text). (c) XRF image obtained with Hg Lα

fluorescence X-rays.

3.1. Chemical Cleaning

Let us examine the three different sites cleaned using the three-well cell assembly
(small oval marks) on the left of Figure 2b, each with its own solution, namely: 3% sodium
thiosulfate, 1% ammonium hydroxide, and 0.5% ammonium hydroxide. An ammonium
hydroxide solution was chosen as it removes halides from the surface by forming soluble
ammonia silver complexes, and sodium thiosulfate was historically used in the production
of daguerreotypes to remove silver-halides from the material surface. As the haze on
a daguerreotype surface is normally attributed to halide formation, sodium thiosulfate
would also be a good chemical cleaning method in addition to ammonium hydroxide [2].
The results of the chemical cleaning are closely examined in Figure 3.
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Figure 3. Optical images of the plate before (A,C,E) and after local cleaning (B,D,F) with solutions,
as marked. The locations were situated on the optical image of the plate before cleaning.

From the left panel of Figure 3, we see that all cleaning solutions were successful in
removing the foggy haze from the surface. The 3% Na2S2O3 solution produced a noticeable
reduction in surface clouding (Figure 3A,B). A similar increase in sample clarity was observed
with the application of 0.5% NH4OH (Figure 3C,D). The 1% NH4OH (Figure 3F) uncovered
the masked floral print with fine details and good contrast. EDX maps (Figure S4) revealed
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the presence of Ag, Au, Hg, S, and Cl, as well as Hg-coated image particles that were slightly
less than a micrometre. After cleaning, they remained intact, while the Cl and S signals
were reduced.

3.2. Electrochemical Cleaning with Cathodic Method

A preliminary testing with silver-coated copper wires was performed to ensure that
the applied potentials would not damage the daguerreotype. Although previous studies
employed much higher potentials in their electrochemical cleaning procedures, our initial
testing indicated that a potential of −0.9 V would be sufficient to cathodically clean the
surface (the Wei method) [11] without causing any noticeable surface damage.

To test the effectiveness of the cathodic electrochemical cleaning methods, we used
different electrolytes that were applied to selected sites, as illustrated in Figure 4, where
the optical images before and after cleaning are shown. The Wei method involved the
application of a constant negative potential (Figure 1) to the daguerreotype plate, therefore
constantly reducing the surface. The electrolytes were selected such that they had a
negligible chemical cleaning effect. Then, 0.01 M, 0.1 M KCl, and 0.01 M K2SO4 solutions
were used. All of the electrochemically cleaned sites showed an optically improved image
(Figure 4B,D,F, left panel). Most remarkably, the hands (Figure 4E,F, left panel) revealed
greater details than before any cleaning attempts.
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using the Wei method with an electrolyte solution: B, 0.1 M KCl; D, 0.01 M KCl; and F, 0.01 M
K2SO4. Mid panel: Optical image after all of the cleaning processes. The regions of interest are
marked with squares. Right panel: Optical images before (A,C) and after (B,D) electrochemical
cleaning with 0.01 M KCl as the electrolyte. Image B, Barger method (−0.9 V to 0.9 V), and image D,
Barger method (−1.2 V to 1.2 V).

It should be noted, however, that cleaning with a KCl solution (0.1 M), introduced Cl-

ions into the solution. This site showed a greater amount of residual white haze (formation
of AgCl) following cleaning than the site using the lower concentration KCl solution
(0.01 M, Figure 4D, left panel). This was the result of the common ion effect reducing the
solubility of AgCl. An improved image is observed for Figure 4B, left panel, where 0.01 M
K2SO4 solution was used. All three sites showed great improvement optically after only
90 s of cleaning. EDX maps were also obtained before and after cleaning, showing results
like those obtained from the chemical cleaning experiment noted above.

3.3. Electrochemical Cleaning Using Chemical Cleaning Solutions

We have also explored the effect of using chemical cleaning solutions, such as NH4OH
and Na2S2O3, as the electrolytes for the electrochemical cleaning procedures with both
the Wei and Barger methods. In Figure 5, the optical images of the daguerreotype before
and after the application of the combined electrochemical and chemical cleaning are

95



Heritage 2021, 4

shown. The improvement of the overall image quality when cleaning was performed
with a solution of 0.15% NH4OH can clearly be seen. This procedure was applied with
a 0.19% Na2S2O3 solution with similar results. Figure 5B,D, right panel, correspond to
the Barger method with an applied potential range of −0.9 V to 0.9 V, and −1.2 V to 1.2 V
versus Ag/AgCl, respectively. Again, all of the images after cleaning showed more detail
than before.
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Figure 5. Left panel: Optical images (A,C) before and (B,D) after electrochemical cleaning using
the Wei method with an electrolyte solution: B, 0.19 M Na2S2O3; D, 0.15 M NH4OH. Middle panel:
Optical image after all of the cleaning processes. The regions of interest are marked with squares.
Right panel: Optical images before (A,C) and after (B,D) electrochemical cleaning with 0.5 M NH4OH.
Image B, Barger method (−0.9 V to 0.9 V), and image D, Barger method (−1.2 V to 1.2 V).

For example, in Figure 5C, right panel, it is difficult to see what is present, but after
cleaning it becomes apparent that there is a very intricate table cloth (Figure 5D, right),
where many details within it are now evident. According to the EDX maps, both the Barger
and Wei method can remove both the halides and sulfides present on the surface.

3.4. XRF Imaging

A closer look at Figure 2 shows the optical images before and after cleaning, as well as
the Hg Lα image. It is apparent from Figure 2C that the XRF image has revealed a finely
detailed portrait of the little girl and the pretty purse with a very clean background, as
if all the tarnish were removed. The most noticeable difference is that, while the various
cleaning methods applied to the plate show nonuniform cleaning in the optical image
depending on the cleaning condition and the region of interest, removal of tarnish from
the daguerreotype is complete in the XRF image, which reveals fine details everywhere
across the portrait.

The XRF image can be fitted using the software package PyMCA [19,20], in which the
X-ray fluorescence peaks are fitted and the area under the curve is the intensity contributing
to the image. This procedure removes contributions from the overlapping peaks, such as
Au Lα in the case of Hg Lα. An XRF image can also be obtained using Hg Lβ, Au Lα,
and Au Lβ. The images from the Hg L PyMCA fit, and Hg Lβ and Au Lα without fitting,
are shown in Figure 6. It is interesting to note that the image is also finely revealed in
the Hg Lβ map and is noticeable in the Au map, albeit thinly veiled. The presence of a
veiled Au image indicates that a gilding step using a gold chloride solution was applied
after the image particles were formed and fixed when the plate was made, so that Au was
found all over the plate, tracking how the gliding was done at the time. An image can
still be observed from the Au fluorescence, suggesting that Au tracks the density and the
distribution of the image particles, as well as the featureless region of the Ag plate.
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Figure 6. XRF image from left to right using the Hg L PyMCA fit, and Hg Lβ and Au Lα without fitting.

When comparing the Hg Lα image in Figure 2C with the Hg L PyMCA and Lβ images
(Figure 6), it appears that while the Lα and Lβ images without fitting were of equally good
quality, the PyMCA image showed a slightly better spatial resolution and contrast at closer
scrutiny. This is because the Hg and Au Lα lines could not be completely resolved with
the solid-state detector (SSD) without fitting. We also tracked the Cu Kα line, which did
not show any image as the signal came from the Cu plate, and Cu was not involved in the
formation of image particles. The Ag L emission was too weak at this excitation energy
to be detected, and did not reveal any image either. It will be of interest to track Ag with
tender X-ray excitation at just above the Ag L3 edge (3351 eV) [3].

4. Conclusions

We conducted chemical and electrochemical cleaning procedures on various sites
from a single, partially tarnished daguerreotype. We found that both methods of cleaning
were effective at removing the tarnish and restoring the image. While all procedures
seemed to improve the image by some degree, the tarnish was never removed uniformly
or entirely. The chemical cleaning procedures were sufficient to remove the halides/white
haze from the surface. Optical images taken after cleaning still appeared to have areas with
a brown/orange tinge on the surface. Electrochemical cleaning was sufficient at removing
the sulfides from the surface in addition to the halides, and did it faster. Both the Barger
and the Wei electrocleaning methods improved the visual appearance of the image. Again,
they did not always remove the orange/brown tarnish colour form the surface. As noted
in the introduction, daguerreotypes can vary significantly depending on when they were
made, the methods and equipment of the artist who made them, and the conditions
under which they were stored. By performing these experiments on small regions of the
same daguerreotype, we tried to obtain the most consistent possible initial conditions for
comparison. The effectiveness of the treatment will depend entirely on the original integrity
of the daguerreotype. They are not uniform. This work confirms previous observations
that the only sure way to retrieve the complete contents of the daguerreotype is through
synchrotron radiation X-ray fluorescence imaging. This technique will ensure that events
of historical significance from a tarnished plate can be retrieved. With the XRF method,
even if the daguerreotype is severely tarnished, provided there is still sufficient mercury
on the image particles on the surface, the image in its entirety can still be reconstructed
through digitizing the XRF images. The cleaning methods have been shown to improve
the image optically; nevertheless, this should be undertaken with caution. Once the Hg is
gone, the image will be lost forever. To refine the daguerreotype cleaning methods even
more, further research would need to be performed to determine the detailed chemical
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composition of the substrate plate, the image particles, the tarnish, and its interplay with
the environment, such as the daguerreotype housing and the protecting glass.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/heritage4030089/s1. Figure S1: Experimental setup for electrochemical cleaning and chemical
cleaning. (a) Schematic for the three-electrode set up for electrocleaning. (b) Actual set up for
electrocleaning; the area of interest is confined by the perimeter of the cell, which leaves an oval
mark on the plate after cleaning. The working electrode (daguerreotype), counter electrode (Pt),
and reference electrode (Ag/AgCl) are noted. (c) Setup for chemical cleaning with the three-well
cell clamped down on the plate. This setup leaves behind three small oval marks on the plate. (see
Figure 2, middle panel and text). Figure S2: Experimental arrangement for the XRF imaging. The
focussed beam (yellow line from left to right) with a spot size of 30 µm × 20 µm is stationary. The
plate is mounted on a three-axis stage that moves the plate across the beam with submicrometre
precision, pixel by pixel. The fluorescence X-rays are collected with a four element SSD (VotexME4).
The data are stored in a multichannel analyzer (MCA). Desired energy windows are set to collect
element-sensitive maps (see Figure S4). Figure S3: A snapshot of the MCA display during a scan
(top); the abscissa is photon energy and the ordinate axis is intensity in a semi-log plot. The Hg L
intensities fit using PyMCA are shown in the bottom panel (both Lα and Lβ are used, black dotted
curve). Figure S4: EDX maps of Ag, S, Au, Hg, and Cl, and the backscattered (BSE) SEM image
(black and white) for the chemical cleaning solutions discussed in Figure 3A,B. A: before cleaning;
B: after 3% Na2SO3.
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Abstract: Ageing of historical documents often results in changes in the optical properties of the con-
stituent materials. Imaging spectroscopy (IS) can be a valuable tool for monitoring of such changes,
if the method fulfils two important conditions. Firstly, compared to natural ageing, the accumulated
light dose from repeated measurements of the monitored document must not induce any signifi-
cant degradation. Secondly, the monitoring instrumentation and procedures should be sensitive
enough to detect changes in the materials before they become visible. We present experimental
methods to evaluate the suitability of IS instrumentation for monitoring purposes. In the first set of
experiments, the impact of repeated monitoring measurements was determined using a set of Blue
Wool Standard materials. In the second set of experiments, the capability of the instrument to detect
spectral changes was tested using ISO standard materials and several documents representative of
European archive collections. It is concluded that the tested hyperspectral instrument is suitable
for monitoring of the colour change of documents during display. The described experimental
approach can be recommended to test the suitability of other imaging spectroscopy instruments for
monitoring applications.

Keywords: light damage; colour difference; ageing; monitoring; imaging spectroscopy; spectral imaging;
exhibitions; preventive; quantitative; books; paper; conservation; exhibitions; archive; library

1. Introduction

Imaging spectroscopy (IS) is a well-established analytical method in heritage sci-
ence [1,2]. Based on the literature review done in 2014 [3] and a more recent one in 2020,
it was possible to identify a deficiency about standards and experimental studies for the
quantification of the impact and monitoring sensitivity of IS on heritage materials. With the
intent of partly filling this knowledge gap we have been using the “SEPIA” hyperspectral
imager of the Nationaal Archief (National Archives of The Netherlands) as a case study
instrument. The described method can be transferred to validating other IS instruments
and applications.

Assessing the impact of the environment and potential changes on cultural heritage
during exhibitions is part of the professional standards of conservators [4] and their code
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of ethics [5]. The environmental parameters for long-term preservation of historical doc-
uments in storage are recommended to be 16 ◦C to 20 ◦C, 35 to 50% RH, and complete
darkness [6–8]. When a historical document is not in storage but exhibited or otherwise
exposed to light, it could undergo unwanted degradation. In conservation assessment,
qualitative methods such as visual examination or photographic documentation are usually
employed. More advanced and objective methods for monitoring changes are point-based
measurements done with non-destructive methods such as single beam spectrometry or
with micro-invasive chemical analysis by micro-sampling the monitored object. Both meth-
ods are effective in giving information about the analysed area, but they preclude the
assessment of the overall condition of those artefacts that are very inhomogeneous. More-
over, the use of micro-invasive tests is in most of the cases not allowed and it cannot be
repeated multiple times on the same spot. IS represents for this reason the most promising
method for monitoring the optical properties of heritage materials in a non-invasive way
and in the long term [9–11]. The spatial and spectral characteristics of IS instruments can in
fact allow for the identification of entire areas on the monitored document where changes
occur rather than single spots.

There is a clear distinction between using IS as an analytical tool and as a monitoring
instrument. Monitoring involves technical challenges such as the alignment and compari-
son of images taken of the same area at different times, repositioning of the camera and
illumination and choice of calibration standards. A project on the digitization of paintings
using multispectral imaging at the National Gallery of London in 1988 was one of the first
works in the field of heritage science that addressed these issues [12]. Following to that,
the VASARI project was the first attempt to standardize monitoring of paintings [13,14].
This project was then followed by the MARC and the CRISATEL projects [15–17]. In book
and paper conservation, only a few research projects have so far addressed the use of IS for
monitoring purposes [18–24].

From a conservation point of view, ideally repeated measurements should not damage
the monitored objects at all. It is of course essential that the monitored condition indica-
tors are not changed more significantly by the monitoring instrument itself than by the
exhibition conditions. The cumulative light dose depends on the measurement frequency,
monitoring period (typically years), and the construction of the IS instrument itself. The IS
instrument is deemed to be suitable for the intended monitoring applications, if any cumu-
lative colour changes induced by the measurement itself remain well below the threshold
of visual perception for even the most light-sensitive material. Note that different criteria
and thresholds for the acceptable impact of the instrument may be chosen, depending on
the range of materials, the measurement schedule, and the intended monitoring period.

Ideally, the IS instrument has to enable the detection of changes before such changes
become visibly detectable so to prevent the occurrence of damages rather than documenting
them. The repeatability of measurements, which determines the sensitivity limit for
detecting changes in the object, depends on the construction of the instrument and the
measurement method, spectral calibration, and methods and software algorithms applied
to the comparison of measurements of the same object taken at different times.

2. Materials and Methods

In this case study, the “SEPIA” Hyperspectral Imager (Art Innovation BV, now DEM-
CON based in Enschede, The Netherlands) was used. The instrument features two identical
wavelength-tunable light sources (70 spectral bands in the range 365 nm–1100 nm) and
a monochrome CCD camera (4 megapixel) mounted at a 45◦/0◦ geometry with respect
to the surface of the recorded document. This is a fully enclosed system, meaning that
no external light can enter the recording area. Figure 1 shows a schematic drawing of the
setup and an image of the instrument installed at the Nationaal Archief.
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Figure 1. The case study Imaging spectroscopy (IS) instrument installed in the conservation laboratory of the Nationaal
Archief [25].

During a measurement, the document is consecutively illuminated for pre-programmed
exposure time periods by monochrome light from the light sources at each band. The instru-
ment and the recording parameters are described in more detail in a previous publication [25].

For measuring the monitoring impact of repeated IS recordings, a set of Blue Wool
Standard (BWS) acquired from Preservation Equipment Ltd. (based in Norfolk, UK) was
used. BWS are dyed textile references with well-defined fading characteristics and they are
available in a range of light-fastness grades [26].

These references are very well-known in the field of conservation as they are generally
used to assess the impact of illumination during exhibitions in a qualitative way [27] or to
calculate the cumulative light dose through calibration [28]. In this study, samples of grades
1 to 8 were mounted on a flat black-painted sample holder. To provide a reference, one half
of the area of each sample was shielded with a paper board for most of the measurements,
while the other half was exposed to the lights of the instrument at every IS measurement.
The samples were exposed to 45 IS measurements, corresponding to a monitoring period
of about 20 years. The monitoring period of 20 years was chosen as the best representation
for the operational lifetime of such an instrument and because two recordings per year
were considered for the exhibited documents at the Nationaal Archief as they follow
a rotation schedule every six months. The effect of the IS measurements on the BWS
samples was determined by repeated measurements of their reflectance spectra with a
spectrophotometer (model Xrite i1pro-1) that provides reflectance values at every 10 nm
over the spectral range of 380 to 730 nm, using a measurement spot diameter of 4.5 mm
in a 45◦/0◦ illumination/detection geometry. After calibration with the white standard
provided with the device (calibration software “i1 Diagnostic v 4.0.0.127”), 10 different
spots were measured on each BWS sample. The reproducibility of these spot measurements
is shown in Figure 2, with the spectrum of BWS Grade 1 before any exposure to IS as
an example. The average spectral reflectance values over the 10 spot measurements
are connected by straight lines. The error bars around each average value indicate ±1
standard deviation (SD) of the spectral reflectance values of the 10 individual measurements.
For further analysis, the average spectra of the 10 spots were used.

To enable the assessment of the impact of IS, the reproducibility of the photospectrom-
eter for measuring any spectral changes must be high enough so that the corresponding
error on the measured colour change is below the visual detection threshold. This was
verified by comparing any two photometer spectra (each averaged over 10 spots) that were
measured on the same BWS reference area when it had been exposed to the same number
of IS measurements. For each BWS sample, 51 unique pairs of such measurements are
available. For each pair, the difference spectrum of the later minus the earlier one of both
measurements and their colour difference ∆E2000 [29] were calculated. The visual thresh-
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old was set at a value of ∆E2000 = 0.7, which based on the work of Pretzel [30] corresponds
to the 30% probability that a human observer is able to detect a colour difference.

Figure 2. Spot measurement reproducibility of the Xrite spectrophotometer on the Blue Wool Standard (BWS) grade 1.

As seen in Figure 3, the mean value of the differences does not exceed the SD, and for
most wavelengths it even remains considerably below the SD. This means that there
is no significant bias (drift) of the photospectrometer measurements and no significant
change of the spectra of the reference area in the course of the experiment. The SD of the
photospectrometer measurements on the reference areas can therefore be used to estimate
the measurement error: measured spectral changes on the exposed BWS areas can be
assumed to be significant (i.e., real changes) if they exceed ±2 SD.

Figure 3. Average and standard deviation of the spectral difference curves based on 51 unique pairs of photospectrometer
measurements of the BWS Grade 1 performed without an IS measurement cycle in between.
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For each of the 51 pairs of reference area measurements, the colour difference (∆E2000)
was calculated. The average colour difference is 0.14 (SD = 0.08), and for 95% (i.e.,
for 49 pairs) of the measured colour difference values were less than 0.27. The latter
value can be used as a conservative estimate of the measurement error for the colour
difference: if a colour difference measured on an exposed area exceeds this value, it very
likely indicates a true colour change rather than a measurement error.

Spectrophotometer measurements themselves required irradiation of the BWS sam-
ples, and the overall results therefore represent an overestimation of both the measurement
error and of the impact of long-term monitoring.

For testing the monitoring sensitivity, a second set of samples containing the BWS as
well as common archival materials were exposed to photodegradation using a range of
light doses. Table 1 reports the six test materials that were selected.

Table 1. Specifications of the materials used for the accelerated light-ageing tests.

Blue Wool Standard Grade 1

Source 986–1000 Blue Scale Fading Cards (Preservation Equipment Ltd.)

Characteristics

• Light-sensitive: useful to study spectral changes caused by small light doses
• Often used in conservation to monitor light quality during exhibitions: it is a valid reference

for conservators
• ISO standard BS EN ISO 105-B08

Blue Wool Standard Grade 2

Source 986–1000 Blue Scale Fading Cards (Preservation Equipment Ltd.)

Characteristics • Same as above, only half as sensitive to exposure to light

Iron-gall Ink on Paper

Source Discarded original blotting paper found in the Nationaal Archief.

Characteristics

• Used to absorb the ink from documents during their redaction.
• Dated to 1798 based on a date absorbed on it from unknown document
• Uniform ink stain sufficiently large to produce samples of high homogeneity
• The most common ink in European historical archives
• Well-known for its chemical instability [31]

Lignin-containing Paper

Source SurveNIR reference material collection [32] code SUR916

Characteristics

• Dated to 1894
• 70% ground-wood, 30% bleached cellulose
• pH 4.2
• Lignin content 153 mg/g
• Rosin-sized
• This paper type is expected to oxidize and rapidly change colour [33]

Contemporary Print Paper

Source Fastprint® A4, 80 g/m2

Characteristics

• In use at Nationaal Archief as considered to be highly durable
• Expected to be stable during light ageing, thus a good reference to compare other materials

with higher sensitivity
• ISO 14001

Rag Paper

Source Sample JP422, UCL Institute for Sustainable Heritage Reference Material Collection, source:
Swedish National Archives

Characteristics

• Dated to early 19th century
• Gelatine-sized
• Rag paper is expected to be more chemically stable than lignin-containing paper [34], useful

as a second historical paper sample in this study
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The main light sources used in the exhibition De Verdieping van Nederland at the
Nationaal Archief at the time of the experiments are quartz-tungsten halogen reflector
lamps without infrared suppression, which are mounted on the room ceiling for spot
illumination of the objects in their glass cases. The dedicated setup that was built for
accelerated light ageing [33,34] was designed to approximate the light spectrum of the
illumination of the objects in the exhibition. To achieve this, the same type of halogen
reflector lamps were used and the light was transmitted through the top glass plate of an
exhibition case. As opposed to the situation in the exhibition, a homogeneous distribution
of the light intensity on the samples at the intended level was required. Therefore, the light
transmitted through the glass was diffused by scattering it from white cardboard in two
steps before it reached the sample areas. The homogeneity with each area was verified
with a lux meter.

Figure 4 shows the spectral power distribution of the homogenized halogen light with
which the samples were irradiated in this research.

Figure 4. Spectral power distribution of the light sources used during accelerated light ageing.

The setup was used to induce accelerated light ageing at five intensity levels, by plac-
ing a set of samples at a suitable distance from the diffused light source. The light intensity
to which each sample set was exposed was measured with a lux meter and monitored after
each exposition time.

To prevent excessive heating of the samples, which could impact on their ageing
behaviour in an uncontrolled way, forced air cooling was applied to the confined space of
the sample chamber. The air temperature and relative humidity were monitored inside and
just outside of the sample chamber. During the light ageing experiments the temperature
ranged from 20 ◦C to 26 ◦C and the relative humidity from 35% to 62% RH.

The illumination in the De Verdieping van Nederland exhibition at the time of the
experiments were 50 lux for 7 h/day over a period of three months.

The samples in this research were exposed to light doses ranging from ca. 1.5 to
500 klx·h, which corresponds to a range of 4–1400 days of exhibition at the above conditions.
Table 2 reports the range of light doses obtained using different combinations of irradiation
intensities and exposure times. In addition, 5 subsamples of each material underwent
the same preparation but remained covered (i.e., 0 lx) during the accelerated light ageing
process to serve as reference samples, having experienced only a small light dose during
sample preparation.
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Table 2. Light doses in klx·h achieved through different combinations of intensity and exposure
times, as applied to each of the 6 tested materials. The values in parentheses indicate the number of
exhibition days equivalent to the light doses.

Intensity
Exposure Times

5 h 10 h 30 h 60 h 100 h

0 lx 0 0 0 0 0

312.5 lx 1.6
(4 d)

3.1
(9 d)

9.4
(27 d)

18.8
(54 d)

31.3
(89 d)

625 lx 3.1
(9 d)

6.3
(18 d)

18.8
(54 d)

37.5
(107 d)

62.5
(179 d)

1250 lx 6.3
(18 d)

12.5
(36 d)

37.5
(107 d)

75.0
(214 d)

125.0
(357 d)

2500 lx 12.5
(36 d)

25.0
(71 d)

75.0
(214 d)

150.0
(429 d)

250.0
(714 d)

5000 lx 25.0
(71 d)

50.0
(143 d)

150.0
(429 d)

300.0
(857 d)

500.0
(1429 d)

Table 2 also indicates the number of days in the exhibition that would result in the
same accumulative light dose. The row with 0 lx indicates the reference subsamples that
remained covered during the accelerated aging.

The number of 6 materials and the number of light intensities were chosen to optimize
the recording surface of the IS instrument. For each of the six materials, 5 × 6 = 30 subsamples
were cut out, to be used in the experiments. The samples were arranged to fit into the
field-of-view (FOV) of the tested IS instrument (120 mm × 120 mm) in order to optimize
the duration of measurements and improve the quality of the results.

Round samples (Ø 5 mm) were cut taking care they were taken from a homogeneous
area of each test material. The pieces were mounted on five buffered RagMat Museum
Board 4 ply Natural, without liquid adhesive but instead using Filmoplast® by Neschen
that covered only small margins of the samples as shown in Figure 5a.

Figure 5. (a) The mounted samples used for the light ageing experiments. Rectangular regions-of-interest (ROI)s defined on
the IS datacube before (b) and after (c) the light ageing experiment. Each ROI is drawn in the same colour in the 680 nm
spectral grayscale images in both recordings.

The resulting set of 180 sub-samples was measured with the IS instrument twice:
before and after the accelerated light-ageing experiment. Each measurement results in
a calibrated hyperspectral datacube (a stack of calibrated spectral images) that contains
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a spectral reflectance curve for each image pixel. For each of the 180 material samples a
region-of-interest (ROI) consisting of 38 × 52 = 1976 pixels was defined, which corresponds
to an area = 2.3 × 3.2 mm. Any slight shift of the samples in the field-of-view of the instru-
ment, visually detected in the second measurement with respect to the first measurement,
was compensated by a corresponding shift of the ROI areas, see Figure 5b,c.

For each ROI, the mean spectral curve and the standard deviations (SD) over all
1976 pixels were calculated for both measurements. Figure 6 shows the mean spectral
curves of one particular ROI for each test material before artificial ageing. The standard
deviation reflects the combination of measurement noise of individual pixel values and
the inhomogeneity of the material within the ROI area. Note that the peak in the curves
of all samples at 380 nm is most likely caused by an imperfection of the corresponding
spectral filter of the instrument, i.e., it is a measurement artefact rather than a reflectance
characteristic of the samples.

For each sample, the difference spectrum was calculated by subtracting the corre-
sponding ROI spectral curve before light ageing from the spectral curve of the same
ROI after ageing. These difference spectra correspond to the spectral changes over the
wavelength range of 365 to 1100 nm induced by ageing.

An estimate of the measurement error at each spectral band was obtained from
the difference spectra as follows. For each spectral band, the mean value and standard
deviation for all 30 difference values (5 reference subsamples of all 6 materials) were
calculated. The mean value can be interpreted as a systematic error, whereas the standard
deviation reflects a random contribution to the error. Measured difference values outside
the range of the mean value ± 2 SD are considered to be statistically significant, i.e.,
the object has changed. However, since the wavelength-dependent measurement errors
vary for the different materials, more conservative (i.e., larger) error limits can be derived
by extending the ±2 SD limits by the minimum and the maximum difference values for
the particular material.
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When considering degradation of archival materials, an important criterion is whether
such degradation can be detected visually (e.g., by comparison with colour charts). Therefore,
in addition to the spectral differences at all wavelengths, the colour difference values ∆E2000
were calculated for samples before and after ageing. These results are reported in Table 3.

Table 3. Estimated errors for the calculated ∆E2000 colour difference values and standardized
Euclidian vector distance values, ∆Euclid, for the IS measurements of the aged test materials.

Material ε(∆E2000) ε(∆Euclid)

Blue Wool Standard Grade 1 0.19 0.00014

Blue Wool Standard Grade 2 0.36 0.00013

Iron-gall Ink on Paper 0.45 0.00015

Lignin Containing Paper 0.13 0.00012

Contemporary Printer Paper 0.15 0.00015

Rag Paper 0.21 0.00014

As an estimate for the measurement error ε(∆E2000), for each material the maxi-
mum colour difference measured between the exposed and unexposed samples was used.
It therefore takes into account the repeatability of the IS measurement itself, including any
residual ROI positioning error and also any change in the reference samples not exposed to
ageing. Any detected colour change >ε(∆E2000) can thus be assumed to be a true change
rather than measurement error. This means that ε(∆E2000) defines the detection limit of
the method, for the respective material. Note that for all materials, the measurement error
ε(∆E2000) is well below the threshold value of ∆E2000 = 0.7, above which there is a 30%
chance that a colour change is visually noticeable for a human observer.

The ∆E2000 value indicates whether a colour change induced by the ageing could
be visibly detectable. Taking into account the particulars of human colour perception in
combination with standardized illumination condition, reflectance changes in different
wavelength regions are weighted differently and by definition, reflectance changes outside
the visible range are not taken into account for colour measurements.

An alternative measure of spectral change that takes into account all wavelengths in
the measured spectral range is the so-called standardized Euclidian distance ∆Euclid. It is
not based on (and limited by) human colour perception, and it uses all spectral values over
the entire spectral range provided by the used instrument. The contribution from each
wavelength to ∆Euclid is weighted according to the estimated error. It is defined as:

∆Euclid =
√

∑
i

Wi · (R1(λi)− R0(λi))
2 (1)

where

Wi =
σ−2(λi)

∑j σ−2
(
λj
) (2)

while the other symbols used are defined in Table 4. Note that all spectral measurements
were carried out at the same spectral bands, which means that the sums in Equations
(1) and (2) have the same number of terms for all samples. The standardized Euclidian
distances are therefore comparable for all samples without the need to normalize for the
number of spectral bands.

As an estimate for the measurement error ε(∆Euclid) the maximum ∆Euclid value de-
termined for the 5 unexposed samples was used for each material reported in Table 1.
Since the standardized Euclidian distance includes measurement data from additional
spectral bands outside the visible range, there is the chance that allows the detection of
changes of the monitored material before they can be detected by measurements in the
visible range only.
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Table 4. Symbols used in Equations (1) and (2).

Symbol Description

∆Euclid Standardized Euclidean distance of n-th spectrum from spectrum 0 recorded before any ageing

Wi Weight factor at wavelength λi

σ(λi)

σ
(

λj

) Standard deviation over differences of reflectance values at wavelength λi or λj between
measurements of the same sample, where the sample was not subjected to accelerated ageing

R0(λi) Spectral reflectance value at wavelength λi of a sample before ageing

R1(λi) Spectral reflectance value at wavelength λi of the same sample after ageing

3. Results

The eight different BWS samples were subjected to a number of IS measurements that
correspond to 20 years of regular monitoring, in order to assess the impact. Before any IS
measurements and after certain numbers of IS measurements, the samples were measured
with the photospectrometer in order to quantify the impact of the multiple IS measurements
on the materials with an independent instrument. Figure 7 shows for BWS1 the differences
in the photospectrometer spectra recorded after different numbers of IS measurements with
respect to the initial spectrum before any IS measurement. BWS grade 1 with the lowest
light-fastness was chosen among the eight samples as it is deemed to be representative
for the most light sensitive archival materials such as newspapers, photographs and
watercolours. The grey and the red dashed curves indicate the estimated error of the
photometer measurements with, respectively, ±1σ(λ) and ±2σ(λ) ranges around the mean
of the spectral differences measured for the reference area where both measurements were
exposed to the same number of IS measurement. After 16, 22, and 41 IS measurements,
the differences in measured reflectance for the wavelength range of 530 to 650 nm are
consistently outside the ±2σ(λ) range. The photospectrometer is thus capable of detecting
the corresponding small spectral differences in this wavelength range, which occur on the
exposed area of the BWS1 sample after multiple IS measurements.

Figure 7. Changes of spectral reflectance values of BWS Grade 1 measured with the photospectrometer after increasing
numbers of IS measurements as indicated. Additional dashed lines show the ±1σ and ±2σ intervals around the mean value
from the unexposed reference areas at the corresponding wavelengths.

While comparing measurements at individual wavelengths is useful, it is possible
that small, correlated changes in the spectra give rise to statistically significant differences
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before they can be detected at any of the individual measurements. In the present case
the main question was whether any changes caused by repeated IS measurements could
become visible to the human eye.

Figure 8 shows ∆E2000 for BWS Grade 1 as a function of the number of repeated
IS instrument measurements. As described in the Materials and Methods section of this
article, the ∆E2000 = 0.27 is the estimated error of the spectrophotometer measurement and
values higher than this indicate statistically significant colour changes. The limit value of
∆E2000 = 1 is per definition considered to be the smallest colour difference a trained human
observer can detect. The ∆E2000 = 0.7 level has been shown to be the threshold value above
which the statistically more than 30% of the human observers are able to detect a difference
in colour. All the measured colour differences remain below this more stringent threshold
value for the 41 repeated IS measurements.

Figure 8. ∆E2000 of BWS Grade 1 as a function of the number of repeated IS instrument measurements. A value of
0.27 is the estimated measurement error of the spectrophotometer and 0.7 is the threshold value for visual perception of
colour difference.

Results show that even very light-sensitive documents can be monitored with the
SEPIA over periods of more than 20 years with the frequency of measurement of twice a
year, before light exposure inherent to the measurement itself starts to effect any visible
changes. These results are specific for the SEPIA device but other IS measurement systems
could lead to similar results depending on their design. One of the key design features
of the SEPIA instrument is that the wavelength selection for each spectral image is done
inside the light sources. For each spectral image the measured object is irradiated only by
the relatively low-intensity monochromatic light required to record this particular image.
Other IS instrument concepts that rely on broadband illumination and sequential image
recording with spectral filters at the camera expose the monitored objects to unnecessary
high light doses and are therefore much less suitable for long-term monitoring. The camera
lens and image sensor (CCD or CMOS) of the IS instrument has to be efficient in collecting
the light reflected from the object, so that for a given light intensity the camera exposure
time can be as short as possible. After the camera exposure has finished, the light source
has to be switched off, so that the overall light dose received by the object during the entire
measurement is minimized. At the time of the experiment, the Nationaal Archief was
monitoring a range of circa 30 documents.
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The Xrite spectrophotometer proved to be sensitive enough for control measurements
as the colour changes induced in the most light-sensitive BWS became just measurable at
the 15th repeated measurement, although still well below the visibility threshold. However,
any further data analysis for the less light-sensitive BWS became obsolete with this, as even
Grade 1 BWS was not affected significantly.

The second set of experiments addressed the sensitivity of IS measurements for
detecting light-induced changes of six different materials. Figures 9 and 10 show the
measured spectral changes for the six materials as induced by exposure to the maximum
intensity of 5000 lux and a range of exposure periods. Please note the different y-axis
scales in the diagrams of both figures. Figure 9 also includes the spectral changes at the
minimum light intensity of 313 lux for BWS Grade 1. At the maximum light dose (i.e., at the
maximum exposure time at the given intensity), and typically already at much lower light
doses, all materials exhibit statistically significant spectral changes at several wavelengths.

For each material, the particular wavelength was determined where the maximum
absolute spectral change was measured. The capability of the IS instrument to measure
spectral differences in a given material can be expressed as the minimum light dose
required to induce a spectral change that exceeds the measurement error at the material-
specific wavelength with maximum change. The wavelengths and values of maximum
change, the error limits at these wavelengths and the minimum detectable light doses of all
materials are given in Table 5.

Table 5. For each material at the maximum light dose of 500 klx·h: wavelength of maximum spectral change (column 2);
measured spectral change (column 3), corresponding error limit at this wavelength (column 4); light dose at the minimum
detectable change (i.e., at the error limit, column 5); reference to the graph (column 6).

Material Wave-Length
(nm)

Spectral
Change (%) Error Limit (%)

Light Dose at min.
Detectable

Change (klx·h)

Corresponding
Figure

Blue Wool Standard Grade 1 720 −11.5 −1.0 3.5 10

Blue Wool Standard Grade 2 740 −3.8 −0.5 30 10

Iron-gall Ink on Paper 820 −2.3 −0.2 65 11

Lignin-containing Paper 450 −2.6 0.3 60 11

Contemporary Printer Paper 390 −2.3 −0.7 70 11

Rag Paper 430 +2.6 +0.8 55 11

From the spectral reflectance curves measured with the IS instrument before and after
accelerated ageing the function of induced colour change ∆E2000 vs. total light dose was
calculated. Figure 11 shows the data for BWS Grade 1.

In line with the reciprocity principle [35], it would be expected that for a given light
dose the same colour change is obtained regardless of the actual combination of light
intensity and exposure duration. However, the data points corresponding to 5000 lx clearly
show a slower increase than the rest. This could indicate deviation from reciprocity at high
intensities, however, it might also reflect an uncertainty of the intensity levels in the light
ageing setup. In any case, the dependence of colour change on light intensity is sufficiently
low for the purpose of this experiment, i.e., to quantify the lowest light dose that induces
colour change detectable by the IS instrument.
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Figure 9. Differences in spectral reflectance values as a function of wavelength for BWS Grade 1 exposed to 313 lux and
5000 lux, and for BWS Grade 2 exposed to 5000 lux, for different durations as indicated. The dashed black curves indicate
the upper and lower limits of the measurement uncertainty at each wavelength.
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Figure 10. Differences in spectral reflectance values as a function of wavelength for four different materials (paper with iron
gall ink, lignin-containing paper, contemporary printer paper, rag paper) exposed to 5000 lux for different durations as
indicated. The dashed black curves indicate the upper and lower limit of the measurement uncertainty at each wavelength.
For contemporary printer paper at wavelengths <400 nm, the curves are influenced by fluorescence. The changes induced
by light ageing at these wavelengths can probably be attributed largely to break-down of these fluorescent components.
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Figure 11. ∆E2000 as a function of light dose for BWS Grade 1, obtained at different combinations of light intensity and
exposure duration during the light ageing experiment. The actual light intensities are as indicated. The maximum colour
difference measured for unexposed samples is ∆E2000 = 0.19, which is used to estimate the measurement error in Table 3.

For the BWS1 sample, the ∆E2000 = 0.7 visibility threshold is obtained at light doses
~20–30 klx·h, corresponding to ~60–90 exhibition days at 50 lx, 7 h/day, from the halogen
light sources as used in the exhibition De Verdieping van Nederland. Furthermore, the con-
servative estimation of ∆E2000 = 0.5 as induced by IS measurements over 20 years can be
estimated as equivalent to ~40–60 days of exhibition under the same conditions.

In addition to the ∆E2000, the standardized Euclidian distance ∆Euclid was calculated
for the spectral reflectance curves measured after and before accelerated light ageing,
as shown in Figure 12 for the BWS Grade 1.

Figure 12. Standardized Euclidian distances, ∆Euclid, for BWS Grade 1, as a function of light dose as obtained with different
intensities, as indicated. The maximum distance measured for the unexposed samples is ∆Euclid = 0.16 × 10−3, which is
used as an estimation of the measurement error in Table 3.

Tables 6 and 7 list ∆E2000 and ∆Euclid, respectively, at the maximum light dose of
500 klx·h, for all the sample materials. As expected on the basis of Figures 9 and 10,
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the biggest change is measured for BWS Grade 1 and the smallest change is measured for
contemporary printer paper.

Based on the detection limits ε(∆E2000) and ε(∆Euclid) an estimate of the light dose
required to induce the minimum detectable change was made for each material. The corre-
sponding values are listed in the last column of Tables 6 and 7, respectively. The required
light dose of 3.5 klx·h to achieve a detectable colour change in BWS Grade 1 samples
corresponds to ~10 days of exhibition under the stated conditions.

Table 6. Colour change for each material at the maximum applied light dose of 500 klx·h, except in
cases denoted with *, where the maximum was measured at the stated lower light dose. The light
dose corresponding to the minimum detectable change is defined as the minimum light dose at
which the measured colour change exceeds the measurement error ε(∆E2000) as listed in Table 3.
This minimum light dose is determined by linear interpolation of the measurement point just below
and the point just above ε(∆E2000).

Material ∆E2000 at 500 klx·h ε(∆E2000) Light Dose at
ε(∆E2000)

Blue Wool Standard Grade 1 3.69 0.19 3. 5 klx·h
Blue Wool Standard Grade 2 1.27 0.36 70 klx·h

Iron-gall Ink on Paper 0.40
(*150 klx·h) 0.61 0.45 ≥500 klx·h

Lignin Containing Paper 1.2 0.13 20 klx·h

Contemporary Printer Paper 0.16
(*250 klx·h) 0.26 0.15 >500 klx·h

Rag Paper 0.96 0.21 22 klx·h

Table 7. Standardized Euclidian distance for each material at the maximum applied light dose of
500 klx·h, except in cases denoted with *, where the maximum was measured at the stated lower light
dose. The light dose corresponding to the minimum detectable change is defined as the minimum
light dose at which the measured spectral change exceeds the measurement error ε(∆Euclid) as listed
in Table 3. This minimum light dose is determined by linear interpolation of the measurement point
just below and the point just above ε(∆Euclid).

Material ∆Euclid at 500 klx·h ε(∆Euclid) Light Dose at
ε(∆Euclid) (klx·h)

Blue Wool Standard Grade 1 0.00130 0.00014 5

Blue Wool Standard Grade 2 0.00038 0.00013 60

Iron-gall Ink on Paper 0.00031 0.00015 135

Lignin Containing Paper 0.00026 0.00012 70

Contemporary Printer Paper 0.00013
(*150 klx·h) 0.00024 0.00015 >500

Rag Paper 0.00025 0.00014 70

For contemporary printer paper with its much higher light-fastness, the colour and the
spectral changes at the maximum applied light dose of 500 klx·h is at the same level as the
corresponding detection limits given by the estimated measurement errors. Note that the
fact that the maximum colour and spectral difference were measured at lower light doses
is also an effect of the measurement uncertainty. For the iron-gall ink on paper sample,
the ∆E2000 colour change measured at 500 klx·h is also just at the level of the measurement
error so that this light dose can only be used as a lower limit. The ∆Euclid value at 500 klx·h
is about twice the estimated measurement error, allowing an estimate of 135 klx·h for the
minimum detectable light dose.
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Both ∆E2000 and ∆Euclid are generic measures for spectral change. It can be expected
that by using material-specific measures that give higher weights to those spectral re-
gions where the strongest changes are induced, the sensitivity of the IS measurements for
detecting light-induced changes can be further improved.

4. Discussion

This article describes a generally applicable approach to evaluation whether an imag-
ing spectroscopic instrument is suitable as a tool for monitoring of archival documents.
Depending on the object type to be investigated, instruments are typically selected based
on their spectral range and resolution, their field-of-view and spatial resolution. How-
ever, in order to be useful for monitoring, an IS instrument has to fulfil two additional
requirements:

1. Repeated measurements must not induce any significant additional spectral changes
to the monitored object

2. Small spectral changes must be detectable before they become obvious visually.

We have shown that Requirement 1 can be tested by subjecting Blue Wool Standards
to repeated measurements, corresponding to the intended duration of the monitoring
schedule. The induced spectral change needs to be determined with an independent,
sufficiently sensitive method, such as a spectrophotometer.

From a conservation point of view, the decision whether the predicted spectral changes
induced by IS measurements themselves are acceptable or not must become part of the
overall risk assessment of an institution’s exhibition and monitoring schedule. A reason-
able guideline would be that the spectral changes induced by measurements must be
significantly less than those expected from exposure during exhibitions.

In the case study discussed here, the “SEPIA” hyperspectral imaging system was tested
for an intended monitoring period of 20 years with an average of two measurements per
year. The spectral changes induced by the tested IS instrument in Blue Wool Standard Grade
1 remained below the threshold for visually perceptible colour changes of ∆E2000 = 0.7,
which fulfils Requirement 1.

In order to test Requirement 2, sample materials representative of the monitored
objects should be used in addition to standard reference materials. This is because the
wavelength range and degree of spectral change depend on the material composition.
Furthermore, the strength and spectral characteristics of light-induced change typically
depend significantly on the irradiation spectrum. It is therefore advisable that the sample
materials are exposed to accelerated degradation under conditions similar to those they
are exposed to during exhibitions, in order to induce the same type of spectral change.

In our case study, four archival materials were subjected to accelerated ageing by
30 different combinations of light intensity and duration, corresponding to light doses
of up to 500 klx·h. The deployed lamp type was the same as that used in the exhibition
room De Verdieping van Nederland at the Nationaal Archief, to ensure that the same type
of spectral change is induced as expected for exhibitions. The samples were irradiated
with only moderate light intensities of up to 5000 lx and forced-air cooling was applied to
minimize their temperature increase. The induced spectral changes should not be distorted
significantly by any non-linearity of the material response with respect to the intensity
(reciprocity-failure [36]) or by very high local sample temperature and low humidity.
The spectral changes in the experiment are therefore expected to be comparable to those
incurred by the materials over many years due to the normal exhibition schedule.

The changes were evaluated by calculating colour differences ∆E2000 and standard-
ized Euclidian distances ∆Euclid between the sample spectra measured before and after
accelerated light ageing. The minimum light dose required to induce a detectable spectral
change varied considerably from material to material. For the most light-sensitive Blue
Wool Standard Grade 1, the detection limit for light-induced colour change corresponded
to an exhibition period of ~10 days.
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The instrument was thus shown to have an acceptably small impact on the materials,
fulfilling Requirement 1, and acceptable high detection sensitivity for changes induced by
exhibition lighting, i.e., also fulfilling Requirement 2.

5. Conclusions

In our research, the spectral change detection limit was determined on the basis of
measurement repeatability over a time span of a few weeks. However, for long-term
monitoring applications, long-term repeatability should be established. Future studies will
have to look into practical calibration and validation procedures that are stable over long
periods of time. In conclusion, imaging spectroscopic instruments can be valuable tools
for monitoring the condition of archival documents and the present case study should be
useful to establish the suitability of other instruments and similar case studies.
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31. Liu, Y.; Cigić, I.K.; Strlič, M. Kinetics of accelerated degradation of historic iron gall ink-containing paper. Polym. Degrad. Stab.
2017, 142, 255–262. [CrossRef]
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Abstract: A 15th century St Theodoros icon of outstanding quality is on display at the Zakynthos
Ecclesiastical Art Museum. On the basis of certain stylistic characteristics, this icon has been attributed
to the legendary Cretan painter Angelos Akotantos. In order to explore the latter attribution, the icon
was subjected to examination via multispectral imaging, while microsamples were investigated
through an optical microscope (OM), a scanning electron microscope coupled with an energy
dispersive analyzer (SEM-EDX), µ-Raman and X-ray diffraction (XRD). The data were evaluated in
the light of the findings of recent analytical studies conducted on several genuine Angelos icons.
Identified materials include gypsum, gold leaf, bole, natural ultramarine, lead white, charcoal,
green earth, red lake, minium, cinnabar, and red and yellow ochres. The identified materials resemble
those employed by Angelos, while the identification of ultramarine is of particular significance,
as this extremely expensive and rather rare pigment was very often used by the particular painter.
Moreover, multispectral imaging reveals notable painting technique similarities between the icon
in consideration and known Angelos icons, while cross sections of corresponding samples exhibit
almost identical structures. Overall, the present work considerably strengthens the suggestion that
the St Theodoros icon in consideration was painted by Angelos and also widens our knowledge
regarding the late Byzantine painting.

Keywords: pigment identification; preliminary drawing; gilding; Byzantine

1. Introduction

Religious panel paintings (“icons”) are an essential part of the Eastern Orthodox Christian
Church ritual practices; hence, such artifacts have been continuously manufactured for more than
17 centuries [1]. In case of the artistry developed in the region of modern-day Greece, this long period
is divided into three sub-periods, namely the Byzantine (330–1453), post-Byzantine (1453–1830) and
modern periods (post-1830). The marking year 1453 corresponds to the capture of Constantinople
(Byzantine Empire capital) by the Ottoman Turks, while 1830 corresponds to the declaration of the
autonomy of the Greek state.

During the late 14th and early 15th centuries, icons of notably high quality were produced in
the island of Crete (south Aegean Archipelago). As this artistic trend bears several idiomorphic
characteristics, it has been designated as the “Cretan School of iconography”, and it is well known that
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it considerably affected the development of the Orthodox religious painting throughout Greece and
the Balkans [2]. Among the highlights of the Cretan painting stand several early 15th century icons
of exquisite painting quality that bear the inscription “Xείρ Aγγέλoυ” ((by) “the hand of Angelos”).
Interestingly, in the early 1960s M. Manoussakas spotted a Cretan painter’s will in the Venice State
archives that is dated to the early 15th century (probably 1436) [3]; the testator was named Angelos
Akotantos, and he made his will on the occasion of a trip to Constantinople. Soon after the Manoussakas
publication, it was proven that the Angelos of the will was the painter of the aforementioned famous
icons [4,5]. In order for the reader to get an idea of the importance of Angelos’ work, it is essential to
note that the Cretan painting scholars acknowledge that he was indeed an outstanding painter of the
15th century and also that he “established and crystallized a large number of iconographic subjects
in Cretan painting through his own work” [6]. Also, as for Angelos’ productivity, it is indicative to
mention that more than 30 icons bearing his signature survive today, while some others are ascribed to
him on the basis of pronouncedly idiomorphic stylistic characteristics [2,6].

The St Theodoros icon in consideration (Figure 1) dates from the second quarter of the 15th century
(1425–1450) and has been recently ascribed—on the basis of stylistic criteria—to Angelos [7,8]. The icon
originates from Crete and was once placed in the church of the Strofades monastery, from which it was
later transferred to Zakynthos Island. It is worth noting that in 1953, the area of Zakynthos was struck by
a series of strong earthquakes that destroyed many dwellings and infrastructures, including churches
and monasteries. Unfortunately, during this event many of the Zakynthos icons were either destroyed
by the fire that followed the earthquakes or “disappeared”; however, several hundred icons were
rescued as a result of the tireless efforts of M. Chatzidakis and his co-workers [9]. St Theodoros icon
survived this terrific disaster and is currently displayed at the Zakynthos Ecclesiastical Art Museum.
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the figure. Note that the painting has been transferred onto a new wooden panel.

The present work demonstrates how the analytical investigation of this very icon strengthens its
assignment to Angelos Akotantos using a combination of technical evidence reported herein with related
findings of other workers who previously studied several genuine Angelos icons [10–15]. The materials
employed in the St Theodoros icon were identified through the meticulous investigation of microsamples’
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cross sections, while the assessment of various technical aspects (pigment mixing, preliminary drawing,
etc.) was assisted by the complementary use of multispectral imaging. Thus, authors managed to
considerably strengthen the hypothesis that the St Theodoros icon is a work of Angelos, and also to
widen the understanding of important details of late- Byzantine painting.

2. Materials and Methods

The icon (dimensions: 148.2 × 58.7 cm) was initially pictured using a MuSIS-MS multispectral
camera (FORTH-Photonics, Heraklion, Greece) in the 1000 nm and the false-color infrared (IRFC)
modes. Micro-samples (~1 mm × 1 mm) were removed from damaged areas using surgical
scalpels (Figure 1), and, after preliminary stereoscope investigation, they were embedded in
polyester resin, cross-sectioned and subjected to grinding and polishing (Pedemin-2, DAP-7, Struers,
Ballerup, Denmark). Cross-sections were examined under an optical microscope (OM, DMRXP,
Leica Microsystems, Wetzlar, Germany) at magnifications up to 200×, and, upon carbon coating
(for conductivity purposes, using a Balzers’ CED030 carbon vaporizer, Leica Microsystems, Wetzlar,
Germany), through a scanning electron microscope coupled with an energy dispersive analyzer
(SEM-EDX, Quanta Inspect D 8334, FEI, Hillsboro, Oregon, USA). Elemental compositions were
estimated by using the built-in ‘Genesis-Spectrum’ software (EDAX Company, Mahwah, NJ, USA),
in a standard-less quantification method mode that incorporates ZAF matrix corrections [16], and in
combination with high accelerating voltage (25 kV) and optimal spectra collection parameters (a high
count rate, long collection times, adequate DT%, etc. leading to high elemental peak to background
ratios). Through the analysis of multi-elemental standard targets, it was demonstrated that this
approach results in quantitative analysis with errors of circa ±3% for high concentration elements, and
±20% for low concentration ones (<5%). For each distinct pigment/phase, at least three EDX analyses
were undertaken, targeting on different grains/areas; results were automatically normalized to 100%
and the mean values were calculated. Due to the presence of the conductive carbon layer, carbon was
not quantitatively estimated in organic/lake-type pigments. Micro-morphological characteristics were
recorded using the SEM’s backscattered electron detector (BSE), which permits for the differentiation of
the observed phases on the basis of their atomic number. Also, the size of the various pigment grains
along with the thickness of the gold leaves and the pertinent adhesives were determined using a built-in
image processing tool of the SEM device (Table 1. Samples cross-sections were further examined
under a µ-Raman device (inVia, Renishaw, Wotton-under-Edge, UK) using a low power (~0.01–1 mW)
514 nm laser; spectra were collected through a 100× magnification lens with repeated acquisitions
of varying durations, and recorded in frequencies of 100–1800 cm−1. A minor ground/gesso sample
(<1mg) was pulverized and analyzed by using X-ray diffraction (XRD, ‘D500′, SIEMENS, Munich,
Germany, equipped with a Cu-Kα anticathode, diffraction pattern recorded in the range of 2–90◦
(2θ) with a step size of 0.04◦ and a scan speed of 2 s per step). Note that during older conservation
interventions, the painting and ground layers of the icon were detached from their original wooden
substrate and placed onto a new one [7]; therefore the present authors did not employ techniques that
pertain to wooden panel identification (e.g., x-ray radiography).
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3. Results

First, we present the results of the multispectral imaging, and the data that pertain to materials
identification follow. The latter are presented in terms of the stratigraphy of a typical icon [17]: first the
data on the ground/preparatory layer are presented, then the pigment palette is disclosed through the
paint layers analysis results, and finally the data that pertain to gilded decorations are discussed.

3.1. Multispectral Imaging

The potential of infrared radiation to penetrate through the upper layers of paintings has been
exploited in order to reveal layers that are invisible to the naked eye (such as underdrawings) [18,19]
as well as for pigments identification [20]. In case of the St Theodoros icon, the inspection at 1000 nm
revealed a wealth of information pertaining to the painting technique. The preliminary drawing is
of a notably confident character, created by employing two techniques, namely brushstrokes and
extremely thin (<30 µm, see next) incisions (Figure 2a,b). It is worth noting that in the case of the
Saint’s face and curly hair (where accuracy in sketch is of utmost importance), the drawing was
rendered through thin brushstrokes (no incisions), while only few minor sketch-corrections were
spotted in the corresponding areas (Figure 2c,d, arrow B). The preparatory paint layers that followed
drawing (base colors/underpaintings [17]) were freely applied onto the ground (Figure 2d, arrow A),
while the subsequent lighter tones and highlights were rendered with extremely accurate/skillful
and fine brushstrokes (Figure 2). On the other hand, IRFC photography gave some hints on the
employed pigments. For instance, the red mantle is rendered in an intense yellow-orange false color,
thus implying the presence of cinnabar, while the differences in the false color of the “greenish” armor
parts and the underwear garment around the Saint’s waist indicate employment of different pigments
(Figure 2e,f) [21].
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Figure 2. (a) Visible macro-detail of the armor. (b) Same area as in (a), pictured at 1000 nm. 
Preliminary drawing executed by incision (arrows “A”) and brushstrokes (“B”); insert picture (lower 
left corner) shows an incision cross-section (scanning electron microscope (SEM), backscattered 
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Figure 2. (a) Visible macro-detail of the armor. (b) Same area as in (a), pictured at 1000 nm.
Preliminary drawing executed by incision (arrows “A”) and brushstrokes (“B”); insert picture
(lower left corner) shows an incision cross-section (scanning electron microscope (SEM), backscattered
electron detector (BSE), 2000×). (c) St Theodore face, detail on visible light. (d) Same area as in (c),
infrared (1000 nm). Arrow “A” points on preliminary paint layer brushstrokes, “B” on a minor sketch
correction. (e) Detail, visible light. (f) The area figured in (d) as it was pictured in the false-color
infrared (IRFC) mode.
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3.2. Ground/Gesso

During the microscopic probing of the cross-sections, it was observed that the preparatory
ground layer consists of up to eight distinct sub-layers of ~50–150 µm thickness, which correspond
to the successive gesso coatings applied onto the wooden panel (Figure 3a). XRD and µ-Raman
analyses revealed that the inorganic ground component is gypsum (CaSO4·2H2O), which was probably
mixed with an organic gluing agent [17]. For instance, the relevant µ-Raman spectrum shows a
characteristic shift at ~1008 cm−1 that corresponds to the v1 (SO4) symmetric stretching mode of
gypsum (Figure 4a) [22], In addition, the ground layer contains minor admixtures of black, red and
yellow pigments (see insert on Figure 3a).
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Figure 3. (a) Multiple ground layers, optical microscope (OM), 50×. The insert picture shows scattered
grains of black and yellow pigments in the ground (OM, 50×). (b) Natural ultramarine grains and
their maximum dimensions; arrows point on charcoal particles that lay into the lazurite substrate
(SEM, BSE, 4000×).

3.3. Paint Layers

Pigments employed in the St Theodoros icon were identified through SEM-EDX and µ-Raman
spectroscopy (Table 1 and Figure 4). Thus, a palette consisting of nine distinct pigments was revealed:
natural ultramarine, green earth, two types of iron ochre, cinnabar, minium, red lake, charcoal and
lead white (Table 1 and Figure 4). The extremely expensive and rather rare ultramarine pigment
was identified through its characteristic Raman spectrum (v1 stretching vibration mode and v2

bending vibration mode of S3
-, at 548 cm−1 and 258 cm−1, respectively [23]) and its elemental

composition (Table 1), while the characteristic conchoidal fracture features of the relevant grains and
the detection of minor calcite (natural impurity) verify the natural origin of the particular pigment
(Figures 3b and 4b, Table 1) [23,24].

In the case of the green pigment, authors were unable to collect Raman spectra. However,
the EDX analysis revealed that the pertinent grains are mainly composed of silicon, iron, potassium
and magnesium, and this elemental composition evidently shows employment of green earth
(Table 1) [28,29]. Similarly, the use of two iron ochre varieties was attested to through SEM-EDX
analyses, as the deep-red and the yellowish ochre differ drastically in terms of elemental composition
(especially as regards the content of iron, calcium, silicon and chlorine, see Table 1). In addition,
the grains of these two pigments are of a notably small size (0.5–5 µm), and this is so in the case of
cinnabar and lead white as well (0.5–8 µm, see Figure 5a). Note that a cinnabar Raman spectrum
is displayed on Figure 4c; the characteristic shifts at 253, 282 and 343 cm−1 originate from a totally
symmetric A1 and degenerated E transverse modes (ETO) respectively [30]. The employment of these
thin-grained pigment fractions reflects intense grinding and suggests meticulous pigment preparation.
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(upper layer, uniform) on top of an ochre and lead white substrate (bottom layer, spotted) (SEM, 
BSE, 3000×). Insert picture: the same sample under OM, the arrow points on the glaze (100×). 

On the other hand, a few minium grains were spotted among red ochre particles, therefore it 
seems probable that the minium was added in order to slightly adjust the hue of the ochre (Figure 

Figure 4. Characteristic µ-Raman spectra of St Theodoros icon ground and pigments. (a) Gypsum,
characteristic peak at 1008 cm−1. (b) Natural ultramarine, Raman shifts at 258, 548, 815 and 1091 cm−1.
(c) Cinnabar, shifts at 253, 282 and 343 cm−1. (d) Carbon black, characteristic shifts at 1363 and
1603 wavenumbers. Insert figures show indicative individual pigment grains that were analyzed.
For libraries of pigment Raman spectra, the reader is directed to [25–27].
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Figure 5. (a) Notably small grains of ochre (bottom) and cinnabar (up); SEM, BSE, 10,000×. (b) Minium
grains (big bright particles) among ochre (gray particles); SEM, BSE, 5000×. (c) Lake glaze (upper layer,
uniform) on top of an ochre and lead white substrate (bottom layer, spotted) (SEM, BSE, 3000×).
Insert picture: the same sample under OM, the arrow points on the glaze (100×).

On the other hand, a few minium grains were spotted among red ochre particles, therefore it
seems probable that the minium was added in order to slightly adjust the hue of the ochre (Figure 5b).
Of special interest is the case of the deep-red lake, which was used as a glaze (translucent paint layer)
that covers an ochre plus lead white paint layer (Figure 5c), which is in fact a technique quite commonly
applied in Cretan icons [31]. Here the lake organic coloring compound could not be identified, yet the
elevated phosphorous (4.1 wt%) is compatible with the employment of insect dye [32]. Finally,
charcoal of plant origin was applied as a preliminary paint layer in the areas rendered in lazurite
(Figure 3b) and as a minor addition in various paint layers. Charcoal was also used to render the
preliminary drawing (Figure 6b), while a minute amount of the same pigment was included in the
ground layer/gesso (Figure 3a). The corresponding Raman spectra show the typical G and D bands of
carbon at ~1600 cm−1 and ~1360 cm−1, respectively [33].
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Figure 6. (a) Background image: thin gold leaf (bright layer) on a bole substrate (dark gray substrate,
3.12 µm marker); BSE, 10,000×. Insert picture: same sample, OM, 200×; note the yellow bole layer.
(b) Background image: Double gold leaf (uppermost bright layers) on a lead-mordant (bright substrate);
BSE, 8000×). Insert picture: same sample under OM, arrow points on charcoal grains that lay on the
white gesso and correspond to preliminary drawings (200×).

3.4. Gilded Pictorial Elements

The icon background (“campus”) along with the highlights of the armor and certain vestment
details (e.g., bracelets) are rendered in gold tones. Micro-samples investigation revealed that these
particular pictorial elements are in fact gilded with high purity (Au > 99 wt %) and extremely thin
(<1 micron) gold leaves (Figure 6, Table 1). The latter have been applied by employing two distinct
gluing agents, a yellow iron-rich clayey bole in case of the background and a lead-containing mordant
in the highlights (Table 1). These adhesives pertain to the two most common—in the framework of
painting—gilding techniques, namely water and mordant/oil gilding, respectively [34,35]. It shall
be mentioned that the gold leaf thickness determination was achieved through inspection of high
magnification SEM images, using a built-in image processing software (Figure 6) therefore some
overestimation is possible [35,36].

4. Discussion

Through the analytical investigation of the St Theodoros icon, authors were able to identify the
employed painting materials (except of the organics) and techniques, and now, a crucial question
arises: how can these data contribute towards the assessment of painter’s identity? To this end,
the analytical data were compared to the findings of previous studies of Angelos’ known (signed)
works [10–12,14,15], and evaluated in the light of analytical investigations of other high-quality Cretan
icons [31,37–39]. It is thus shown that the icon in consideration can indeed be assigned to Angelos.

According to the pertinent studies, Angelos’ works show a series of specific technical characteristics,
that when seen as a whole constitute a rather idiomorphic painting manner. In detail, the gypsum
grounds contain always a bit of charcoal and ochres [11,32] (probably added for the purpose of
modifying the gesso color) and this is also the case for the St Theodoros icon (Figure 3a), though the
incorporation of pigments in grounds is an uncommon practice for post-Byzantine painting [39,40].
As for the gilded backgrounds, Angelos always used a yellow bole substrate to apply the gold leaves
on [10,11,15], and yellow is the bole of the St Theodoros icon as well (Figure 5a). Yet, it seems that the
red-colored boles were extensively used during 15th century [38], and, hence, the employment of a
yellow bole is a very important component of Angelos’ ‘fingerprint’.
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Angelos’ palette comprised of 11 pigments, including common ones such as charcoal, ochres and
green earth, as well as some valuable and less frequently used ones, such as lazurite and
azurite [10,11,13,15]. At first sight, it appears that there is no relevance between this palette and
the idiomorphic character of Angelos’ paintings. However, the use of natural ultramarine deserves
special attention. It is well known that this very pigment was circulating in various grades, the best
of which possessed an extremely high cost [24,41]. As is evident by the photomicrographs in
Daniilia et al. [11], Angelos’ paintings bear first-grade lazurite with grains that usually measure above
10 microns, and this is also the case for the St Theodoros lazurite (Figure 3b). On the other hand,
previous analytical studies have shown that lazurite was rather rarely employed in icon painting [29,31]
and this indeed adds much value to the identification of ultramarine in the St Theodoros icon.

On the other hand, Angelos’ paintings show some idiomorphic technical characteristics that
resulted in the typical extremely skillful manner detected by archaeologists. In detail, Angelos always
rendered the preliminary drawing/sketch by combining thin brushstrokes and very shallow
incisions [10,12]. Sometimes the incised drawing could be rather extensive [15]; however, the facial
features and the details of flesh and hair parts were always rendered by thin and extremely skillful
brushstrokes, they were never incised [10,12,15], and this is regarded a typical characteristic of Angelos’
work [14]. Therefore, the fact that the same technique has been applied in the St Theodoros icon is
regarded as a notable clue towards assigning the icon to Angelos (Figures 2 and 6b). For comparison
purposes, we present an example of preliminary drawing on another high-quality Cretan icon.
The artifact in consideration (which is of a slightly later date, i.e., the early 16th century) is the
left wing of a Royal Doors pair depicting the Annunciation of Virgin Mary that is currently on
display at the Byzantine Museum of Ioannina (BMI), Greece (Figure 7a). In this case, the preliminary
drawing incisions are considerably deeper than those of St Theodoros icon (~90 µm/Figure 7b versus
~20 µm/Figure 2d, respectively), while the facial characteristics and hair details are pronouncedly
incised (Figure 7c).
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drawing incisions are considerably deeper than those of St Theodoros icon (~90 μm/Figure 7b versus 
~20 μm/Figure 2d, respectively), while the facial characteristics and hair details are pronouncedly 
incised (Figure 7c). 

 
Figure 7. (a) Royal Doors, BMI, detail of Archangel Gabriel, left wing. (b) Background image: deep 
preliminary drawing incision (~91 microns) BSE, 500×. Insert picture: same sample under OM, 100×. 
(c) Detail of Archangel Gabriel face, sketch incisions on the facial characteristics are evident. 

What is more, the St Theodoros icon shows notable similarities to the Angelos’ works as regards 
the pigment mixtures and paint layer stratigraphy/application methods employed to render specific 
pictorial elements. In order to highlight the importance of this aspect, it should be kept in mind that 
the art of Eastern Orthodox iconography is based on a series of rules and dictations that more or less 
define the materials and techniques to be used when painting an icon. For instance, there are several 

Figure 7. (a) Royal Doors, BMI, detail of Archangel Gabriel, left wing. (b) Background image:
deep preliminary drawing incision (~91 microns) BSE, 500×. Insert picture: same sample under OM,
100×. (c) Detail of Archangel Gabriel face, sketch incisions on the facial characteristics are evident.

What is more, the St Theodoros icon shows notable similarities to the Angelos’ works as regards
the pigment mixtures and paint layer stratigraphy/application methods employed to render specific
pictorial elements. In order to highlight the importance of this aspect, it should be kept in mind that
the art of Eastern Orthodox iconography is based on a series of rules and dictations that more or less
define the materials and techniques to be used when painting an icon. For instance, there are several
post-Byzantine painting manuals that offer detailed recipes for the preparation of specific underpaint
colors and the corresponding lighter tones [17,42]. Hence, the materials and techniques ‘fingerprint’ of
a Late-Byzantine or Early Post-Byzantine icon painter cannot contain too many unusual features.

In the flesh parts, Angelos used a preparatory paint layer (underpainting/“proplasmos”) consisting
of yellow ochre, cinnabar, hematite, lead white and charcoal, that was freely applied onto the ground
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in the form of thin layers [10,11]. It is worth mentioning that the latter rarely exceed 25 µm in
thickness [10,13], and that the freehand application of this underpainting is a characteristic that is
documented on all Angelos icons [10]. In case of the St Theodoros icon, IR photography (Figure 2)
revealed that the flesh underpainting was applied with an identical manner to the one seen on Angelos’
paintings. In addition, the cross-section of a corresponding microsample (St Theodoros left hand)
shows intriguing similarities in the stratigraphy and composition level with flesh samples from Angelos’
icons [10,11,13]. The underpainting in St Theodoros flesh consists of yellow ochre, cinnabar, red ochre,
lead white, charcoal and a bit of green earth (Figure 8a). Older studies of Angelos paintings had
failed to spot green earth in flesh underpaints, thus leading some scholars to conclude that this is a
notable deviation of Angelos from his contemporary painting trends [10]. Nevertheless, this pigment
was recently identified in a genuine Angelos icon [13] and in the icon studied herein, implying thus
that some parts of the full spectrum of Angelos materials and techniques might still be unknown;
in addition, certain features might be specific to particular artistic periods of Angelos.
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Figure 8. (a) Sample from the flesh section of St Theodoros, cross-section. Background image:
BSE, 2000×; perpendicular line marks the underpainting that contains numerous cinnabar grains
(bright particles). Insert picture: same sample, OM, 200×. (b) Sample from the Annunciation icon,
flesh part. Background image: BSE, 2000×. The perpendicular line marks the underpainting, note the
absence of cinnabar. Insert picture: same sample under OM, 200×.

Finally, in order to highlight the rather idiomorphic character of Angelos’ flesh painting manner
(which is documented in the St Theodoros icon), the icon discussed herein was compared to a relevant
high-quality Cretan icon (Annunciation, royal doors, Figure 7). Cross-sections from flesh parts of the
two works are shown in Figure 8. The layered structure of St Theodoros sample (Figure 8a) is practically
identical to the stratigraphy seen in samples from several Angelos paintings (see for instance the figures
in row “a” of Table 1, pages 102–103 in [10]). The characteristic features in both cases (St Theodoros
icon and signed Angelos paintings) are the following: (a) the thinness (usually ~20 µm) and color of
the underpainting (pale yellowish-brown); (b) the consistent addition of cinnabar in the latter; and (c)
the application of only one—yet significantly brighter—middle tone (lead white + cinnabar + ochre)
on the base color. The final touches/highlights consist of pure lead white and are applied directly on
the middle tone [10,13]. In contrast, the sample from the Annunciation icon shows an underpainting
of moderate thickness (~35 µm) that contains no cinnabar (Figure 8b), while the lighter flesh tones
were built with at least two brighter (containing more lead white) paint layers (only the first is shown
in Figure 8b).

5. Conclusions

By critically assessing the data acquired through the analytical investigation of the St Theodoros
icon, it was documented that the painter of this high-quality icon employed materials and painting
techniques which are remarkably similar to those characterizing works of the renowned Angelos
painter. In brief, the preliminary drawing was rendered in the typical Angelos manner, namely through
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a combination of brushstrokes and notably thin incisions; the facial characteristics were rendered
through extremely skillful drawing. Similarly, flesh parts were painted with the same technique
as the one encountered in Angelos’ works. Other common features of the studied artifact and
Angelos’ icons include the addition of pigments in the gesso ground, the employment of high-grade
lazurite for rendering blues and the use of yellow bole for gilding backgrounds. Although some
of these techniques/materials do characterize icons of other Cretan painters of the same period,
their simultaneous appearance in a single icon, along with the corresponding stylistic characteristics
(archaeological perspective), collectively constitute a safe fingerprint of an Angelos painting.
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Greece, 2008; pp. 62–63.

15. Stassinopoulos, S. An icon of St Nicolaos with scenes from his life by the painter Angelos. Conservation and
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Abstract: In historical paintings, the detection of low amounts of pigments and dyes by Raman
spectroscopy can sometimes be challenging, in particular for fluorescent dyes. This issue can be
overcome by using SERS (surface-enhanced Raman spectroscopy) which takes advantage of the
properties of nanostructured metal surfaces to quench fluorescence and enhance Raman signals.
In this work, silver nanostars (AgNSs) are applied for the first time to real art samples, in particular to
painting cross-sections, exploiting their effective SERS properties for pigment identification. The case
study is the Madonna della Misericordia of the National Gallery of Parma (Italy). Cross-sections were
analyzed at first by optical microscopy, SEM-EDS, and micro-Raman spectroscopy. Unfortunately,
in some cross-sections, the application of conventional Raman spectroscopy was hindered by an
intense background fluorescence. Therefore, AgNSs were deposited and used as SERS-active
agent. The experimentation was successful, allowing us to identify a modern dye, namely copper
phthalocyanine. This result, together with the detection of other modern pigments (titanium white)
and expert visual examination, allowed to reconstruct the painting history, postdating its realization
from the 15th century (according to the Gallery inventory) to 19th century with a heavy role of recent
(middle 20th century) restoration interventions.

Keywords: silver nanostars; surface enhanced Raman spectroscopy; cross-sections;
copper phthalocyanine; blue pigment; analytical diagnostics; National Gallery of Parma;
Madonna della Misericordia

1. Introduction

Nowadays the scientific approach plays a key role in the conservation-restoration of cultural
heritage, which is necessary not only to sort out conservation issues but also to answer diagnostic
inquiries. The analysis of the composition of a work of art follows a precise analytical protocol
which starts from the visual analysis (optical microscopy in visible and UV light, IR reflectography),
then it involves the use of elemental and molecular non-destructive techniques (X-rays fluorescence
spectroscopy), scanning electron microscopy (SEM), attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy, Raman spectroscopy, up to eventually resorting to micro-destructive
ones (gas chromatography and mass spectrometry, high performance liquid chromatography). Indeed,
since they are composite materials, works of art must be studied in their three-dimensionality in order to
take into account all the layers underneath the superficial one. For this reason, transversal micro-sample,
the so-called cross-section, once embedded in resins or salts, represent the ideal condition for an
exhaustive analysis. Cross-sections should contain all the layers of which the work of art is composed:
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support, ground layer, priming, paint layer, varnish, and glaze. The complexity of the layering and
the variety of material employed (binders, pigments, dyes, varnishes) depend on several factors:
the period and place of execution, the artist, the restoration interventions, etc. Cross-sections can tell
us the story of a work of art: by performing analyses directly on each layer, we can map the materials
employed and organize the layers in a reliable sequence [1,2].

Chemical information on the composition of the layers of a cross-section can be obtained by
analytical techniques characterized by spatial resolution capabilities. Typically, localized elemental
information is obtained by SEM combined with electron dispersive spectroscopy (EDS) while molecular
data are obtained by using vibrational spectroscopies combined with optical microscopy, such as
micro-FTIR or micro-Raman spectroscopy.

In particular, Raman spectroscopy represents one of the most employed techniques in diagnostics
thanks to the following advantages: non-destructiveness, efficient in situ performance, high spatial
resolution (up to 1 µm), presence of Raman bands in the “fingerprint” region of the spectra, capability of
discriminating between different crystalline structures, and to resolve weak Raman signals of the analyte
from water and glass [3,4]. On the other hand, Raman spectroscopy presents some disadvantages
which can hamper its widespread use. Raman scattering is weak (spectroscopic cross-section of
10−28 cm2/mol), as a result, it can be obscured by the much more intense fluorescence (spectroscopic
cross-section of 10−16 cm2/mol) emitted by organic molecules with conjugated electronic structures,
such as the colorants. The low sensitivity of Raman spectroscopy and the presence of fluorescence can
hinder the detection of dyes, in particular, when present at low concentration levels.

Surface enhanced Raman spectroscopy (SERS), observed for the first time by Fleischmann, Hendra,
and McQuillan in 1973 [5], helps to overcome these shortcomings. This technique takes advantage
of the optical properties of nanostructured metal surfaces, in particular silver, which locally enhance
the electromagnetic field, at the same time quenching the fluorescence. As a consequence, a dramatic
enhancement of the Raman signal is detected for molecules in close contact with the nanomaterial so
facilitating their detection [6].

The SERS technique has been employed in the field of cultural heritage (see ref. [2] for a
recent review), in particular, for the analysis of colorants directly on fibers, micro-fragments,
and cross-sections [7–9]. Typically, the materials chosen for this purpose are spherical silver
nanoparticles, prepared as colloidal dispersion by using the Lee–Meisel method [10,11]. Recently,
other nanomaterials have shown higher effectiveness in producing significant SERS effects,
including anisotropic nanostructures such as silver nanostars (AgNSs) [12–15]. Due to their stellate
shape composed of a central core and many pods, these particular nanoparticles are expected to
absorb photons in different spectral regions, namely around 370–380 nm and in the near infrared
region and, when excited with red-light laser beams, AgNSs show Raman enhancement factors in
excess to 106 [16–18]. Gold and silver nanostars (Au/AgNSs) can be obtained employing different
reagents and reduction methodologies. Among the different synthetic methods proposed for the
preparation of AgNSs [13,16–25], the one-pot method recently proposed by A. García-Leis et al. [14,15],
looks particularly attractive for its feasibility and reproducibility. It involves the reduction of the
metallic precursor (AgNO3) by a reducing agent (hydroxylamine) in the presence of a capping agent
(trisodium citrate) and additive (NaOH). Here, we propose for the first time, as far as we know, the use
of AgNSs prepared with the above method, to detect dyes in painting cross-sections. The efficiency of
AgNSs as SERS substrates has been tested in our lab on other kinds of samples such as thiols adsorbed
on metals, including metal nanofibers [15], and lake pigments, indicating the superiority of AgNSs
over spherical silver nanoparticles [26].

As a case example, the methodology was applied to cross-sections from the Madonna della
Misericordia, an altarpiece kept by the National Gallery of Parma, Italy. The study took advantage of
recent restoration intervention on the paint, with the goal to obtain information on the history of this
work of art, in particular, to identify original pictorial layers and the role of previous restoration or
even repainting interventions. In this study, Raman spectroscopy was applied together with other
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diagnostic tools, demonstrating that SERS with the help of AgNSs is effective in detecting organic and
metalorganic dyes at trace levels, which are not detectable by means of “regular” Raman spectroscopy.

A case study is exposed in this paper, illustrating how AgNSs can be applied to a cross section of
a real painting for diagnostics purposes, confirming that this kind of SERS substrate can be effective for
the sensitive detection of organics and metallorganics employed in the field of cultural heritage.

2. Materials and Methods

2.1. The painting “Madonna della Misericordia” from the National Gallery of Parma

The Madonna della Misericordia (Inv. 450) at the National Gallery of Parma is an oil on panel
painting, 192 × 82 cm, which represents Virgin Mary housing under her mantle the clients, two ladies
and two gentlemen, kneeling at her left and right, respectively. It is completed by a painted frame
characterized by two lateral paraste, a central rose and a predella decorated by three saints (Figure 1).
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Figure 1. Pictures showing the Madonna della Misericordia (a) at the entrance of Parmigianino and
Correggio’s display rooms in the 19th century and (b) in the picture gallery where it has been displayed
until 2018.

This painting arrived at the Gallery in 1868, coming from the Cappuccini’s monastery in Borgo
Santa Chiara, Parma [27]. The director of the Gallery, Corrado Ricci, attributed this painting to an
anonymous painter belonging to the school of Cremona of the 15th century [28]. The painting underwent
important restoration interventions (insertion of wedges into the panel to level it—sverzatura—which
is the main cause of cracks on the pictorial layer, numerous re-paintings, etc.) carried out in 1896
by G. Frenguelli [28] and in 1951 by L. Arrigoni [29]. The present study was performed during a
restoration intervention of the painting performed in 2018 and 2019.

2.2. UV-Visible Absorption Spectroscopy

UV-Visible absorbance spectra were recorded with a Perkin-Elmer Lambda 40 spectrophotometer
equipped with a Peltier-Elmer PTP6 (Peltier temperature programmer) apparatus. The Ag colloids
samples were diluted 1:3 in water.
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2.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) analysis were
performed using a JEOL 3010 high resolution electron microscope (0.17 nm point-to-point resolution at
Scherzer defocus), operating at 300 kV, equipped with a Gatan slow-scan CCD camera (model 794)
and an Oxford Instrument EDS microanalysis detector Model 6636. Drops of colloidal solutions were
deposited on holey-carbon copper grids and let dry at room temperature before analysis.

2.4. SEM-EDS

SEM and EDS analysis on selected spots of the cross sections were performed at the University Ca’
Foscari of Venice (Department of Molecular Sciences and Nanosystems), using a TM3000 Hitachi tabletop
scanning electron microscope coupled with a X-ray microanalysis system (SwiftED3000); conditions for
recording the EDS spectra were: acquisition time 30.0 s; process time 5 s; accelerating voltage 15 kV.

2.5. Micro-Raman Spectroscopy

The SERS measurements were performed at the University of Southampton, during a stage of
MSZ at the School of Chemistry. A Renishaw 2000 Raman spectrometer was employed to carry out
both Raman and SERS measurements. The excitation laser employed was a Renishaw 785 nm laser
and a CCD detector. The maximum power of the laser is 100 mW, but lower powers were used
during the data acquisition, typically 0.05% and 1% (0.05 and 1 mW) to avoid to damage the samples.
The collection time was 10 s for one accumulation. The spectrometer was equipped with a Leica
DMLM series microscope. In order to collect scattered light at the sample, a microscope objective with
a 50×magnification was employed with a short working distance (0.37 mm—numerical aperture 0.75).
Noise filters and background correction were used for clarity when necessary.

2.6. Preparation of the Cross-Sections

The samples for the cross sections were taken by the restorer, using a micro scalpel, cutting triangular
millimeter sized fragments containing all the layers composing the painting. Then, they were placed
into cells of a silicon rubber mold on an already hardened resin layer. At this point, the embedding
resin was prepared under the fume hood using some mL of unsaturated orthophtalic polyester resin
(purchased from G. Angeloni, Venice) and few drops of hardener (methyl-ethyl-ketone peroxide).
The components were stirred until the mixture was completely homogenous. Eventually, the resin
was poured into the cells and left to dry for two days. Once the resin cured, the polishing procedure
started. The cross sections were polished manually using silicon carbide paper with decreasing grain
sizes. Different grit size were used (P120-P500-P800-P4000-P6000-P8000-12000, of an average size from
130 to 4 µm) and progressively replaced into the lapping machine, equipped with a magnetic rotating
disk and water cooling system, from the coarsest to the finest one. The sections were pressed onto the
abrasive papers for some minutes and frequently observed at the stereomicroscope to check the level of
polishing. This procedure ended when the samples were reached from the long side of the resin blocks.

2.7. Ag Nanostars Colloid: Preparation and Application on the Cross Sections

AgNSs were synthesized using the method proposed by A. García-Leis et al. [14], using analytical
grade reagents and water purified with a Milli-Q system (Millipore). Four solutions were required:

• Sodium hydroxide solution: NaOH (0.02 g) dissolved in water (10 mL) to get a 0.05 M solution.
• Hydroxylamine solution: NH2OH (18 µL) at 50% w/v in water (5 mL).
• Silver nitrate solution: AgNO3 (0.0017 g) dissolved in water (10 mL) to obtain a 1·10−3 M solution.
• Trisodium citrate solution: of C6H5O7Na3.2H2O (0.114 g) dissolved in water (10 mL) to get a

0.045 M solution.
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Next, 500 µL of the NaOH and 500 µL of the hydroxylamine solutions were mixed in a flask and
stirred at 670 rpm with a magnetic stirrer for one minute. Then, 9 mL of the AgNO3 solution were
added and the mixture kept under stirring for 5 min. Afterwards, 100 µL of the citrate solution were
dropped in the flask, stirring for approximately 15 min, i.e., until it developed a dark green color.
The reduction of Ag+ ions was achieved by hydroxylamine, but this process, at room temperature, is
very slow. In order to make the long arms of these spiky nanoparticles grow faster, citrate was added.
The complete growth of the star-shaped NPs, starting from a spherical faceted morphology, takes more
or less 48 h. Therefore, the colloidal solution of AgNSs was concentrated by centrifuging three times at
8000 rpm in a 1.5 mL Eppendorf centrifuge tube from 500 µL of colloid. After each centrifugation step,
400 µL of supernatant were removed and replaced by the same quantity of colloid. Before centrifuging,
nanoparticles which got stuck at the bottom, were redispersed. After this procedure, 2 µL of the
concentrated AgNSs dispersion were deposited on the cross section by means of a micropipette.
Once completely dried, the sample was ready to be analyzed with the µ-Raman spectrometer.

3. Results and Discussion

3.1. Synthesis and Characterization of AgNSs

The macroscopic optical properties and TEM image of the AgNSs are shown in Figure 2,
while Figure S1 shows the extinction spectra of the colloidal suspension of AgNSs [16]. This colloid
presents a dark green color (Figure 2A) and, as shown by TEM analysis, is indeed composed by a
monodisperse suspension of AgNSs (Figure 2B). A typical AgNS presents a central core of around
50 nm diameter and a variable number of pods arranged in an octahedral structure reaching an
overall dimension of approximately 200 nm. The growth starts from spherical seeds of Ag reduced by
hydroxylamine, then, in the following 48 h, the pods start taking shape thanks to the citrate ions in the
presence of NaOH, which directs the growth of the branches [14,15].
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The UV-Vis-NIR extinction spectrum of the colloidal dispersion of AgNSs (see Figure S1)
presents features in agreement with the previous literature [15–17], namely an absorption peak
with maximum extinction at 370 nm, followed by a progressive increase in extinction in the NIR region,
starting approximately for λ > 550 nm. Further details on the general characterization of the AgNSs
synthesized here are described elsewhere [16].

3.2. Cross-Sections Analysis: Bluish Background (CS7), an Exemplificative Study

The preliminary analyses were fundamental to plan the sampling areas (see SM). Indeed,
mapping the more recently retouched areas of over painting was necessary to avoid them during the
sampling. Seven cross-sections were sampled from the painting and the predella, and six from the
frame. Each one was taken in order to answer specific questions about the materials employed in
every layer of the stratigraphy at those precise points (Figure 3). For the sake of brevity, only the most
important and relevant results are presented (see SM).

Heritage 2020, 3 FOR PEER REVIEW  6 

 

starting approximately for λ > 550 nm. Further details on the general characterization of the AgNSs 

synthesized here are described elsewhere [16]. 

3.2. Cross-Sections Analysis: Bluish Background (CS7), an Exemplificative Study 

The preliminary analyses were fundamental to plan the sampling areas (see SM). Indeed, 

mapping the more recently retouched areas of over painting was necessary to avoid them during the 

sampling. Seven cross-sections were sampled from the painting and the predella, and six from the 

frame. Each one was taken in order to answer specific questions about the materials employed in 

every layer of the stratigraphy at those precise points (Figure 3). For the sake of brevity, only the most 

important and relevant results are presented (see SM). 

 

Figure 3. Sampling map of the numbered cross sections (CS) in the (a) panel and (b) frame (CS5 is an 

erratic sample). 

The analysis of CS7, sampled in the bluish background behind the Virgin Mary and the clients, 

is the most exemplificative in the context of the present study. Figure 4a shows the exact area where 

CS7 was sampled and, once embedded in a polyester resin block, it was analyzed using 50× 

magnification (Figure 4b) and optical microscope in reflected light (Figure 4c). At high magnifications 

(50×), all the layers composing the painting are visible. Starting from the bottom, we can find the 

ground layer, made of gypsum, which is necessary to make the support even and homogeneous, in 

this case, the wood panel. Then, it is possible to note the paint layer made up of a mixture of blue and 

white grains. The peculiar feature is that this sequence is repeated: a new ground and paint layer 

were added on the original ones in more recent times. Apparently, they may be composed of the 

same materials, but this must be investigated by means of elemental and molecular analyses. 

Figure 3. Sampling map of the numbered cross sections (CS) in the (a) panel and (b) frame (CS5 is an
erratic sample).

The analysis of CS7, sampled in the bluish background behind the Virgin Mary and the clients,
is the most exemplificative in the context of the present study. Figure 4a shows the exact area where CS7
was sampled and, once embedded in a polyester resin block, it was analyzed using 50×magnification
(Figure 4b) and optical microscope in reflected light (Figure 4c). At high magnifications (50×), all the
layers composing the painting are visible. Starting from the bottom, we can find the ground layer,
made of gypsum, which is necessary to make the support even and homogeneous, in this case,
the wood panel. Then, it is possible to note the paint layer made up of a mixture of blue and white
grains. The peculiar feature is that this sequence is repeated: a new ground and paint layer were added
on the original ones in more recent times. Apparently, they may be composed of the same materials,
but this must be investigated by means of elemental and molecular analyses.

First of all, the cross section was examined by SEM. The analysis of data in Figure 5 confirms
the presence of four layers: the 1st ground (I) (around 150 µm), characterized by light elements
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(darker areas); the 1st paint layer (II) (≈70 µm) composed by grains of quite light elements in a heavier
matrix (brighter areas); the 2nd ground layer (III) (≈50 µm) and the 2nd paint layer (IV) (≈15 µm),
both containing mainly light elements with some brighter spots which indicate the presence of heavy
elements. EDS analysis provided important information on the elemental composition of the layers.
EDS spectra inserted in Figure 5 confirm the presence of Ca and S in the 1st ground layer, which agree
with the likely use of gypsum (CaSO4). The peak of Cu in the grains and the one of Pb in the matrix of
the 1st paint layer suggest the presence of a blue copper pigment such as azurite [Cu3(CO)2(OH)2]
mixed with a white lead pigment, probably lead white [(PbCO3)2·Pb(OH)2]. Ca and S are detected also
in the 2nd ground layer, indicating again the presence of gypsum. Finally, the 2nd paint layer is mainly
characterized by the presence of Ti, Si, Al, Na, S, Cu, and some Cr. The presence of Ti suggests the use
of titanium white, TiO2, a modern pigment introduced in 1920 [30].

Additional EDS spectra were recorded, focusing on the bluish grains present in the 2nd paint layer,
revealing the presence of S, Ba, Cr, and Co (see Figure 6). The detection of S and Ba can agree with
the presence of barite, BaSO4. This natural occurring mineral has been synthetically produced from
the beginning of the nineteen century to be extensively employed both as filler in the formulations of
colors [31] and used in the preparation of TiO2 [30]. Cr and Co could be attributed to the presence
of a bluish chromium-based pigment: cobalt chromite, CoCr2O4 (PB36, cobalt chromite blue-green
spinel) often substitutes the historically genuine cerulean blue (PB35, cobalt stannate), the latter being
introduced in 1860 as a pigment [32]. Unfortunately, no Raman or SERS spectral evidence allowed to
confirm this supposition.
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In order to obtain information at a molecular level, micro-Raman spectroscopy was applied.
Figure 7 shows the Raman spectra recorded analyzing defined points on the magnified cross section,
indicated in Figure 7a. The two ground layers were confirmed to contain gypsum, whose spectrum
presents the typical band at 1009 (strong) cm−1 (Figure 7b) [33]. Comparison with literature spectra [33]
proved that the 1st paint layer contains azurite, as indicated by the bands at 1578 (weak), 1423 (medium),
1096 (m), 832 (w), 770 (m), 401 (s), 247 and 83 (m) cm−1 (Figure 7c), and lead white, whose bands are
detected at 1055 (s) and 401 (m) cm−1 (Figure 7d).

The results of the Raman analyses performed on the 2nd paint layer are exposed below. The presence
of titanium white (PW6) in the form of anatase, was confirmed by the detection of its typical bands at
640 (m), 510 (m), 397 (m) and 143 (s) cm−1 (Figure 8) [32].

The Raman characterization of the bluish pigment, due to the scarcity of grains and the tiny
thickness of the layer, is particularly challenging. The Raman spectrum recorded on this layer allowed
us to identify ultramarine blue: sodium polysulphide-aluminosilicate (PB29, Na6-10Al6Si6O24S2-4,
which is responsible for the Raman band at 548 cm−1 (s) (the bands in gray belong to titanium white)
(Figure 9) [34]. This attribution is supported by the detection of Si, Na, Al, S in the EDS spectrum
reported in Figure 5IV. Natural ultramarine is a mineral called lazurite, a complex sulfur-containing
sodium aluminosilicate based on a body-centered cubic lattice. Synthetic ultramarine was synthesized
in 1828 by Jean Baptiste Guimet in Paris and then rapidly adopted by artists [35]. Note that natural
and synthetic ultramarine blue provide comparable spectral signatures and cannot be distinguished by
Raman analysis.
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Figure 8. (a) Optical micrograph (50×) and (b) Raman spectrum recorded at point 4 on the 2nd paint
layer of CS7, showing the spectral features of titanium dioxide.

During the analysis of the blue layer, we noticed that some spots gave strong fluorescence while
others did not. Indeed, the spectrum in Figure 9 refers to the non-fluorescent grains. Comparing the
results obtained with the composition of the most common contemporary color tubes, it was clear
that the presence of synthetic ultramarine alone was unlikely since this pigment is often mixed with
synthetic organic dyes [36]. Normal Raman spectroscopy did not provide spectra useful to solve
this diagnostic issue because of the fluorescence, typically generated by some organic dyes and
pigments (Figure 10a). For this reason, we opted to employ the SERS technique using AgNSs as signal
enhancers and fluorescence quenchers, in order to amplify the Raman spectrum of the fluorescent
grains. After addition of the Ag nanostars [14], the spectrum shown in Figure 10b was collected.
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The fluorescent background is now dramatically lowered and a defined spectrum emerges being
characterized by detectable bands at 1566 (m), 1514 (s), 1438 (w), 1400 (w), 1379 (m), 1349 (s), 1303 (m),
1142 (w), 1104 (s), 1002 (m), 720 (m), 679 (s), 649 (m), and 585 (w) cm−1. Comparison with literature
data indicate that these features corresponds to those of copper alpha-phthalocyanine (PB 15:2) [37–39],
a synthetic pigment. A detailed comparison of the experimental and the reference bands of PB 15:2 is
reported in Table S1 in Supplementary Materials. Interestingly, the presence of PB 15:2 agrees with the
presence of the Cu signals in the EDS spectrum in Figure 5II. Organic phthalocyanines and their metal
complexes were synthesized at the beginning of the twentieth century and are widely used as blue
and green pigments until the present time [40]. Note that the band at 211 cm−1 is produced by the
interaction of Ag with ions present in the colloidal solution of nanoparticles [41].
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Figure 10. (a) Raman spectrum of the blue organic dye in 2nd paint layer of CS7, which resulted completely
fluorescent; (b) SERS spectrum of the blue dye, recorded after AgNSs deposition, showing the spectral
features of copper phthalocyanine.

4. Conclusions

The overall results obtained with this investigation on the Madonna della Misericordia of the
Parma National Gallery are summarized in Table S1 in Supplementary Materials. In particular,
the careful analysis of the cross section CS7 from the Madonna della Misericordia, combined with
general visual and instrumental investigation on the painting, revealed at least two moments of
execution. In particular, referring to the blue area from which CS7 was sampled, a probably older paint
layer characterized by the presence of azurite and lead white was discerned. Over this, separated by a
gypsum ground overlayer, a second layer of paint was found which contains modern components
such as titanium white, copper phthalocyanine blue, and barite. These findings can indicate that the
painting was realized in the 19th century and heavily remodeled during the restoration works of
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the 20th century. This dating is in substantial opposition to the temporal collocation reported in the
inventory of the gallery which attributed the painting to the 15th century [28]. The extensive study of
this work of art led to particularly interesting results: the scientific together with the stylistic analyses
enabled to achieve a more accurate and precise dating, underlining the importance of adopting a
scientific approach in the field of cultural heritage.

From an analytical diagnostic viewpoint, this study demonstrates the real-world applicability and
practical usefulness of AgNSs as highly effective agents to achieve SERS detection of Raman signals for
identifying pigments such as copper phthalocyanine, whose fluorescence hampers their detection by
means of regular Raman spectroscopy. The one-pot, easy synthesis of AgNSs, together with their easy
applicability on cross-sections or other kinds of samples, make their use highly practicable as SERS
enhancers for real world cultural heritage diagnostics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9408/3/4/74/s1.
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Abstract: The origin of Dzi beads, also called “tian zhu”, has always been a mystery. These beads
come in a variety of patterns, shapes and sizes. They have cultural and heritage significance in
Tibet and areas surrounding the Himalayas. The most recognized beads are those with the “eye”
pattern. They are said to ward off evil spirits. Due to their reputation, the demand for Dzi beads
has increased in Asia. Herein, we report a study of a Dzi bead with a three-eye pattern using X-ray
diffraction (XRD), X-ray fluorescence (XRF), X-ray absorption near edge structure (XANES) and
imaging techniques. This is a novel area for Dzi bead research using X-rays from a synchrotron light
source to determine the chemical composition of the bead, if the pattern is natural or man-made or if
the bead is genuine or a replica. These techniques revealed the bead to be composed of agate (silicon
dioxide). An interesting feature on the bead’s surface was the etched rings, which were observed to
contain regular copper hot spots on their circumference. Our results suggest that the Dzi bead was
genuine and started out as an earth-formed agate, with the pattern crafted.

Keywords: Dzi bead; agate; X-ray diffraction; X-ray fluorescence; X-ray absorption near edge structure;
X-ray imaging

1. Introduction

The origin of Tibetan Dzi beads, also known as “tian zhu” (heaven’s pearl) or commonly accepted
as Tibetan beads, has always been a mystery. They first appeared between 2000 and 1000 BC in
countries surrounding the Himalayas. Authentic Dzi beads are found primarily in Tibet, according
to Bolin [1]. There are many legends about how these beads came to be. This is because the Tibetan
people believe the beads are of supernatural origin [2]. One story tells of semigods owning them
as ornaments. It is said that the beads would be thrown away if they became imperfect in any way.
This story explains why Dzi beads are never found in perfect condition [1,2]. Another story is perhaps
more well-known and widespread, describing the Dzi beads to be insects. The story tells of a man in
the mountains who supposedly threw his hat over such an insect, petrifying it. This petrified insect is
said to have been a Dzi bead [1,2]. There are a multitude of other stories that have been told, including
the Dzi bead being found in the horns of slaughtered animals as well as in dung [1–3]. The people of
Tibet hold these beads in high regard and consider them heritage gems; they are reluctant to sell them
for low sums, especially to those in the Western world. Therefore, there has been very little scientific
research conducted on them. It is generally accepted, however, that Dzi beads are made from agate,
a form of chalcedony quartz with a chemical composition of SiO2 [1–3].

It is said that the owner or wearer of a Dzi bead is protected from catastrophe. The Dzi bead
supposedly wards off evil spirits that might have ill effects on the wearer [1,2]. While being worn,
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if the bead breaks or chips, it is thought to have served its purpose and has absorbed the energy of a
catastrophic event that was intended for the wearer. Thus, the effects of the bead are rendered useless,
as it is no longer regarded as “pure” [1,2]. The only time a Dzi is deliberately broken is for medicinal
purposes. Doctors in Tibet use powder from the beads mixed with herbs to treat ailments such as
epilepsy [1,2].

In Ebbinghouse and Winsten’s article, they mention three techniques that have been recorded for
creating Dzi beads [2]. The first technique for creating a white pattern on a natural stone background
involves the painting of an alkali substance onto the surface of the bead and then firing the whole
bead [3–5]. The area that has been painted then turns white, and this continues through the surface
into the Dzi bead interior [6,7]. The second technique creates a black design on a whitened background.
The whitening is done with the aforementioned technique on the entire bead, and then the dark pattern
is painted with a chemical such as copper nitrate [8]. Using similar techniques, the third type of Dzi is
a black design on a natural stone background [2–8]. It should also be noted that drill bits made of reed
in the old days and then copper were used to drill holes in the crafting process. Bolin’s book (p. 29)
also describes similar treatments in the craft, including darkening with plant sugar and heat, beaching
and white line etching with natron (a naturally occurring mixture of sodium carbonate decahydrate,
Na2CO3·10H2O, and sodium bicarbonate, NaHCO3, along with small amounts of sodium chloride and
sodium sulfate) and protecting the desired areas with grease, clay, etc. [1].

The Tibetan people only regard certain Dzi beads as real or “pure”. Dzi beads come in a varied
array of patterns, shapes and sizes. A set of patterns that are universally recognized as “pure” are
the “eye” patterns, as shown in Figure 1a,b together with representative fakes (Figure 1c) and the
three-eye specimen we used in this investigation, Figure 1d,e. Every pattern holds a different meaning
and benefit to the wearer [1–3]. The most highly coveted Dzi bead is the nine-eye bead. This bead
symbolizes the nine planets, holds the activity of the entire universe and possesses the wisdom of
humanity [1,2], and it is said to assist the owner in gaining wealth, good health, success, power,
compassion and glory [1–8].
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bead used in this study, showing a one-eye pattern on one side and a two-eye pattern on the opposite 
side. The middle column in (b) depicts what the three-eye bead looks like when unfolded. 

Tibetans have created criteria for what makes a Dzi bead valuable. As mentioned, the bead must 
have a desirable pattern that is considered “pure”. A Dzi bead must possess a round cross-sectional 
shape and not appear thin [1,2]. As noted above, the Dzi bead must not be broken or chipped, as this 
is said to reflect the fact that it has already served its purpose. When held up to the sun, the bead 
should be translucent or reveal any internal flaws with the pattern, although there are exceptions 

Figure 1. Dzi bead patterns. (a) The most precious Dzi beads. (b) Beads that are of lesser value than (a)
but are most recognized and worn as traditional ornaments [2]. (c) Dzi bead imitations. Left to right:
plastic with metal core, polymer clay and painted aluminum [4]. (d,e) Photograph of the Dzi bead
used in this study, showing a one-eye pattern on one side and a two-eye pattern on the opposite side.
The middle column in (b) depicts what the three-eye bead looks like when unfolded.

Tibetans have created criteria for what makes a Dzi bead valuable. As mentioned, the bead must
have a desirable pattern that is considered “pure”. A Dzi bead must possess a round cross-sectional
shape and not appear thin [1,2]. As noted above, the Dzi bead must not be broken or chipped, as this
is said to reflect the fact that it has already served its purpose. When held up to the sun, the bead
should be translucent or reveal any internal flaws with the pattern, although there are exceptions [1,2].
Tibetans know how to identify a genuine Dzi bead from a fake; however, imitations have been created
because these beads are so valuable.
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The demand for Dzi beads in Asian regions has increased and spurred the production of replicas.
Some replicas have such minute details that they must be observed more closely under a microscope
or cut open to reveal if they are fake. In most cases, it has been identified that a replica weighs less
than the original [4]. Other replicas are fitted with a metal center to imitate the weight of the real beads.
Dzi bead replicas are usually made of plastic, glass or a light metal such as aluminum; examples are
shown in Figure 1c [4].

The objective of this work is to investigate the pattern, the elemental and chemical composition
as well as the structure of a three-eye Dzi bead using conventional laboratory techniques, such as
optical microscopy and scanning electron microscopy (SEM), and advanced X-ray techniques from a
synchrotron source. X-ray diffraction (XRD) reveals the crystal structure and, hence, mineral formation
of the bead; X-ray fluorescence (XRF) reveals its elemental composition; and X-ray absorption near
edge structure (XANES) reveals the local structure of a selected element of interest. Using a micro-X-ray
beam, we can conduct microscopy and microanalysis of the different patterns of the specimen. We have
gained considerable experience over the years in the research and development of these techniques [9]
and are encouraged by our recent success in retrieving high-resolution images from badly tarnished
daguerreotypes [10–12], the first public photographs in human history. The applications of X-rays
from synchrotrons in art and archaeology have also been reviewed recently [13]. Based on these
techniques, we will attempt to investigate if the specimen is genuine or fake, if the pattern is natural or
man-made and if there is any evidence for the crafting methods we noted above, as described by Bolin
and Ebbinghouse and Winsten [1,2]. We show below that we can provide some positive answers for
these questions in this preliminary study using synchrotron radiation.

2. Materials and Methods

2.1. The Three-Eye Dzi Bead

The three-eye bead investigated in this work was purchased in a jewelry store in Chengdu,
Sichuan, China, and it came with an authenticity certificate (Figure S1). The bead was sliced in
the middle, as shown in Figure S2. Slicing was carried out in the Department of Earth Sciences at
Western University. A MK Diamond brand tile saw with a diamond embedded blade was used to slice
the Dzi bead into several pieces. The bead was cut open to reveal the interior for further imaging.
It should be noted that the middle piece was chipped, which is not unexpected from a hard stone like
agate. A small piece was ground to power. Both the slices and the powder specimens were used for
XRD measurements.

2.2. Optical and Scanning Electron Microscope, Energy-Dispersive X-ray Spectroscopy

The optical microscope used was a Mitutoyo WF with a ZEISS Axiocam 1Cc5 color Charge
Coupling Device (CCD) camera. The magnifications available were 5×, 10×, 20× and 100×. The Dzi
bead was affixed to the glass of the stage with a sticky carbon tab to ensure its stability. The scanning
electron microscope was a LEO/ZEISS 1540XB instrument. Both the optical and SEM measurements
were made in Western’s Nanofabrication Facility. Images were collected from a piece of the Dzi bead,
specifically on the outer surface of the bead. Special attention was paid to the etched rings on the
surface. The Energy Dispersive X-ray (EDX) detector model was the N-Max 50 by Oxford Instruments.
This detector was coupled to the SEM, and the emitted fluorescent X-rays from the sample surface
were collected to perform a complete elemental analysis on specific sections on the Dzi bead surface.

2.3. XRD

XRD was used to characterize the surface of the light and dark regions; the edge of a slice and a
powder sample of the Dzi bead were investigated to determine its structure. Powder XRD was conducted
with a Rigaku Ru200BVH diffractometer equipped with a Co Kα (λ= 1.8 Å) X-ray source. The diffraction
patterns were measured over a 2θ range of 2◦ to 82◦. The diffraction patterns of quartz (SiO2), graphite
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and copper oxide, CuO, were used as references to compare with the crystal structure of the Dzi bead.
The reason for a graphite and copper oxide reference will become clear in the discussion below. XRD of
the Dzi bead surface and the edge of a slice was conducted using the VESPERS (Very Sensitive Elemental
and Structural Probe Employing Radiation from a Synchrotron) beamline of the Canadian Light
Source [14]. It is a hard X-ray beamline equipped with optical elements to deliver a polychromatic beam
(pink beam) and multibandpass monochromatic beams (using a double-multilayer and double-crystal
monochromator with Si(111) crystals, respectively) as well as microbeam (using a Kirkpatric-Baez (KB)
mirror) capabilities for XRD, XRF and imaging [14,15]. Using VESPERS (Very Sensitive Elemental and
Structural Probe Employing Radiation from a Synchrotron), XRD was performed with monochromatic
X-rays at 8 keV (1.55 Å)~Cu Kα and 12 keV (λ = 1.03 Å), and the diffracted beam was detected by a
Pilatus 1M pixel area detector. The diffraction rings were converted to intensity versus 2θ plots for easy
comparison with the references. It should be noted that monochromatic X-rays from the synchrotron
are tunable in energy, of a higher energy resolution and at least 104 times brighter than those of
laboratory sources, making the technique more desirable for faster acquisition and higher-quality data
for Rietveld refinement, and the microbeam (~5 µm) allows for small area diffraction and imaging.

2.4. X-Ray Microbeam Analysis: XRF and XANES

XRF and imaging experiments were conducted using the Very Sensitive Elemental and Structural
Probe Employing Radiation from a Synchrotron (VESPERS) [14,15] and the Soft X-ray Microanalysis
Beamline (Soft X-ray Microanalysis Beamline (SXRMB)) [16,17] beamline of the Canadian Light Source.
The former produces monochromatic hard X-rays from 5 to 30 keV, and the latter delivers tender
X-rays from 1.7 to 10 keV. With VESPERS, an X-ray energy of 10 keV was selected for XRF excitation,
which is above the Cu K-edge (edge: 8979 eV; Kα1: 8048 eV), an element of interest in our pursuit,
providing a good cross-section and, hence, fluorescence yield from other first-row transition elements
at the K-edge, such as Fe (edge: 7112 eV; Kα1: 6404 eV). The SXRMB beamline is equipped with a
double-crystal monochromator with dual crystal sets of InSb(111) and Si(111) crystals. The former
is used for Si K-edge studies with a slightly better photon throughput. It is also equipped with a
tender X-ray microprobe endstation that is capable of tracking elements such as Si (K-edge: 1840 eV;
Kα1 at 1740 eV), K (K-edge: 3608 eV; Kα1: 3314 eV) and all the way up to Fe (K-edge: 7112eV; Kα1:
6404 eV). The micro-X-ray beam was scanned over the sample (fixed beam position with sample
moving) with a pixel size of ~5 × 5 and ~10 × 10 microns for VESPERS and SXRMB, respectively,
while the intensity of the relevant fluorescent X-ray was tracked by silicon drift detectors. Elemental
maps were produced with the normalized fluorescence yield of the element of interest and analyzed
with standard imaging software.

XANES tracks the modulation of the X-ray absorption coefficient of an element above an absorption
edge. The modulation, often appearing as oscillations arising from the interference of the forward-
and backscattered photoelectron by surrounding atoms, contains all the information about the local
structure of the absorbing atom (the absorption coefficient of a free atom is monotonic), such as
the identity of the neighboring atom, its interatomic distance from the absorbing atom and its local
dynamics (root mean displacement from the equilibrium distance). The simplest but most powerful
use of XANES is its fingerprinting features since different local environments will exhibit different yet
specific features in XANES. Thus, microbeam XANES provides additional information beyond XRF in
that it provides not only elemental information but also chemical information. The power of these
capabilities in the X-ray microanalysis of the Dzi bead specimen will become apparent below.

3. Results and Discussion

3.1. Optical and SEM Observations

The optical and SEM images are shown in Figure 2 together with the EDX analysis. A close
inspection of the patterns revealed that in addition to the familiar eye and dark and light stripes, there
were etched rings, as is apparent from Figure 1. Observation under the optical microscope did not
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reveal any clear boundaries between the white ring and the dark background. Figure 2a displays
the photographs of the one-eye and two-eye side of the bead together with the optical microscopy,
and Figure 2b displays the SEM images showing a representative etched ring. These rings were all
over the surface. In addition, from the slice in Figure S2, one could see the white region extended
considerably into the bead; this confirms the report of Ebbinghouse and Winsten on the crafting of the
white patterns that the white region extends significantly below the surface [2].
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Figure 2. (a) The approximate boundary between the light and dark areas of the bead’s pattern
(depicted with a white dashed line), as observed using an optical microscope. (b) Optical (top) and
scanning electron microscopy (SEM) (bottom) image of the etched rings that are all over the surface of
the bead in both the light and dark regions and across the boundary. (c) EDX from two specified areas
denoted 1 and 2 in the SEM (Electron High Tension (EHT): 30 kV). Dominant components are Si and O,
as expected for agate.

One can also see from Figure 2b that the etched rings were about 1 mm in diameter and clearly
exhibited cracks and crevices, as can be seen in both the optical and SEM images. EDX recorded in the
selected area marked with blue and red rectangles identified Si and O as the dominant elements, with a
tiny amount of Al in the flat region in Figure 2c. This finding immediately confirms the elemental
composition of the Dzi bead was consistent with that of agate (quartz).

3.2. XRD

Figure 3 shows a comparison of the lab and synchrotron XRD recorded with (a) a powder sample
of the Dzi bead and (b) the edge of a slice of the Dzi bead, respectively. The XRD using VESPERS
was collected with a microbeam and an area-sensitive detector, yielding diffraction rings that were
then converted to the 2θ display (Figure 1b and Figure S3) with the same scale as Co Kα for ease of
comparison. From Figure 3a, one clearly sees that the Dzi bead powder exhibited a pattern characteristic
of α-quartz (vertical lines), supporting the EDX results that the materials making up the Dzi bead were
SiO2 quartz. There was, however, a small but noticeable peak marked by the arrow. This conspicuous
peak was not seen in the synchrotron data (Figure 3b), where a comparison was also made with the
XRD of graphite and CuO. The latter had no match, e.g., CuO had strong peaks at 2θ between 30◦ and
40◦ (not shown), strongly indicating that this peak likely came from graphite. It should be noted that
both graphite and CuO appear black.

From the above analysis, the Dzi bead was made of SiO2 (quartz) and appeared to be genuine.
A graphite signature was detected in the powder sample but not from microdiffraction at the edge of a
slice; presumably, the latter probed a much smaller area than the powder sample examined with a
large beam and a relatively macroscopic sample, although possible carbon contamination during the
grinding process cannot be ruled out.
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Figure 3. (a) Representative X-ray diffraction (XRD) of Dzi powder ground from a broken piece
recorded using lab X-rays from a Co anode (λ = 1.8 Å). The corresponding XRD pattern of quartz
(PDF 46-1045) is also shown in purple vertical lines. A conspicuous peak not belonging to quartz is
marked with an arrow, which is consistent with graphite (004) diffraction. (b) XRD from the edge of
a slice of Dzi bead obtained with 8 keV X-rays using the VESPERS beamline converted to the same
2θ scale as Co Kα for ease of comparison. The insert shows the diffraction rings from the Pilatus
detector, which has been converted to the intensity-2θ pattern as shown. The XRD pattern of graphite
(PDF 41-1487) is also shown as vertical red lines. The conspicuous peak seen in the powder sample
is absent.

3.3. XRF, Imaging and Micro-XANES Analysis

Figure 4 shows the XRF map of elements in a region of interest covering both dark and light
areas. XRF tracks the specific X-ray emissions from elements, e.g., Cu Kα X-ray emissions arise from
the radiative de-excitation upon the removal of a 1s electron from a Cu atom (2p electron filling a 1s
core hole, emitting an X-ray photon). While XRF can be excited by any high-energy radiation—most
commonly electrons, as in SEM, EDX and X-rays—a synchrotron X-ray has the advantage over EDX
using SEM in that, in addition to being many orders of magnitude brighter than laboratory X-rays,
one can tune the excitation energy to just above an absorption edge of interest to enhance absorption
and, hence, the intensity of the fluorescence or, under favorable conditions, to avoid an unwanted
fluorescence signal by tuning the X-ray to below the edge of an unwanted element.

Let us first discuss the XRF results from VESPERS, a hard X-ray beamline where we used 12 keV
X-rays, which will be able to excite Ca and all first-row transition elements, yielding characteristic Kα

and Kβ X-rays; the Kα was used to track elements of interest.
From Figure 4a,b, we can see the etched rings covering the surface regardless of the dark and light

regions. The scan covered an area of ~1.1 × 1.1 mm, as marked by the red square. It began in a dark
region and ended in a light region, covering ~50–50 of both the light and dark region. From Figure 4c,
it is apparent that the most interesting feature was the hot spots seen in the element maps of Ca,
Fe and Cu, especially Cu. The location of these rings had no correlation with the dark and light regions
of the surface. Let us now concentrate on the Cu map. The spots were ~20 µm in diameter and
aligned regularly along the circumference of the ring, with a spacing of ~100 µm. The maps of Ca,
Fe and Cu could be directly overlaid on each other. To determine the chemical composition of the
Cu, we conducted Cu K-edge XANES measurements with a microbeam at the hot spots. Figure 5a,b
shows a magnified image of this region, which reveals that the etched ring spanned both the light and
dark regions. Figure 5c displays the micro-XANES of a hot spot (5 × 5 µm) recorded in the Cu Kα
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fluorescence yield compared with the XANES of the reference compounds, Cu metal, Cu2O and CuO,
representing the 0, +1 and +2 oxidation states of Cu. It should be noted that despite low count rates
in micro-XANES, the signal we obtained (eight scans) required about an hour, and it already clearly
confirms that the hot spot Cu was from CuO. The discovery of CuO led us to compare the XRD data
with those of CuO XRD patterns, and there was no sign of any CuO peaks seen in the bead’s data,
as noted in the XRD section above. This indicates that the amount of CuO was either amorphous or
very small and not detectable in the XRD.
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While the experiment using VESPERS provided fruitful results, its energy was not suitable to track
SiO2, the major component of agate based on which Dzi beads are made and crafted. We next conducted
measurements with the SXRMB beamline using its tender X-ray microprobe endstation. SXRMB is
designed for tender X-ray (1.7–5 keV) investigations, with accessible photon energy extending to
10 keV [16,17].

The microprobe provides a beam size of ~11 × 11 µm across this energy range with KB
mirror focusing [17]. To investigate the Si K-edge, we used InSb(111) crystals in the double-crystal
monochromator. XRF, imaging and micro-XANES were all conducted in a vacuum chamber; a Si drift
detector was used to track the fluorescent X-rays. Figure 6a shows the optical image of the area of
interest. Figure 6b displays the XRF maps excited at a photon energy of 7130 eV, just above the Fe
K-edge, and selected regions of interest (ROI), marked with color-coded boxes. Figure 6c–e is the
XRF maps of Si, K, Ca and Fe of selected ROI, respectively. While the etched rings were apparent,
instead of looking more like holes in the Cu map, the Si in Figure 6a shows the optical image from the
video camera; it again shows that the etched rings were all over the surface. The boxes define the area
where XRF maps of relevant elements were collected, as shown in Figure 6b, from Si, K, Ca and Fe Kα1

emissions. It can be clearly seen that the rings contained extruding Si materials, while other elements
appeared to be less defined or depleted in the case of K, which tracked Si well in the ring circumference.
It was desirable to see if the Si map was correlated with the Cu image obtained using VESPERS
(Figure 5). While Cu mapping using SXRMB was difficult due to low flux at the Cu K-edge, we were
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able to track the Cu distribution while tracking Si and other element maps at 7130 eV by observing the
Cu Kα produced by second-order radiation (14260 eV). The results are shown in Figure S4 for ROI
displayed in Figure 6d; one can see that despite the weak signal, there was a good correlation between
Cu and Si.Heritage 2020, 3 FOR PEER REVIEW  8 
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Figure 7 displays the Si K-edge micro-XANES of four spots from hot to cold. We can see that the
XANES for all the spots was nearly identical except for spot 2, which was at the edge of the crack and
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showed a slight broadening of the resonances, indicating some disorder. They were characteristic of the
XANES of quartz (inset), with the white line (spike at the edge jump) at ~1848 eV, arising from the Si 1s
to t2 transition in the tetrahedral surrounding of Si in quartz. We have also conducted micro-XANES
in different ROIs depicted in Figure 6c,d and found similar results (not shown) with no irregularities.

Heritage 2020, 3 FOR PEER REVIEW  9 

 

 
Figure 6. (a) Optical image of the Dzi bead surface; the rectangle encloses the region of the XRF maps 
shown in (b). (b) XRF map from Ca, K, Si and Fe as noted; the color-coded boxes in the Si map define 
the regions of interest (ROI) displayed in (c–e) with the same color code, where all four elements are 
tracked; the color code is also shown. 

Figure 7 displays the Si K-edge micro-XANES of four spots from hot to cold. We can see that the 
XANES for all the spots was nearly identical except for spot 2, which was at the edge of the crack and 
showed a slight broadening of the resonances, indicating some disorder. They were characteristic of 
the XANES of quartz (inset), with the white line (spike at the edge jump) at ~1848 eV, arising from 
the Si 1s to t2 transition in the tetrahedral surrounding of Si in quartz. We have also conducted micro-
XANES in different ROIs depicted in Figure 6c,d and found similar results (not shown) with no 
irregularities. 

 
Figure 7. (a) Si map of a ROI of the Dzi bead sample, as shown in Figure 6e, where four spots (single 
pixel of 11 × 11 µm) were selected for micro-XANES analysis as marked. Spot 1 is the hot spot, spot 4 
is the cold spot, spot 2 is at the edge of a crack and spot 3 is with moderate intensity. (b) Si K-edge 
XANES of selected spots. The spectral features are unmistakably characteristic of quartz SiO2 (inset). 

Figure 7. (a) Si map of a ROI of the Dzi bead sample, as shown in Figure 6e, where four spots (single
pixel of 11 × 11 µm) were selected for micro-XANES analysis as marked. Spot 1 is the hot spot, spot 4
is the cold spot, spot 2 is at the edge of a crack and spot 3 is with moderate intensity. (b) Si K-edge
XANES of selected spots. The spectral features are unmistakably characteristic of quartz SiO2 (inset).

4. Discussion

We have presented and analyzed all data from XRD, XRF imaging and micro-XANES of selected
regions of the Dzi bead. We now attempt to understand what these results mean in connection with
the questions we set out to explore: (1) what is this three-eye Dzi bead made of, (2) is it genuine or fake
and (3) how was the crafting done?

We begin with the first question. Based on the XRD, XRF mapping and XANES, there is absolutely
no doubt that this sample was made of SiO2 (quartz) consistent with an agate origin. For the second
question, since it is generally agreed by Dzi bead collectors and traders that Dzi beads are made of
agate, our observations clearly show that it was made of SiO2 (quartz), which eliminates all the fake
possibilities illustrated in Figure 2c (plastic with metal core, polymer clay and painted aluminum).

The third question is perhaps the most interesting yet challenging and is most relevant to our
analysis. Based on the descriptions of Bolin [1] and Ebbinghouse and Winsten [2], there are many ways
to inspect Dzi beads and how they are crafted. We will focus on the surface-etched rings; the dark and
light pattern; and how the XRF map, especially the Cu pattern we found in this analysis, may reveal
how this three-eye Dzi bead was crafted.

From the optical image, we see that it showed well-defined light (white) and dark patterns, and
the surfaces were covered with etched rings; these are the general characteristics of Dzi beads. Upon
slicing the bead in half, we could see that the piece was translucent, and the white pattern did extend
considerably into the bulk, as described by Ebbinghouse and Winsten [2]. None of the SEM, EDX,
XRD and XRF mapping techniques showed any clear boundary between the light and the dark region,
however. XRD of the powder showed the presence of graphite, while microdiffraction of the edge
of the slice did not. It is unclear whether this is due to the sensitivity of the microbeam looking at
a very small area or whether the powder was contaminated by carbon during the grinding process.
This awaits future exploration. The presence of graphite may be related to light absorption in the dark
region, however.

The most interesting finding was the hot spots of Cu on the circumference of the etched ring.
In both Bolin’s book [1] and the work of Ebbinghouse and Winsten [2], drilling with small bits and
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the use of alkaline material and copper nitrate, Cu(NO3)2, were mentioned as agents put on the bead
surface, followed by firing for whitening and darkening functions, respectively. The regular separation
(~1 mm) of the Cu spots of ~20 µm in size could be speculated to be the tiny drill holes to facilitate
diffusion of chemicals used in the pattern formation. The presence of CuO in all the Cu hot spots was
likely the result of the following reaction upon firing:

Cu(NO3)2 (s)→ CuO (s) + N2 (g) + 3O2 (g)

In addition to Cu, Ca and Fe were also found with both 12.0 keV (VESPERS) and 7.13 keV (SXRMB)
excitation photon energy in the XRF map overlaying that of the Cu. K was also found in the tender
X-ray map (not looked for in VESPERS); the origin of Ca is less clear, and Fe may have come from the
tools used in crafting. It should be noted, however, that Fe is also commonly found in agate as a trace
element, while Ca and K are not [18]. Compared to the Si map, which showed extruding pilings of
SiO2 on the circumference of the rings, the Cu spots appeared to be more like tiny pits. The Si and
Cu map were correlated (Figure S4. It is also interesting to note that while we found CuO from the
micro-XRF, it could not be detected in the XRD.

Finally, our preliminary finding was consistent with the descriptions noted in the literature [1,2].
Presumably, a piece of translucent agate was polished into shape and treated with alkaline solution.
SiO2 is slightly acidic, and a potash solution could do the etching (dissolving SiO2), and the light region
could come from the increased porosity. The use of pyrolytic Cu(NO3)2 and firing would produce CuO,
which appears black. The origin of regular hot spots of CuO on the ring was possibly from drilling.
The presence of graphite remains a mystery; repeated XRD measurements of various regions of the
bead (not powder) revealed no crystalline carbon. The origin of carbon requires further investigation,
although if plant sugar was used for darkening under heat and reed drill bits were used, it could be a
source of carbon.

5. Conclusions

We have reported the preliminary results of an exploration of the mysterious Dzi beads by
studying a three-eye bead using laboratory-based optical microscopy and SEM and the advanced
synchrotron techniques including XRD, XRF imaging and micro-XANES. The specimen, including
the surface, the edges and the interior after slicing, was inspected with an optical microscope and
SEM. The crystal structure from a powder specimen, the surface and the edges of a sliced piece were
subjected to XRD. They all showed the structure of quartz (SiO2). While there appeared to be a trace
of graphite in the former, it was not detected in the latter. XRF imaging also shows that the bead
was made of SiO2; in addition to SiO2, there were regular Cu hot spots, as well as Fe, Ca and K at
lower concentrations on the circumference of the etched rings. We can conclude, from the material
perspective, that the three-eye bead specimen was genuine, and the patterns (dark and light as well as
the etched rings), which were apparent to the naked eye, were crafted. The discovery of regular small
pits containing copper oxide (CuO) on the circumference, which correlated with the SiO2 map, and the
presence of potassium were consistent with the crafting methods described in the literature [1,2].

Finally, while we have not fully answered the question on the origin of these beads nor expect to
do so with a single specimen, in a broader context that will require further studies of representative
samples from various regions and times, we are optimistic that the tools and the methodologies
introduced here will play a significant role in future studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9408/3/3/56/s1,
Figure S1. The three-eye Dzi beat purchased from a jewelry piece came with an authenticity certificate and a bag.
Figure S2. (a) The slicing plan for the Dzi bead as seen lengthwise. (b) A depiction of the Dzi bead slicing plan
as seen from one end of the bead, looking down the hole that runs lengthwise through the bead. (c) Dzi bead
post-slicing. (d) Dzi bead after ultrasound bath. Figure S3. Glazing XRD (left panel) of the surface light and dark
regions (red dot on the right panel) using 12 keV (1.03 Å) X-rays. Despite the intensity variation, the patterns are
identical. Figure S4. Cu Kα map recorded based on second order radiation at the Fe K-edge excitation compared
with corresponding maps for Si, Fe and Ca.
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Abstract: A selection of 15 Chinese painted enameled porcelains from the 18th century (Qing dynasty)
was analyzed on-site by mobile Raman and XRF microspectroscopy. The highly prized artifacts
are present in the collections of the Musée du Louvre in Paris and Musée Chinois at Fontainebleau
Castle in France. In the painted enamels, pigments such as Naples yellow lead pyrochlore, hematite,
manganese oxide and carbon and opacifiers such as lead arsenates were detected. The glassy matrices
of the enamels mainly belonged to lead-rich and lead-alkali glass types according to the Raman spectra
obtained. The glaze and body phases of the porcelain artifacts were also analyzed. The detection of
lead arsenate apatite in some of the blue enamels was significant, indicating the use of arsenic-rich
European cobalt ores (smalt) and possibly mixing with Asian cobalt. This characteristic phase has
also been identified in French soft-paste porcelains and glass decor and high-quality Limoges enamels
from the same period. Based on the shape of the Raman scattering background, the presence of
colloidal gold (Au◦ nanoparticles) was identified in red, orange and pink enamels. Different types
of Naples yellow pigments were also detected with Sb-rich, Sn-rich and mixed Sb–Sn–(Zn, Fe?)
compositions in the yellow enamels. The results were compared to previous data obtained on Chinese
cloisonné and painted enameled metalware and Limoges enamels as well as French enameled watches.

Keywords: porcelain; enamels; China; 18th century; Raman microspectroscopy; pXRF; pigments;
arsenic; cobalt; Naples yellow

1. Introduction

Technological aspects of ceramic production in the past were not only affected by the mastery and
innovation of the local craftsmen but the transfer of technology coming out of cultural interactions
between societies. This is well-reflected in the choice of the raw materials used and the firing conditions
as well as in decorative processes such as enameling. Regarding porcelain production in the Far East,
a long-distance technological transfer is known to have been conducted by Portuguese Jesuit missions
in Japan at the beginning of the 17th century [1–3]. Historical records of the Chinese court and Jesuit
mission [4–8] also both demonstrated the importation of European enamels and ingredients as well as
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the venue of European craftsmen who had expertise in enameling techniques at the Qing court at the
end of 17th century. These enamels are called “falangcai” (琅彩 from falang, a homonym of the “French”
character in Chinese) and/or “yangcai”, (洋彩 “foreign colors”) [9], which are deposited generally over
the glaze, the latter being fired beforehand with the porcelain body. Although porcelain production
was first achieved in China historically, the craft of enameling is generally suggested to have benefited
with Western contacts as early as the 14th century via the Silk Road [10–15].

Scientific analyses of various Chinese [10–15] and European [11,16–18] enameled artifacts have
previously confirmed the use of a blue enamel precursor (usually called “smalt”) based on European
cobalt ores and Naples yellow lead pyrochlore pigments typical of European recipes in enameled
metalware and porcelains produced during the Qing dynasty. Furthermore, the use of the European
“Cassius purple” method to prepare pink to purple porcelain enamels (the so-called Famille rose) with
colloidal gold had been well-established for decades [19]. Due to the rareness of artifacts produced at
the Beijing Imperial Palace Workshop (falangzuo (珐琅作), enamel workshop) and, consequently, the lack
of fragments of such artifacts, most of the studies have been conducted with noninvasive techniques,
in particular on-site with Raman and X-ray fluorescence (XRF) mobile instruments [10–14,16–18,20],
which are well-suited for the in situ study of outstanding objects in their secure locations [20–24].
UTF8gbsn We present here an on-site noninvasive Raman study of Chinese porcelain masterpieces
assigned to have been produced at the beginning of the 18th century (Yongzheng (1723–1735) and
beginning of Qianlong (1735–1796) reigns) belonging to the collections of the Louvre Museum and
Chinese Museum at Fontainebleau Castle in France. One artifact has also been analyzed with a mobile
XRF microspectrometer. A comparative approach was carried out with the first Raman study focused
on porcelains produced at the end of the Kangxi reign (1661–1722) and the beginning of the Yongzheng
reign [12] and with painted enameled metalware of the same collections [14] as well as other types of
European enameled artifacts [11,16–18].

2. Methods and Artifacts

2.1. Artifacts

The porcelains analyzed are listed in Table 1 and shown in Figures 1–5. They belong to the
collections of the Musée du Louvre (Department of Fine Art Objects) in Paris and Musée Chinois
at Fontainebleau Castle, which is located close to Paris. Artifacts from the Fontainebleau Chinese
Museum were part of the collection of Napoléon III (1808–1873, president of the French Republic
from 1848 to 1852 and then emperor up to 1870) and the Empress Eugénie (1826–1920), while some
of the artifacts from the Louvre Museum belonged to the collection of Adolphe Thiers (1797–1877),
former president of the French Republic. Indeed, following the Universal Exhibitions, the European
elites of the second part of the 19th century took a great interest in Chinese and Japanese ceramics
and built up collections rich in exceptional pieces. Most of the artifacts studied here were assigned,
based on a stylistic examination of their shape and decor, to have been made during the Yongzheng
reign (1722–1735) or just afterwards. The corpus studied includes four cups, five plates, one milk pot,
one saucer lid, one teapot and three bottles, which were analyzed by Raman microspectrometry. Only
the TH457 bottle was also analyzed by portable XRF (pXRF). Some of the artifacts have rather similar
counterparts in other museum collections (Table 1). Four artifacts display painted enamel decor with
exceptional quality, such as the plates with roosters (TH487, Figure 1) and tigers (R1056, Figure 2)
and especially the TH457 (Figure 3), F1371C (Figure 4) and F1341C (Figure 5) bottles. Close-up views
of the painted flower-and-bird decor on the TH457 bottle and the flower decor on the F1341C bottle
and F1429C teapot display the high sharpness of the drawing without any diffusion of the colors
outside the areas delimited by (black) lines. The F1371C bottle shows a technique inspired by cloisonné
enameled metalware in which the decor is first made by incision in order to avoid diffusion of the
colors, somewhat similar to the sgraffito technique.
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Table 1. Information about the studied artifacts regarding their collections and time assignments along
with special remarks (see [25–27]).

Artifacts Inventory
Number Collection Artifacts Inventory

Number Size Artifacts
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Figure 1. The cups and plate analyzed. The remote head with optic fibers connected to the laser source 
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Figure 1. The cups and plate analyzed. The remote head with optic fibers connected to the laser source
and the spectrometer is shown at the bottom. A laser focusing on the R1041 cup exhibits the high
translucency of the porcelain (see Table 1 for details).
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Figure 5. The detailed images of the teapot (F1429C, top) and bottle (F1341C, bottom); see Table 1
for details.

Different grades of the hue were obtained by adding minute dots of color in the TH457 bottle
(Figure 3), as also observed in the painted enameled decor of 18th-century French watches [18].
This indicates the use of very small pencils. Consequently, the thickness of the painted enamel decor
remains very thin. The technique used appears to be different from the common pottery technique of
adjusting the hue of enameled decor by superimposing enamel layers relatively thickly, as is visible for
the R1006, R1175, R1025, R1041, R1045 and SN284 artifacts (Figures 1 and 2). The technique used for
the F1429C teapot (Figure 5) is an intermediate between the two techniques.

An examination of the section of porcelain shards exhibiting similar decor by optical microscopy
or of the whole objects by optical coherence tomography studies (OCT) is needed to go further in the
description of the enameling technique.
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2.2. Mobile Raman Microspectrometry

The high value of the porcelain artifacts made it necessary to conduct the noninvasive Raman
analyses in the exhibition or storage rooms of the Musée du Louvre (Paris) and Musée Chinois
(Fontainebleau Castle). A mobile Raman setup from HORIBA Scientific Jobin Yvon (Longjumeau,
France) was used for the on-site measurements. This setup was composed of an HE532 spectrometer
(920 lines/mm grating; resolution ~4 cm−1), a remote optical device called SuperHead (Figure 1) and a
532 nm 300 mW Ventus laser source (Laser Quantum, Fremont, CA, USA), which were connected to
each other by optic fibers. The SuperHead incorporates long working distance x50 (surface analyzed:
~10–20 µm2; in-depth: ~5–20 µm) and x200 (surface analyzed: ~1 µm2; in-depth: ~1–2 µm) microscope
objectives for the green laser illumination and the collection of scattered light. Details about the
procedures have already been published [13,17,18,20].

2.3. Mobile X-ray Fluorescence Microspectrometry

Portable XRF (pXRF) measurements were performed without any contact between the instrument
and the artifact using an ELIO instrument (ELIO, XGLab/Bruker, Italy). This setup consisted of
a miniature X-ray tube system with a Rh anode (max voltage of 50 kV, max current of 0.2 mA, a
1 mm collimator determining a rather similar surface) and a large-area silicon drift detector (SDD)
(50 mm2 active area). Details about the procedure have already been published; it should be noted the
information thickness during the analysis of the enamel was estimated to be ~4 µm at Si Kα, 130 µm at
Cu Kα, 220 µm at Au Lα and ~2.5 mm at Sn Kα [18].

3. Results and Discussion

3.1. Body Phase Identification

Raman spectra (Figures 6–13) have been recorded on the glaze-free body for the different artifacts
(see Figure 6A (R1045), Figure 7A (TH457), Figure 8B (R1175) and Figure 9A,B (R1006 and SN284)).
In these spectra, the narrow main peak of quartz (SiO2) was observed at ca. 460 cm−1 [28,29],
shifted down to lower wavenumbers than that of the isolated quartz mineral (~463 cm−1) due to the
compressive stress of the glassy matrix on the quartz grains. A broader component at ca. 480 cm−1 was
also observed (see e.g., Figures 7A and 9B), characteristic of a glassy aluminosilicate phase forming the
porcelain body in between acicular mullite crystals forming a 3D network [30,31]. The mullite phase
was generally not detected with a mobile Raman spectrometer due to the operating conditions of the
mobile setup and poor intensity of the mullite Raman spectrum. Only in the body spectrum of the
R1045 cup (Figure 6A(a)) could very small features at ~960 and 1130 cm−1 be considered to come from
the mullite phase [28]. The Raman spectrum of the glaze, fired at a high temperature with the porcelain
body, was rather similar, but the intensity of the ~490 to 505 cm−1 broad component was stronger, and
the quartz peak was mostly weaker, as observed for the glaze spectra of the R1045 and R1041 cups
(Figure 6A(b),C(b)).
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Figure 6. Representative Raman spectra recorded on the body, glaze and painted enamels of the
porcelains: (A) R1045 cup (a) body, (b) white, (c,c’) blue; (B) R1048 cup (a) white, (b) blue, (c) yellow,
(d,d’,d”) red, (e,e’) black (line); (C) R1041 cup (a) blue (flower), (b) colorless glaze, (c) pink; (D) R1135
cup (a,a’,a”) blue, (b,b’,b”) red (eye), (c,c’) green areas.Heritage 2020, 3 FOR PEER REVIEW  9 of 27 
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Figure 7. Representative Raman spectra recorded on the body, glaze and painted enamels of the TH457
(A) and F1371C bottles (B): (a,a’) white, (b,b’) dark blue, (c,c’) celadon (green), (d) yellow-green.
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Figure 8. Representative Raman spectra recorded on the painted enamels of the R1175 large plate
(A) (a,a’,a”) (marli) yellow, (b) (marli) blue, (c) orange (coat), (d) red (flower), (e,e’) (marli) black; and
small plate (B) (a) blue, (b) green, (c) red (line), (d) body.
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Figure 9. Representative Raman spectra recorded on the body, glazes and painted enamels of the
R1006 dish (A) (a) light yellow, (b) blue glaze, (c) colorless glaze, (d) body, (e,e’,e”) black (e’ and e”
corresponded to very short counting times, and e, to 500 accumulations); and SN284 pot (B) (a,a’)
yellow, (b) green, (c) red (flower), (d) pink (textile), (e) body.
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Figure 10. Representative Raman spectra recorded on the painted enamels of the TH487 plate: (A) (a,a’)
red, (b,b’) yellow (cock), (c) (marli) light yellow; (B) (a,a’) blue, (b) green, (c,c’,c”) black (c, very short
counting time), (d) red.
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Figure 11. Representative Raman spectra recorded on the glaze and painted enamels of the R1056 tiger
plate (A) (a,a’) white (tiger belly), (b) pink, (c) glaze; and SN284 pot (B) yellow.
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Figure 12. Representative Raman spectra recorded on the F1429C teapot for different colored painted
enamels: (A) white (a) and blue (b) enamels; (B) dark green (a,a’) and yellow (b,b’,b”) enamels; (C) pink
(a,a’) and red (b,b’) enamels; (D) brown (a,a’) and black (b,b’) enamels.
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Figure 13. Representative Raman spectra recorded on the painted enamels of the F1341C bottle: (A) 
white (a,a’,a’’’) and blue (b,b’); (B) green (a,a’,a’’ light green) and yellow (b,c,c’,c’’); (C) orange (a) and 
red (b,b’).  

3.2. Phase Identification in Colored Glaze/Enamels 

Different phases were identified by Raman analysis for the different colored areas of the Chinese 
painted enameled porcelains, such as white, blue, yellow (and green), red (purple to red) and pink 
(Table 2). 

Table 2. Characteristic pigments/opacifiers identified in the different colored painted enamels 
(overglaze) of the Chinese porcelains analyzed. The decor made with imported European recipes is 
expressed in bold (NY: Naples yellow, br: broad, nr: narrow, sh: shoulder, s: small). 

Color Artifact Identified Phase(s) Characteristic Raman 
Peak (cm−1) Remarks 

White (colorless 
glaze) 

R1006, R1041, 
R1056, R1175, 
TH457, TH487 

quartz 455–460  

glassy aluminosilicate ~485 (br)  

White 
(overglaze) 

F1371C, R1048, 
R1056 

As apatite ~813 (nr), ~770 (sh) 
White 
type 1 

White-pink 
(overglaze) TH457 arsenate 820 (br) 

White 
type 2 

Blue 
(overglaze) 

R1175 (s), R1135, 
F1371C, F1429C 

As apatite ~810 (nr), ~775 (sh) 
Blue type 

1 
TH487, R1045, 
R1048, R1041 

arsenate ~815 (br)  
Blue type 

2 

Blue (glaze) R1006 glassy silicate (+ quartz) 460, 503  
Blue type 

3 
Smalt? 

Yellow 
(overglaze) 

R1175, TH457 Sb-rich NY pyrochlore ~122/130, ~335, 508  
R1175, R1006, 
R1048, TH487, 
SN284, R1135 

Sn-rich NY pyrochlore ~130–133, ~455  

TH487, R1056 
Sn-rich NY pyrochlore + 

arsenate 
~133, 327, 440, 

~810–820 (broad)  
 

 F1429C, F1341C?, 
TH457 

Sb–Sn–(Zn, Fe?) NY 
pyrochlore + As apatite 

134, 330, 450, 480–490, 
518, 

810, 770 (sh) 
 

Yellow-green 
(overglaze) R1135 

Sn-rich NY pyrochlore + 
As-apatite 

~133, 330, 
815, 770 

 

Green 
(overglaze) R1135 Sn-rich NY pyrochlore ~130–133, 330, 455  
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Figure 13. Representative Raman spectra recorded on the painted enamels of the F1341C bottle:
(A) white (a,a’,a”’) and blue (b,b’); (B) green (a,a’,a” light green) and yellow (b,c,c’,c”); (C) orange (a)
and red (b,b’).

3.2. Phase Identification in Colored Glaze/Enamels

Different phases were identified by Raman analysis for the different colored areas of the Chinese
painted enameled porcelains, such as white, blue, yellow (and green), red (purple to red) and pink
(Table 2).

Table 2. Characteristic pigments/opacifiers identified in the different colored painted enamels (overglaze)
of the Chinese porcelains analyzed. The decor made with imported European recipes is expressed in
bold (NY: Naples yellow, br: broad, nr: narrow, sh: shoulder, s: small).

Color Artifact Identified Phase(s) Characteristic Raman
Peak (cm−1) Remarks

White (colorless
glaze)

R1006, R1041,
R1056, R1175,
TH457, TH487

quartz 455–460

glassy
aluminosilicate ~485 (br)

White (overglaze) F1371C, R1048,
R1056 As apatite ~813 (nr), ~770 (sh) White type 1

White-pink
(overglaze) TH457 arsenate 820 (br) White type 2

Blue (overglaze)

R1175 (s), R1135,
F1371C, F1429C As apatite ~810 (nr), ~775 (sh) Blue type 1

TH487, R1045,
R1048, R1041 arsenate ~815 (br) Blue type 2
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Table 2. Cont.

Color Artifact Identified Phase(s) Characteristic Raman
Peak (cm−1) Remarks

Blue (glaze) R1006 glassy silicate (+
quartz) 460, 503 Blue type 3

Smalt?

Yellow (overglaze)

R1175, TH457 Sb-rich NY
pyrochlore ~122/130, ~335, 508

R1175, R1006,
R1048, TH487,
SN284, R1135

Sn-rich NY
pyrochlore ~130–133, ~455

TH487, R1056
Sn-rich NY

pyrochlore +
arsenate

~133, 327, 440,
~810–820 (broad)

F1429C, F1341C?,
TH457

Sb–Sn–(Zn, Fe?)
NY pyrochlore +

As apatite

134, 330, 450, 480–490,
518,

810, 770 (sh)

Yellow-green
(overglaze) R1135

Sn-rich NY
pyrochlore +
As-apatite

~133, 330,
815, 770

Green (overglaze) R1135 Sn-rich NY
pyrochlore ~130–133, 330, 455

Blue-green
(overglaze) TH487

Sn-rich NY
pyrochlore +

arsenate

~133, 330, 440,
~810

Dark yellow
(overglaze) TH457 Feldspar?

+ hematite
~508

+ 220, 292, ~1310

Red (overglaze)

TH457, R1175,
R1048, R1135 hematite 220, 292, ~1310

SN284, R1175
(large), TH487 Au◦ + arsenate

Fluorescence
background peaking at

~500 + ~810

Orange
(overglaze)

TH457, SN284 Au◦
Fluorescence

background peaking at
~600

R1175, R1041,
TH487 Au◦ + arsenate Fluorescence

background + ~820

R1175 hematite 220, 290, ~1305

Pink (rose)
(overglaze) SN284 Arsenate + Au◦?

~810 +
fluorescence

background at ~500

R1041, F1429C Au◦ Fluorescence
background at ~500

Black (overglaze)

TH487 Mn oxide 470–575

R1175, R1048,
TH487

Mn spinel/oxide (+
carbon)

502–605
(+1330–1570)

R1006 Spinel (Mn?) (+
carbon) 625 (+1330–1565)

Brown F1429C Mn oxide 550, 580, 892
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3.2.1. Arsenic-Based Phases

In the painted enamels analyzed, the detection of two types of arsenic-based phases was significant.
The first type refers to lead alkali arsenate apatite, recognized with the narrow (ca. 810–813 cm−1) peak
and a well-defined shoulder at ~770–775 cm−1 [12–14,17,18,32–34], characteristic of the As–O stretching
mode of apatite, for which a composition close to Na1−x−yKxCayPb4(AsO4)3 (x = 0.1 and y = 0.5) has
been deduced in a French soft-paste porcelain [34]. This type of opacifying phase was found in some of
the enamels analyzed, mostly in white and blue as well as light pink and yellow ones [11–14,17,18,34],
as observed in Figure 6B(a) (R1048), Figure 6D(a,a’) (R1135), Figure 7B(a,a’),(b,b’) (F1371C), Figure 8A(b),
Figure 8B(a) (R1175), Figure 10A(a), Figure 11A(a,a’), Figure 12A(a,b), Figure 12B(b,b’,b”) and Figure 12
C(a’) (F1429C). In the case of blue enamels, lead arsenate apatite typically forms as a result of a
reaction between arsenic coming from the cobalt source (smalt) and the lead-based enamel/glaze (see
further) during the firing process. Its composition also depends on various fluxing species, such as
Na(K) and Ca, present in the enamel/glaze matrix [3]. Raman spectra of these enamels displayed the
characteristic signature of lead arsenate apatite along with that of the glassy silicate matrix, indicating
that the blue was obtained by dissolution of Co2+ ions in the glassy matrix [29]. The bands expected
due to the precipitation of cobalt aluminate or cobalt silicate (see further) were also not detected.
Cobalt ores with an arsenic-rich composition are characteristic of European sources used between
~1500 and 1800 [17,18,35,36]. In particular, raw cobalt arsenide mined from the Erzgebirge (the Ore
Mountains) in Saxony (Germany) were mixed with potassium glass to produce blue smalt, which was
then exported as a coloring agent for glasses/enamels and paint for easel paintings during the 16th–17th
centuries [3,36,37]. The detection of lead arsenate apatite could also be due to deliberate addition of an
arsenic compound for opacification, especially in the case of the white enamels analyzed [34]. This
phase has also been identified in the previous analytical studies of 18th–19th-century Chinese porcelains
produced during the Qing dynasty [11–14] as well as in the blue decor of 17th- and 18th-century French
enameled glass [16], enameled metalware [10,11,18] and soft-paste porcelains [17,34].

The second type of arsenate phase was characterized by a much broader (ca. 815–820 cm−1) peak
(Figure 6A(c,c’) (R1045 blue), Figure 6B(b) (R1048 blue), Figure 6C(a) (R1041 blue), Figure 7A (TH457
white-pink), Figure 10A(c) (TH487 yellow) and Figure 13A(b’) (F1341C blue)). An intermediate shape
between those of the two arsenate phases was observed for Figure 9B(d) (SN284 pink). This broad
arsenate band has already been observed in Kangxi Chinese porcelains for the blue areas [12–14] as well
as certain French enameled productions [11,16–18]. The broadening of the As–O stretching modes may
have arisen from the poor crystallinity or small size of the arsenate apatite crystals or from structural
distortions differentiating the AsO4 tetrahedra (only one strong peak with A1 symmetry is expected
for the stretching mode of an XO4 tetrahedron). However, arsenates with different composition and
structures from apatites (e.g., feldspar) have also been identified in Italian and Spanish majolica
enamels [38–41]. Microdestructive analyses to be performed on porcelain shards, such as µ-diffraction,
µXRF and/or transmission electron microscopy analyses, are needed to identify more precisely the
arsenic-based phases given the ca. 815 cm−1 broad band.

The two signatures observed in the blue enameled areas indicated the use of cobalt ores
rich in arsenic, i.e., cobalt ores imported from Europe [11,15–18] or a mixture of Asian (Mn- and
Fe-rich) [3,13,36,42–46] and European (As-rich) cobalt ingredients. However, the rareness—and high
cost—of European ingredients led Japanese potters, and likely Chinese ones, to mix with Asian
ingredients. This point will be discussed further using the XRF spectra obtained.

3.2.2. Lead Pyrochlore (Naples Yellow)

A second important outcome of this study was the detection of at least two types of Naples
yellow lead pyrochlore pigments in the yellow and green painted enamels of the porcelains. Naples
yellow refers to a variety of synthetic lead antimonate pigments with a pyrochlore structure, prepared
by mixing lead oxide with various compounds, including mainly antimony and tin, in the presence
of various fluxing agents [1,3,12,13,18,47–54]. This pigment, in the form of Sb- or Sn-rich types,
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has been used as a glass and glaze pigment since antiquity [55–57] and as a painting pigment after the
Quattrocento/Renaissance [53,54]. Possible variations of the pigment might also include the addition
of zinc, iron and silicon elements [14,18,49,50]. The adjustment of the proportions of these compounds
at varying firing temperatures allows for the production of modified forms of the pigment displaying
different hues. The composition of Naples yellow type pigments is therefore nonstoichiometric with
the incorporation of various cations into the lead pyrochlore structure (Pb2−xM’xM2−YM”YO7−δ with
M,M” = Sb, Sn, Fe, Si, Zn; M’ = RE). This phase is built with two sublattices, one of (big) Pb2+ cations,
the second of (small, covalent-bonded) cations forming tetrahedral and octahedral entities sharing
some oxygen atoms. During the firing process of the enamels, composition of the pigment used may be
further affected with other species present in the enamel matrix (Fe, Si, Sn, etc.) [14,18,50,58,59]. Some
of these incorporating elements may also have different speciations (e.g., Sn2+ or Sn4+, Sb3+ or Sb5+,
Fe2+ or Fe3+), and furthermore, the oxygen nonstoichiometry very much depends on the conditions of
the firing process (reducing/oxidizing conditions).

In practice, the lead pyrochlore pigment can be prepared as a powder in advance and then mixed
with the glass/glaze powder before deposition, the so-called “anime” and “corpo” recipes [57,60,61].
Alternatively, all the ingredients can be mixed together to obtain the yellow glass/glaze powder. In the
first method, the grains of lead pyrochlore are rather big (>>µm), while in the other, the homogeneous
nucleation on cooling gives rise to small precipitates (<a few µm). With a high-magnification
microscope objective, a single pigment grain could be analyzed, and the Raman spectrum obtained
was strong without a background, and almost no signature of the glassy matrix was recorded
(see e.g., Figure 7A—TH457 yellow; see also in ref. [34]). In the case of nucleation, both the signature
of lead pyrochlore precipitates and glass were recorded together with a significant background
(e.g., Figure 6D(c,c’)).

In the last decades, several Raman spectrometry studies performed on various pottery glazes,
glasses and enamels [1–3,11–18,47–52,57–59] as well as oil paintings [53–56] allowed for the
identification of Naples yellow lead pyrochlore pigments. In general, these pigments have a very
characteristic Raman signature, which basically includes the strong stretching mode peaks of Pb
ions at the low-wavenumber region (~115–145 cm−1) and M/M”–O stretching modes from ~300 to
600 cm−1. Furthermore, Sb-rich pyrochlore pigment is mainly distinguished by strong peaks at
~110–130 and ~505 cm−1, while Sn-rich-type pigment exhibits stronger peaks at ~130–135, ~335 and
450 cm−1 (the Sn–O stretching mode) with the disappearance of the ~505 cm−1 peak [10,13,18,47–52].
Zn-containing mixed lead pyrochlores exhibit a medium 450–480 cm−1 component [18]. Although
Sn-rich lead pyrochlore was observed in most of the yellow and green enameled areas (Figure 6B(c)
(R1048), Figure 6D(c,c’) (R1135), Figure 9A(a) (R1006), Figure 9B(a,a’) (SN284), Figure 10A(b,b’) (TH487),
Figure 11A(a) (R1056) and Figure 13B(c,c’) (F1341C)), Sb-rich compositions were clearly observed in
the yellow enamels of the TH457 bottle from the Thiers Collection (Figures 3 and 7A) and the R1175
plate with an English family’s coat of arms (Figures 2 and 8 A(a,a’)). Mixed lead pyrochlores were also
observed in some cases (Figure 7B(a,a’) (F1371C) and Figure 12 B(b,b’,b”) (F1429C)). As a second piece
of proof, the XRF spectrum recorded on the yellow enamel of TH457 showed both Sn and Sb signals
(Figures 14 and 15).
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3.2.3. Red to Violet Colors

The last important characteristic of the painted enameled porcelains analyzed was the presence
of different methods for obtaining red-related colors. The use of hematite or gold nanoparticles was
identified in the painted enamels to obtain red, orange to pink/purple hues (Table 2). In only two artifacts,
the TH457 bottle (Figures 3 and 7A, white-pink and red) and R1175 plates (Figures 2 and 8A(c,d),
orange and red; and Figure 8B(c), red), the use of both methods was observed. Hematite has a
well-defined Raman signature, with a strong (ca. 1305–1310 cm−1) mode (resonance signal of magnon
mode under green laser excitation) and narrow peaks between 200 and 600 cm−1 [62,63] (see e.g.,
Figure 6D(b,b’,b”), Figure 7A, Figure 8A(c),B(c) and Figure 12C(b,b’)). The magnon mode is very
sensitive to the particle size of hematite [63] and the oxygen stoichiometry [62], with small particles
giving an orange-red color [29]. Broadening of hematite peaks indicates a partial substitution of iron
with other elements, possibly Ti and Al coming from the iron sources [29].

A specific Raman feature referred to the use of gold nanoparticles dispersed in the glassy matrix
of the enamel (this type of enamel is at the origin of the label “Famille rose” [15,19], with a characteristic
broad fluorescence background peaking at ~500–600 cm−1 under a green laser, corresponding to
~500 nm on the absolute scale [14,18]; see Figure 6C(c) (R1041), Figure 7A (TH457), Figure 8A(d)
(R1175), Figure 9B(c) (SN284), Figure 10A(a,a’),B(d) (TH487), Figure 12C(a) (F1429C) and Figure 13C(a)
(F1341C)). This method was first experimented with in 17th-century France by the glassmaker Bernard
Perrot and then some years later by Johann Kunckel in Germany and certainly by others in Italy
before [16,18,64–67]. The presence of gold was also confirmed by pXRF analysis (see arrow on
Figure 15—pink, in which the small Au Lα peak is obvious), with a hardly visible peak well-identified
by data fitting. In addition, it is important to note that a very small band characteristic of the As–O
stretching band at ca. 820 cm−1 could be detected along with the fluorescence background characteristic
of the use of colloidal gold (seen clearly in Figure 10A(a,a’) (TH487) and less intensely in Figure 9B(c)
(SN284) and Figure 13C(a) (F1341C)). This band corresponds to the use of Perrot’s preparation route for
obtaining the colloidal gold precipitate using an arsenic salt, which is different from that of Kunckel,
who made use of a tin salt instead [16]. Similar Raman signatures were observed for painted Chinese
enameled wares of the same period [14] as well as on French enameled watches [18].

3.3. Glassy Matrix

Raman spectra of the glazes/painted overglaze enamels showed the characteristic signature of
glassy silicates, which basically include Si–O bending and stretching bands in the range ~500 and
~1000 cm−1, respectively. A comparison of the Si–O stretching band components and the area ratio of
the Si–O bending/stretching band has proved to be very efficient for the compositional classification
of different glass/glaze/enamel types based on experimental Raman data obtained for a great deal of
ancient glassy objects [68–71] as well as on Density Functional Theory calculations [72]. The glazes
were aluminosilicate glazes, with the Si–O stretching bands varying between ca. 900 and 1200 cm−1.
The painted enamels analyzed displayed a broad and strong band varying between ~920 and 1070 cm−1

with various shoulders/components, indicating mainly lead-based compositions [69–71], as observed
for soft-paste porcelains [17] and enameled metalware [14,18]. In some of the spectra, the intensity
of the Si–O bending modes near 500 cm−1 appeared to be equal to or weaker than that of the
stretching modes at 950–1050 cm−1 (see e.g., Figure 6A(c),C(a), Figure 10B(b) and Figure 13B(a’,a”)).
This indicates a polymerization ratio close to less than 1, according to firing at temperatures inferior to
900–1000 ◦C [68,71]. The painted enamels can be further classified into three main glass types (Table 3)
based on representative glass (and glaze) types [12,13,16,68,69] and previous studies conducted on
Chinese cloisonné and painted enamels [10,14,73–76]: (i) lead-rich glass with the strongest component
at ca. 920 to 1020 cm−1 (Type I); (ii) lead (earth) alkali glass with the strongest component at ca. 1030 to
1060 cm−1 (Type IIa), with rather similar-intensity components at ca. 980 and 1040 cm−1 (Type IIb);
and (iii) lead (earth) alkali glass with the strongest component at ca. 1070 cm−1 (Type III). Some of the
yellow, green and black enamels belonged to the lead-rich type of glass, with their strongest component
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at low wavenumbers, which indicates a low degree of polymerization and firing at low temperatures
(the addition of Naples yellow increases the lead content). Most of the painted enamels (white and
blue) belonged to the lead alkali type of glass (the addition of smalt increases the potassium content),
with their strongest component shifted to higher wavenumbers (up to ca. 1060 cm−1) accompanied by
a similar low wavenumber component to the lead-rich glass. The glass compositions of the painted
enamels did not show much variety, indicating a limited number of firings over the transparent glaze.

Table 3. SiO4 stretching components of the glassy matrix of the painted enamels analyzed (strongest;
shoulder/weak) and comparison with Chinese enameled metalware (Lead alkali glass: L-a; Lead-rich
glass: L-rich).

Artifact
Si–O Stretching

Components
(cm−1)

Color Glass Type
Observed in

Cloisonné
Metalware [14]

Observed in
Painted

Metalware [14]

F1371C 1025, 1130 White, blue L-a IIa

Blue and white

Not
observed
except

F1440C

R1048
980, 1040
975, 1040

1075

White
Blue

Black, yellow, red

L-a IIa
L-a IIa
L-a III

R1056 980, 1035 White L-a IIa

TH457
985, 1130

985
1070

White pink
Yellow

Dark yellow, red,
blue

L-rich I
L-rich I
L-a III

Yellow and
black

Green-yellow

Yellow and
turquoise

yellow and green

R1175

985, 1040
975

985, 1040
905, 970, 1035, 1120

Blue
Yellow
Black

Green, orange,
red

L-a IIa
L-rich I
L-a IIb
L-a IIa

See above
See above

Green
Green

TH487

975, 1050
970, 1045
920, 1140

915, 971, 1037

Blue
Yellow
Black

Green, red

L-a IIa
L-a IIa
L-rich I
L-a IIb

See above
R1045 975, 1035 Blue, white L-a IIb

R1041 980, 1050 Blue, pink L-a IIa

R1006 1015
1020

Yellow
Black

L-rich I
L-rich I

SN284 980, 1060 Yellow, red, pink L-a IIa

R1135 1020 Green, blue, red L-rich I

F1341C
970, 1035
980, 1030

1040, 1090

White, blue
Green
Red

L-a IIb
L-a IIb
L-a IIa

F1429C

980, 1030, 1140
970, 1020

900, 975, 1010, 1130
900, 975, 1010, 1125

White, blue
Light pink

Yellow
Green

L-a IIa
L-a IIa
L-rich I
L-a IIb

3.4. XRF Analysis

One of the porcelain artifacts, the TH457 bottle, was analyzed by pXRF. This artifact exhibits the
most sophisticated decor, and its shape is well-suited for XRF analysis using a portable instrument
since the analyzed area must be roughly perpendicular to the instrument [18]. Additionally, the
distance between the instrument and the artifact must be small (~10 mm), and flat areas are required.
Figures 14 and 15 show the representative XRF spectra recorded on the white glaze and the different
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overglaze enamels (white, blue, green, red, yellow, pink and black) in the 1–22 keV range, where most
of the peaks characteristic of major and minor elements were observed. Figure 15 shows details of the
24–30 keV range, where peaks of tin and antimony elements could be compared visually.

As expected for porcelains, the glaze showed elements characteristic of a glassy aluminosilicate
porcelain glaze fired at a high temperature [1–3,28–31] with high levels of potassium, calcium and
silicon (Table 4). Significant iron content was also obvious in the (colorless) glaze. The high whiteness
of the glaze, in association with some iron impurities, demonstrated a firing process under a reducing
atmosphere that imposed Fe2+ speciation. These ions lead to a weak blue coloration, reinforcing
the “whiteness” of the glaze for human eyes. Strontium, an impurity of calcium, was detected at a
significant level. Light elements such as sodium could not be detected due to their low atomic number.
All overglaze enamels were lead-rich: all the Lα, Lα, Lα XRF transitions of the lead element were
clearly observed. A comparison between the relative intensity of lead and potassium or calcium peaks
indicated the lower content of lead in the black enamels.

Table 4. The glaze and overglaze painted enamels analyzed by pXRF. (Major-minor-traces).

Glaze Elements

White Si, K, Ca, Fe–Sr

Overglaze enamel

Blue Si, Pb–K, Co, Fe, As–Ni, Mn

White Si, Pb–K, Fe, Ca, As–Ni

Green Si, Pb–Cu, Fe, K, Ca, Sn, Zn–Mn, Ni, (Co?)

Yellow Si, Pb–K, Sb, Fe, Sn–Ni

Red Si, Fe, Pb–K, Ca, Ti–Mn

Pink Si, Pb–K, Ca, Fe, As–Au, Ni

Black Si, K, Ca, Pb, Fe–Mn, Co, Cu–Ni, Zn

The XRF spectrum of the blue overglaze enamel showed strong lead peaks; pronounced arsenic,
iron and cobalt peaks; and weak manganese and nickel peaks. Arsenic was also observed in the white
overglaze enamel (flower decor) as well as in the pink one. Arsenic content is visually detected by
the small As Kβ peak just before the Pb Lα one, the As Kα peak being at the same position as the
strong Pb Lα one. Confirmation was carried out with the software fitting. Note the high intensity
of the potassium peak in blue, according to the use of smalt. The presence of nickel and manganese
was due to the impurities found in the cobalt ore used (Table 4). The intensity of the iron peak was
rather similar for all overglaze enamels. The presence of manganese was thus consistent with the
implication that Asian and European cobalt ingredients were mixed. The detection of arsenic was also
significant in relation to the type of the cobalt ore. The red overglaze enamel displayed significant iron
peaks, in accordance with the Raman identification of hematite (Figure 7A). Minor amounts of titanium
and traces of manganese were also observed, possibly coming from the hematite source. The pink
overglaze enamel displayed minor amounts of iron, also indicating the use of hematite. In addition to
that, the detection of gold traces was significant, confirming the use of colloidal gold for obtaining the
desired hue. The presence of arsenic was also in accordance with the use of Perrot’s technique.

The yellow overglaze enamel showed distinct peaks of iron together with minor amounts of
antimony and tin, indicating the use of a complex (Fe) Sb-rich Naples yellow lead pyrochlore pigment
(see Section 3.2). A similar type of this pigment also seemed to have been used for the green overglaze
enamel, with a higher amount of tin and some zinc. Antimony was detected in the low-energy range,
but a magnification of the 24–30 keV range (Figure 15) showed the variable content of tin and antimony
elements more clearly. The green enamel additionally included copper, which contributes to color
formation, together with manganese, nickel and zinc. It was difficult to see if cobalt was also present.
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Iron was clearly observed in the black overglaze enameled areas (Table 4). Black enamel was
obviously obtained with a mixture of iron and manganese in the presence of copper (and cobalt?),
according to the Raman identification of manganese-rich oxide (spinels) (see e.g., Figure 6B(dd’) (R1048),
Figure 8A(e) (R1175), Figure 9A(e,e’,e”) (R1006) and Figure 10B(c’,c”) (TH487)). It is important to note
that relative intensities of lead and silicon elements measured on the black lines were intermediate
between those measured on other overglaze enamels and that of the glaze. This is due to the limited
thickness of the black lines: the XRF spectrum (Figure 15) both displayed the contribution of the black
line plus those of adjacent areas, the glaze on one side and the colored overglaze on the other side.
All the data obtained by pXRF were in perfect agreement with the Raman data.

4. Comparison with Painted Enameled Metalware

The characteristics of porcelain and metal enameling were expected to be very much linked to
each other in terms of the pigments/opacifiers used and the firing conditions employed. At the end of
the 17th and early 18th century in China, enameling workshops both in charge of metal and porcelain
enameling were established in the Forbidden City by the Jesuit mission to satisfy the demand of
the Kangxi Emperor [4–8]. These workshops are considered to have been in close contact with each
other [27]. The present study has shown that the material characteristics and production technology of
18th-century Chinese painted enameled porcelains and the painted enameled metalware of the same
period are very similar. Pigments/opacifiers of European origin, such as Naples yellow lead pyrochlore
pigment (yellow to green enamels), colloidal gold (red, orange and pink enamels) and lead arsenate
phases (white and blue enamels) as well as similar lead-based glass compositions were identified in
both of the enameled ware types. However, with the present state of knowledge, some differences
can be noted on the diffusion of these new technologies in China. Tables 5 and 6 chronologically
compare the appearance of European technologies for blue, white, yellow/green and red/pink enamels
of porcelain and metalware, respectively.

Table 5. Chronological summary of the innovative technologies evidenced in Chinese enameled
porcelains (A: arsenic-based apatite).

Period (Assignment Based
on Decor Style) Porcelain Specific

Technologies Remarks Refs

Final period of Kangxi reign
(<1722)

G1710
vase

Ming blue
H-red

Sn-N.y.(s)

“Biyu tang zhi” mark
Famille verte/Famille noire

J.p.k.
[12]

G822
dish

Sn-N.y. (s)
H-red

“Da Qing Kangxi nian zhi”
mark

Famille verte
J.I.F

[12]

G5696
bowl

Ming blue
H-red

Sn/Sb-N.y.(s)

“Da Qing Kangxi nian zhi”
mark
doucai
J.I.F

[12]

G5250
bowl

As-blue; Ming blue
Sb-N.y.; Sn-N.y.

Au◦
Cassiterite?

“Kangxi yu zhi” mark
huafalang

P.w.
[12,17]

G3361
water dropper

As-blue
As-white

Sn-N.y.
Au◦

“Da Qing Kangxi nian zhi”
mark

Famille rose
J.I.F.

[12]
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Table 5. Cont.

Period (Assignment Based
on Decor Style) Porcelain Specific

Technologies Remarks Refs

R1006
cup

Ming blue
Sn-N.y.

This work

Yongzheng reign (1723–1735)

R1056
dish

As-white
Sn-N.y. This work

R1041
cup

As-blue
Au◦ This work

MG4806 bowl
Ming blue
Sb-N.y. (s)

“Yongzheng yu zhi” mark
huafalang/yangcai

J.I.F.
[12]

MG913
bowl

As-blue
As-white
Sn-N.y. (s)

H-red

“Yongzheng yu zhi” mark
huafalang/yangcai

J.I.F.(?)
[12]

MG7368 bowl
Ming blue

N.y. (s)
H-red

“Da Qing Yongzheng nian zhi”
mark, doucai

J.p.k.
[12]

R1175
dish

As-blue (A)
CaF2(?), Au◦

Sn/Sb-N.y., H-red
This work

TH487
dish

As-blue
Sn/Sb-N.y.

Au◦
This work

F1341C
bottle

As-blue
Sn-N.y.

Au◦; H-red
This work

SN284
milk pot

As-blue (A)
Sn-N.y.

Au◦
This work

SN284
cup

Sn-N.y.
Au◦ This work

Qianlong reign (>1735–1750)

Shard
bowl

As-blue
As-white

H-red
Sn-N.y. (yellow)
Sb-N.y. (green)

From Palace excavation [13]

R1045
cup As-blue This work

F1429C
teapot

As-blue(A)
Sb-Sn-Y.y.

Au◦
This work

TH457
bottle

Ming blue
Sn-N.y.

Sb-Sn-N.y.
Au◦,H-red

This work

F1371C
bottle

As-white
As-blue (A)

Sn-N.y.
This work

R1025
dish

As-blue (A)
Au◦ This work

R1048
cup

As-white, As-blue
Sn-N.y., H-red This work
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Table 5. Cont.

Period (Assignment Based
on Decor Style) Porcelain Specific

Technologies Remarks Refs

Qianlong reign (1750–1800)

MG3668 teapot
As-blue, Au◦

As-white
Sn-Sb-N.y.

Yixing p.k. [12]

MG9604 teapot
As-blue

As-white
Sb-N.y.

Yixing p.k. [12,17]

P.w.: palace workshop; J.I.F.: Jingdezhen Imperial Factory; J.p.k.: Jingdezhen private kiln; As-blue:
European cobalt; Sb-N.y.: Sb-rich Naples yellow; Sn-N.y.: Sn-rich Naples yellow; s: small
intensity; ancient Ming technology: Asian blue; hematite red; MGxxxx: Musée national des arts asiatiques—Guimet
inventory number.

Table 6. Chronological summary of the innovative technologies evidenced in Chinese enameled
metalware [14].

Period Painted Specific
Technologies Cloisonné Specific

Technologies Remarks

Final period
of Kangxi

reign (<1722)
F1448C

Sb-Sn-N.y.
Sn-N.y.

Cassiterite
Au◦

Palace
workshop?

Qianlong
reign

(1735-1750)
R957

As-white
As-blue

As-blue (A)
Guangzhou

Qianlong
reign

(1750-1775)

Sn-N.y. F1735C Sb-Sn-N.y.
Sn-N.y. Qianlong mark

F1440C

As-blue
Sb-N.y.
Sn-N.y.

Au◦

Qianlong
reign

(<1775-1800)

R958

As-blue (A)
As-white

Sn-N.y.
Au◦

Guangzhou

R975
As-blue

Sb-Sn-N.y.
Au◦?

Guangzhou

F1501

As-blue
Sb-Sn-N.y.

Sn-N.y.
Au◦?

Palace
workshop

F1467.1/.2
Sb-N.y.
Sn-N.y.

Au◦

Qianlong mark

F1467.1/.2

As-blue
Sb-N.y.
Sn-N.y.

Cassiterite

Qianlong reign (>1800)? F1698C As-blue
Sn-N.y. Guangzhou

Regarding the blue overglaze enamels studied so far, the change from Ming blue (made with
Asian cobalt ores) to As-rich blue (pure European cobalt ores or mixing with Asian ones) is suggested
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for the artifacts assigned to the end of the Kangxi reign on the basis of the decor style. It seems
that both types of blue were used in the MG5250 “Imperial” bowl [12]. This bowl also exhibited the
Raman spectrum characteristic of the use of colloidal-gold-based (Famille rose) enamel. Naples yellow
pyrochlore, tin-rich, was the first European technology imported, but the addition of antimony was
expected in the MG5696 “Imperial” bowl [12]. A weak signal of cassiterite was even detected in a
similar shard [17]. It can be also noted that the MG5250 bowl is assigned to have been made at the
palace workshop; the same innovative technology of enameling was observed for the MG3361 pencil
water dropper assigned to have been made at the Jingdezhen Imperial Factory [12]. This indicates a
very rapid transfer of technology from the palace workshop managed under the Jesuits’ guidance to
the imperial kilns at Jingdezhen. The Sn-rich Naples yellow (in yellow and green enamels) appears to
have been used more frequently than the Sb-rich homologue up to the mid-18th century. The addition
of Naples yellow increased the lead content. The use of cassiterite seems be exceptional, and its use
must be confirmed by an examination of shard sections of similar artifacts.

It is worth mentioning that cassiterite was identified in the painted enamels of the metalware, as an
opacifier, for a Kangxi cloisonné metalware piece and the exceptional painted and cloisonné Qianlong
ewers from the French emperor’s collection. Regarding enameled porcelain, Sn- and Sb-rich Naples
yellow pyrochlores appear to have been used since the final period of the Kangxi reign. The same
conclusions can be drawn for the use of colloidal gold for red to pink colors. By comparison, it appears
that almost all enameled metalware was prepared with the European technologies, including As-rich
cobalt, although enamel traditional recipes such as Ming blue were used simultaneously with new
ones (Ming blue was used for underglaze decor). More artifacts must be analyzed to confirm this point.

5. Conclusions

The present on-site Raman study of intact Chinese painted enameled porcelains from the 18th
century sheds light on the materials (pigments/opacifiers, colorants, glass types of glazes/enamels and
body phases) and the technology used during their production. The study also provides a comparative
approach for the technical aspects of painted enameled porcelains and contemporaneous enameled
metalware regarding the different reigns of the Qing dynasty. The use of the same on-site analytical
protocol for these artifact groups is advantageous for comparing the data obtained. The outcomes
are significant in terms of the know-how transfer (materials/techniques) from Europe to China by the
Jesuit mission at the end of the 17th century.

From the (limited) number of objects studied, it appears that the first innovations were the different
types of Naples yellow lead pyrochlore pigments and then the use of European cobalt during the
later years of the Kangxi reign for enameled porcelains. Cassiterite appeared first during the same
period in certain cloisonné enamel wares. The detection of cassiterite traces in a Kangxi enamel is
assigned to (the effect of) the use of Sn-rich Naples yellow that induced precipitation of cassiterite.
Its addition to adjust the hue is also possible. More artifact studies are needed to clarify this point.
Yongzheng enameled objects made use of European recipes for blue, yellow and rose; the opacification
with different As phases was identified. Unfortunately, only one metalware piece from the Yongzheng
period has been studied [14]. Studies of a larger number of objects are required, in particular to study
the technology transfer from the Imperial Palace to the Jingdezhen imperial kilns and to private kilns
in Jingdezhen or Guangzhou [27] to really have a statistical view of the number of porcelains on which
the lead-based enamels were deposited directly on the body and not on the glazed body [77].
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Abstract: Quantitative sediment analyses performed in the laboratory are often used throughout
archaeological excavations to critically reflect on-site stratigraphic delineation. Established methods
are, however, often time-consuming and expensive. Recent studies suggest that systematic image
analysis can objectivise the delineation of stratigraphic layers based on fast quantitative spectral
measurements. The presented study examines how these assumptions prevail when compared to
modern techniques of sediment analysis. We examine an archaeological cross-section at a Bronze
Age burial mound near Seddin (administrative district Prignitz, Brandenburg, Germany), consisting
of several layers of construction-related material. Using detailed on-site descriptions supported
by quantitatively measured sediment properties as a measure of quality, we compare clustering
results of (i) extensive colour measurements conducted with an RGB and a multispectral camera
during fieldwork, as well as (ii) selectively sampled sedimentological data and (iii) visible and near
infrared (VIS-NIR) hyperspectral data, both acquired in the laboratory. Furthermore, the influence
of colour transformation to the CIELAB colour space (Commission Internationale de l’Eclairage)
and the possibilities of predicting soil organic carbon (SOC) based on image data are examined.
Our results indicate that quantitative spectral measurements, while still experimental, can be used to
delineate stratigraphic layers in a similar manner to traditional sedimentological data. The proposed
processing steps further improved our results. Quantitative colour measurements should therefore
be included in the current workflow of archaeological excavations.

Keywords: digital archaeology; image classification; stratigraphy; landscape archaeology; sediment
analysis; spectroscopy; proximal sensing

1. Introduction

Stratigraphic documentation and interpretation are crucial parts of archaeological research.
Since the emergence of the archaeological discipline, researchers have been concerned with the
identification of methods that allow more objectivity in stratigraphic delineation and interpretation.
The fundamental work of, e.g., Harris [1] is meanwhile complemented by a progressing digitisation of
fieldwork (e.g., [2]) and a growing number of on-site measurements and analyses carried out in various
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laboratories in the aftermath of an excavation. These techniques comprise, e.g., the establishment of
soil colour standards (cf. [3,4]), geochemical analyses of sediments (e.g., [5–7]), the analysis of thin
sections (e.g., [8]), or the analysis of pollen [9] and phytoliths [10].

The overall objectivity of stratigraphic interpretation clearly benefits from these techniques.
Nevertheless, the initial on-site delineation of stratigraphic layers (i.e., stratigraphic documentation)
remains partly influenced by the perception of the respective researcher at work. As pointed out by
Zhang and Hartemink [11] and Haburaj et al. [12], statistical analysis of RGB and multispectral images
of soil profiles can be utilised to semi-automatically delineate stratigraphic units. These derived units
are based on the physical measurement of the sediments’ spectral reflectance and allow the respective
researcher to critically face up to his or her delineation.

Building upon these developments, our study further explores the potential of visible and
near-infrared (VIS-NIR, 400–700–2500 nm) spectral data for archaeological fieldwork. Due to its
non-destructive character and the moderate extent of necessary sample preparation, spectroscopy in
general has the potential to save time and costs during fieldwork (e.g., [12–15]). Working with an
archaeological cross-section from a Bronze Age burial mound from Brandenburg, northern Germany,
we investigate how traditional geochemical sediment analyses, selective spectroscopic measurements,
and extensive RGB and multispectral image data can be used to objectivise archaeological field
documentation by quantitatively capturing stratigraphic layers. Using a detailed on-site description
supported by quantitatively measured sediment properties (grain size composition, water content,
and soil organic carbon content) as a measure of quality, we compare clustering results of (i) extensive
colour measurements (i.e., image data) acquired with an RGB and a multispectral camera during
fieldwork, as well as clustering results of selectively sampled (ii) portable energy-dispersive X-ray
fluorescence spectrometer (p-ED-XRF) data and (iii) visible and near infrared (VIS-NIR) hyperspectral
data, both acquired in the laboratory. This experimental approach allows us to illustrate the benefits
and shortcomings of systematic spectral measurements as a complementary or alternative method for
stratigraphic documentation, delineation, and interpretation.

The characteristics of the recorded diffuse reflectance spectra of the sediments are directly linked
to their chemical and physical composition (e.g., [13]). Within the last two decades, an increasing
number of publications were devoted to the prediction of soil properties via VIS-NIR spectroscopy
(e.g., [16–20]). Soriano-Disla et al. [21] deliver an extensive overview on the predictability of multiple
soil properties via visible, near-infrared, and mid-infrared spectral data. We therefore examined
how the conducted image classification performs when using additional input data: We were able
to calibrate a prediction model for soil organic carbon (SOC) based on the recorded spectral signal
and created a raster containing predicted SOC values for the entire profile. Several authors have
argued that the CIELAB colour space (Commission Internationale de l’Eclairage) shows a clear benefit
regarding quantitative analyses (e.g., [22–27]). The CIELAB colour space consists of three values: L* is
the vertical axis and is defined by lightness, while a* and b* represent the chromaticity (a*: Red/green;
b*: Yellow/blue). We examined colour transformation to the CIELAB colour space, as it was found to
be highly effective when analysing soil profiles (e.g., [28]). Hereby, our overarching aim remains the
delineation of stratigraphic layers rather than the quantitative examination of sediment properties.

Our results indicate the importance of quantitatively measuring sediment colours—be it selective
or extensive—as they constitute an additional layer of documentation during an archaeological
excavation, which can be acquired easily and render the on-site archaeological documentation
and interpretation more transparent and reproducible. The study at hand is presented as an
experimental investigation, which allows us to assess the potential of VIS-NIR spectral sensors for
archaeological fieldwork.
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Study Site

The Bronze Age burial mound of Seddin (colloquial: ‘King’s Grave’, German: Königsgrab Seddin),
which was discovered in 1899, is widely known for its tremendous size and the valuable funerary
goods made from bronze, iron, glass, and stone (e.g., [29–31]). It was dated to approximately 800 BC
(period V of the Nordic Bronze Age) and has a central role in the regional cultural landscape, which
today covers the north-west of the federal state of Brandenburg and southern Mecklenburg [32,33].
While past studies found the surroundings of the burial mound to be heavily shaped by human
influence, which occurred during the Bronze Age [31,34], the ‘King’s Grave’ keeps an outstanding
position, both regarding its geographical location and its rich physical characteristics. Estimates
by May [35] see the total height of the mound between eight and ten metres. The burial mound is
separated spatially from smaller groups of burial mounds in the surrounding area. It is located on a
slight spur, surrounded by multiple waterbodies [31]: 900 m east of the burial mound runs the river
Stepenitz, and in the north and south, two of the river’s tributaries delimit the burial mound from its
surroundings (Figure 1). The parent material is dominated by Pleistocene deposits, composed mostly
of fine to coarse glaciofluvial sand with little or no gravel [36]. West and south of the burial mound,
clayey to sandy silt can be found. In the hollows, associated with the two tributaries of the Stepenitz
(Figure 1), muck soil of a sand–humus mixture dominates, which overlies fluvial and periglacial
deposits [36]. The relief of the surrounding landscape is characterised by a smooth, rather levelled
topography that is dissected by depressions and river valleys. Regarding the wider vicinity, several
burial mounds of similar size are known but have mostly been destroyed and lack any archaeological
record [31,37]. Regardless of the nature of these undocumented burial mounds, their sheer amount
reflects the importance of this landscape during the late Bronze Age. Brunke et al. [38] see the ‘King’s
Grave’ of Seddin as the clearest manifestation of an accumulation of wealth and power in this area
around the middle reaches of the Stepenitz.

Figure 1. Location of the study site: (a) Surroundings of the burial mound; (b) location of section
SD17P1. Elevation data: LiDAR-based DEM (1 × 1 m) by Geobasis-DE/LGB 2013 (R. Hesse; modified).

Within this study, we examine section SD17P1 (297601 E, 5891584 N; WGS84; UTM 33N),
which was documented in 2017 during an excavation on the north-western slope of the Bronze
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Age burial mound of Seddin. The investigated section faces north, is approximately 3.2 m high,
and consists mainly of anthropogenic layers: Only the lowermost 20–40 cm are interpreted as the
buried local soil (Figure 2c,E), which was dated by three14C-AMS ages to the ninth century BC [33].
The remaining part of the profile consists of discrete layers, which were piled up during the construction
of the burial mound with alternating layers of stone and sand that were deposited on top of each
other. In addition, there is a horizontally running, thin, dark layer, which crosses the lowest artificial
sand layer (Figure 2c,C). The type of construction with stone layers at hand is congruent with the
findings of Brunke et al. [38], who examined the south-eastern side of the burial mound in 2013.
However, the diagonal segmentation and orientation of sand layers B and D is only present in SD17P1.
The topmost stone layer of SD17P1 most likely represents the Bronze Age surface, which would,
in addition to the prominent position of the mound, emphasise its monumental character (cf. [33]).

All analyses carried out in this study focus on the parts of the profile that lie above the lowest layer
of stones, which is approximately 200 cm below the surface of the burial mound. Layer E (local soil) is
therefore excluded from the processing (Figure 2c).

Figure 2. Archaeological section examined. (a) Location of the sediment samples taken; (b) overview
of the section; (c) drawing of the archaeological section examined. Layers A to D are part of the
anthropogenically created burial mound. Layers B and D consist of numerous diagonal layers, which
are summarised here. Colour and texture of the sediments were documented during fieldwork and
are presented in Figure 5 along with the sedimentological record (Section 3.1). Layer E is interpreted
as the local soil that was buried during the construction of the burial mound [33] and is excluded
from all analyses.

2. Materials and Methods

Our experimental design involves the measurement of selective data based on sediment samples
extracted from the archaeological profile and extensive image data acquired during fieldwork.
The workflow is depicted in Figure 3, and a more detailed documentation of the data processing along
with scripts for the programming language R is given in Online Resources 1–3 (in Supplementary
Materials).
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Figure 3. Schematic depiction of our workflow. Image processing included principle component
analysis (PCA), derivation of slope rasters, colour transformation to CIELAB (Commission
Internationale de l’Eclairage), and the prediction of soil organic carbon (SOC). The standardised centred
log ratio (clr) of the data acquired with the portable energy-dispersive X-ray fluorescence spectrometer
(p-ED-XRF) was used. Spectroscopic measurements of the sampled material were processed using
standard normal variate (SNV) transformation with detrending applied to the first derivative of the
log(1/R) transformed spectrum. This allowed us to create stratigraphic delineations based on extensive
and selective data and to compare the performance of colour and spectral measurements to traditional
p-ED-XRF data.

2.1. Laboratory Sediment Analyses

Analyses were performed using the topmost 31 samples, extracted from the eastern part of the profile
and vertically covering a depth of 6 to 194 cm, thus excluding the natural soil of layer E (Figure 2a). Samples
were extracted and stored in airtight bags to minimise errors when measuring water content. We densely
sampled layers B and D to consequently capture the variability between the single obliquely bedded sand
layers. Stratigraphic (sub)layers were described regarding colour and texture using the Munsell soil colour
chart [39] and the German manual of soil mapping [40] respectively.

Further laboratory analyses of the sediments followed after the determination of the water content
and sample preparation, including crushing of aggregates, separation of coarse components with a
2-mm sieve, and homogenising of the subsamples for carbon and portable energy-dispersive X-ray
fluorescence spectrometer (p-ED-XRF) analyses in a vibrating disc mill.

2.1.1. Water Content

The water content was determined gravimetrically. The moist samples were weighed, heated in a
drying cabinet at 105 ◦C until a constant weight was reached, cooled down to room temperature in a
desiccator, and weighed again. The water content was calculated according to [41] and reported in mass%.

2.1.2. Soil Organic Carbon

The total carbon content of the samples was determined using a TruSpec CHN analyser by Leco
(St. Joseph, Michigan, USA). Additionally, a small portion of the powdered material from all samples
was tested for its carbonate content using 9.9% HCl acid. None of the samples showed signs of
carbonate, which is why the measured total carbon content is interpreted as the total organic carbon
content. During measurement, the samples were dry combusted at 950 ◦C in an oxygen atmosphere,
and carbon fluxes were quantified by infrared spectroscopy. The results were calibrated using certified
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reference material (CRM; Leco 502–309; 12.29 ± 0.37 mass% C; Leco 502–308; 3.6 ± 0.29 mass% C;
reproducibility was <2% RSD) and are reported as soil organic carbon (SOC) in mass%.

2.1.3. pH Value

The pH values of the samples were measured in a 1:2.5 solution of 10 g of dried sediment and
25 mL of 0.01 M KCl using a handheld pH meter (Hanna Instruments, Woonsocket, Rhode Island,
USA) with a resolution of 0.1.

2.1.4. Grain Size

The particle size distribution for the fraction ≤1 mm was determined with a laser diffraction
particle size analyser LS13 320 by Beckman-Coulter (Brea, California, USA). The samples were sieved
with a 1-mm sieve and bi-distilled water together with about 0.5 g Na4P2O7 as an anti-coagulation
agent. The samples were placed in an overhead shaker for 24 h and ultrasonic treated for 5 min
directly before the measurement. The prepared samples were put into a liquid sample divider and two
subsamples were measured with three independent runs each. The six measurements per sample were
averaged to obtain the sample’s grain size distribution [42]. Particle sizes are defined according to [40]
and reported in vol%.

2.1.5. Element Concentrations

Analysis of element concentrations was conducted with a Niton XL3t portable energy-dispersive
X-ray fluorescence spectrometer (p-ED-XRF) by Thermo Scientific (Waltham, Massachusetts, USA).
Internal parameter calibration was set to ‘mining mode’ and all measurements were recorded in %.
Two certified reference materials (CRMs) were used for quality control: GBW07312 (stream sediment;
National Research Center for Certified Reference Materials in China) and NCS DC 73387 (soil; China
National Analysis Center for Iron and Steel). The CRMs were measured repeatedly after every
eight samples. Since this study does not examine any absolute elemental concentrations but, rather,
the overall variability throughout the profile, the CRMs were used only to ensure validity of the
measured data. Recovery values were therefore not examined quantitatively.

Further processing of the p-ED-XRF data was necessary to produce reliable measurement results.
Measurements with a value smaller than or equal to three times the 1-σ error were discarded. Following
Schmidt et al. [43], the remaining results were analysed using a compositional data approach to manage
the consistent sum-constrained model [44] via R [45]. Elements were only processed if the number of
values below the limit of detection did not exceed 10% of the respective measurements. Subsequently,
the data were transformed using centred log-ratio (clr; [44]):

z = clr(x) = [ln(x1/g(x)), ln(x2/g(x)), ..., ln(xD/g(x))], (1)

where g(x) = [x1 × x2 × ... × xD]× 1/D is the geometric mean of all parts of the observation x =

[x1, x2, ..., xD]. This transformation was conducted using the compositions package for R [46]. Prior to
the conducted cluster analysis, the data were additionally standardised using a robust z-transformation.

2.1.6. Visible and Near-Infrared Spectroscopy

Visible and near-infrared reflectance of the sediment samples was captured using an FieldSpec II
spectroradiometer by ASD (Malvern, Worcestershire, UK). Samples were measured before and after
homogenisation. This allowed us to indicate an influence of material, which may be coating quartz
grains and, therefore, over-represented in the unground samples (e.g., fine clay or Fe oxides, see [21]),
and likewise to assess the general influence of grinding and homogenisation on sediment colour [47].
Reflectance was measured between 350 and 2500 nm in 1 nm steps. Measurements were acquired in
a darkroom, where each sample was uniformly illuminated by two halogen lamps to minimise the
casting of shadows. Samples were spread homogeneously on a plate, and the fibre optic cable of the
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spectroradiometer was placed above the samples (Online Resource 3 in Supplementary Materials).
Each spectrum was averaged from 50 single measurements to compensate for uneven sediment texture.
A white reference was captured every 15 min to minimise variation between the measurements and to
acquire normalised reflectance values in the range [0, 1].

The raw spectral information showed a high noise content below 450 nm and above 2300 nm,
as well as several smaller aberrations. The spectra were therefore smoothed using a Savitzky–Golay
filter of second polynomial order with a width of 21 values [48]. This was conducted with the hsdar
package for R [49]. Due to the high amount of noise below 450 nm, the spectral data were limited to
the range between 450 and 2500 nm for further processing (Figure 4).

Several studies recommend analysing spectral absorbance rather than spectral reflectance
(e.g., [23,50]). Spectral reflectance R was therefore transformed into absorbance A = log(1/R),
which allows for a better correlation of the signal with sedimentological data.

As an increase of overall reflectance was observed after homogenisation of the samples, several
processing steps were carried out to compensate for this (Figure 4). Building upon Stenberg et al. [50],
baseline correction was conducted by calculating the first derivative, which eliminated the existing
baseline shift [51]. Furthermore, this step enhanced weak spectral signals. Since this step also introduced
additional noise, the baseline corrected spectra were then smoothed using a Savitzky–Golay filter of
second polynomial order with a width of 21 values. Subsequently, scatter correction was performed by a
standard normal variate (SNV) transformation and de-trending [52]. These pre-processing steps allow
for the direct comparison of the spectra of homogenised and non-homogenised samples as well as an
enhancement of relevant spectral peaks and a reduction of, e.g., overall curvature [50]. A more detailed
documentation of the workflow is delivered in Online Resource 3 (Supplementary Materials).

Figure 4. Exemplary spectral signal (450–2500 nm, sample no. 10) before (a) and after (b) pre-processing.
Standard normal variate (SNV) transformation with detrending was applied to the first derivative of
the log(1/R) transformed spectrum.

2.2. Image Acquisition

Digital RGB photographs of section SD17P1 were taken using a 24.3 MP mirrorless camera with
a 2.8/16 mm lens (Sony ILCE-6000, Sony SEL-16F28, by Sony, Tokyo, Japan). Multispectral imaging
was carried out using a Micro-MCA snapshot camera with six spectral channels (Table 1) by TetraCam
(Chatsworth, California, USA). Central wavelengths and FWHM (full width half maximum) of the Sony
ILCE-6000 RGB camera have been previously published by Haburaj et al. [12] and used throughout
this study.

Using optical measurement systems, the lighting of the profile needs to be controlled and
documented. Images were captured under natural diffuse daylight. Apart from smaller diffuse
shadows in the corners, the section was captured under uniform lighting conditions. The cameras were
placed on a tripod and centred in front of the respective section. Rotation of the cameras was limited
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to a minimum, and black-and-white reference targets were placed in the section, which allowed us to
overlay and merge images manually afterwards while keeping spatial distortions at a minimum.

Table 1. Technical specifications of the camera systems used; central wavelengths of the spectral
channels blue, green, red, red edge, NIR1, and NIR2.

Sony ILCE-6000 TetraCAM MicroMCA-6

B 485 nm 490 nm
G 540 nm 550 nm
R 595 nm 680 nm

red edge - 720 nm
NIR1 - 800 nm
NIR2 - 900 nm

spatial resolution 5696 × 4272 px 1280 × 1024 px

colour depth 8 bit 10 bit

The RGB images were converted into 8-bit TIF format and normalised to the range [0, 1] via
feature-scaling. Six multispectral images were recorded in TetraCam RWS-format (each containing
one spectral channel and stored in three 8-bit layers, labelled red, green, and blue) and, to allow
further processing, converted into six 10-bit TIF-format images using the formula provided by
the manufacturer.

Since the used multispectral camera consists of an array of six separate cameras and the images
were acquired from a distance of approximately five metres, a significant spatial offset between the
spectral channels was present and required manual band alignment. The proprietary processing
software PixelWrench2 contains an option for minimising this offset, which was used successfully
by, e.g., Retzlaff [53]. This solution, however, is more suitable for images acquired during remote
sensing, as they keep a certain minimal distance from the subject, therefore keeping the spatial offset
at acceptable levels. Our ground-based approach, on the contrary, included an offset that was too high
and, therefore, was corrected through the pairwise manual selection of reference points. The resulting
multispectral images were normalised to the range [0, 1] via feature scaling.

2.3. Image Analysis

2.3.1. Image Pre-Processing

To allow for the comparison of the classification results via spatially consistent image data,
the recorded RGB and multispectral images were processed by manually registering 12 reference
points (overlapping geometries and artificial black-and-white targets) for thin plate spline [54]
transformation (TPS) with nearest neighbour resampling, carried out with the Georeferencer plugin in
QGIS (v2.18). This resulted in overlying images, which are necessary to assess the quality of the final
results. All non-sediment objects captured in the images were masked manually. Aside from external
disturbances like grass patches and other vegetation, this included the prehistoric stone layers that
are separating the sediment layers from one another (Figure 2). This step was conducted using the
raster package for R [55]. Minimising the impact of image noise and smaller disturbances within the
profile, the images were filtered spatially using the raster package for R [55]. To keep the geometric
alteration as low as possible and, likewise, to minimise the influence of outliers, we chose a median
filter with a window size of 21 by 21 pixels (multispectral data) and 101 by 101 pixels (RGB data) for
spatial filtering. The window size was scaled according to the respective spatial resolution and set
to quite high values, since our main interest was in the main strata. The sediment layers examined
did not include flakes of, e.g., brick, charcoal, or mortar, which renders the loss of texture detail in the
image data acceptable [12].
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2.3.2. Slope Rasters

Various derivatives of raster data show a positive impact on classification results. According to
Haburaj et al. [12], the spectral slope between red, green, and blue channels—while introducing more
noise—can help to identify organic material in the images. Slope rasters were therefore created for both
the RGB and the multispectral image data, leading to two and five additional raster layers, respectively.

2.3.3. Principal Component Analysis

Additional raster layers were created by performing a principle component analysis
(PCA, conducted via [56]) on the RGB image and the multispectral image. The number of principle
components was set to two, since this delivered an acceptable explained cumulative variance
(Online Resource 1 in Supplementary Materials).

2.3.4. CIELAB

The colour spaces CIELAB, CIE-Yxy, and Munsell are suited for the analysis of iron oxide content
in soils and sediments [57,58]. The CIELAB colour space shows a clear benefit regarding quantitative
analyses and was used throughout the presented study, since CIELAB coordinates are often influenced
by soil and sediment properties: CIELAB lightness L* is often regarded to be related with organic
matter, and CIELAB chromaticity coordinates a* and b* were proven to be related with different iron
oxide concentrations (cf. [27,57,59]). While these relations are measurable, authors generally conclude
that the specific relation is highly dependent on the material examined and often cannot be transferred
between different soil types [27].

The recorded image data were therefore transformed into the CIELAB colour space using the
convertColor() function for R. The CIE standard illuminant D65 was used as reference white, since
its properties are close to real indirect daylight as present during fieldwork. The multispectral data
were modified so that only the red, green, and blue bands were transformed. The produced raster
layers were used as additional input for classification with the intent of adding a rough measurement
of lightness and, more importantly, iron oxide content.

2.3.5. Soil Organic Carbon

Numerous studies have examined the prediction of soil organic carbon (SOC) via the spectral
signal [17–20,60–63]. Most recent publications tend to stress the better accuracy of machine learning
algorithms [13], especially when predicting more complex soil properties. For the prediction of SOC,
however, linear regression models have proven to deliver robust predictions with acceptable accuracy.
Since our study solely aims for the rough delineation of strata and our number of prediction variables
is quite low, ordinary least squares (OLS) regression was chosen as a rather straightforward prediction
model. As already pointed out by Bumgardner et al. [60], the overall reflectance in the visible part
of the spectrum decreases when the organic matter content increases. For this reason, only the first
four image bands of the multispectral image were used as input data for the prediction of SOC (450,
550, 680, and 720 nm). SOC measurement results were assigned to a set of training pixels, which were
extracted from the image bands based on the respective sampling locations. Training pixels comprise
all pixels of the digitised sample location. As the number of pixels is quite small due to the limited
spatial resolution of the images, further processing of the pixel values via, for example, mean values of
random subsets (as suggested for bigger data sets by, e.g., [63]) was not conducted. The fitted model
was used for prediction of SOC based on all image pixels. Model fitting was performed with the stats
package for R [45] and prediction using the raster package for R [55].

2.4. Cluster Analysis

Unsupervised classification of the processed data was conducted to semi-automatically delineate
stratigraphical (sub)units from (i) the image data and their derivatives and (ii) multiple parameters
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of the sedimentological data. This type of classification does not require the definition of training
areas and, thus, assumptions prior to the performance of the classification; it therefore excludes the
researcher’s subjective perception [12]. The on-site delineation by local archaeological experts in
combination with the results of the quantitative sedimentological analyses was used as a reference to
discuss the quality of the results.

2.4.1. Sedimentological Data

Unsupervised classification of the sediment properties examined was used to verify stratigraphic
delineation conducted during fieldwork. The most recent work of Schmidt et al. [43] shows that
hierarchical clustering of element concentrations may be used to classify sediment data for stratigraphic
delineation and interpretation. Building upon their work, we applied cluster analysis of Manhattan
distances performed with Ward’s method (e.g., [64]). Additionally we examined the benefit of
depth-constrained clustering [65] using CONISS [66]. The number of clusters/groups is based on the
layers identified in Figure 2c: Four main layers (A, B, C, D) and two additional layers, representing the
sediment parts within the stone layers. The total number of six clusters was increased to 10 clusters
for depth-constrained clustering, now including transitional layers between the main layers. Both
clustering approaches were conducted for (i) the pre-processed element concentrations (p-ED-XRF),
the pre-processed spectra of the (ii) ground and (iii) unground sediment samples, and (iv) the median
pixel values of the RGB and (v) multispectral images, extracted from the sampling locations.

2.4.2. Image Data

In past studies, k-means clustering was successfully applied for the analysis of soil data
(e.g., [11,12,62]). In this study, clustering was carried out in the spectral domain using the k-means
algorithm proposed by Hartigan and Wong [67]. Partitioning into clusters was performed using a
random sample, consisting of 10% of the pixels of the respective raster stack [45,55] in order to reduce
computational time. The maximum number of iterations allowed was set to 50, and three random sets
were created as seed points. The resulting partition was used for prediction via the clue package for
R [68].

Following Haburaj et al. [12], multiple combinations of the processed image data were used as
input for the k-means clustering: All image derivatives created were combined with one another to
assess the influence of each processing step regarding image noise and cluster quality. All combinations
examined are presented in the supplemental material (Online Resource 1 in Supplementary Materials).

The number of clusters was set to 15, allowing the inclusion of potential disturbances and
transitional layers in comparison to the six clusters of the sedimentological data. This rather high
number of clusters leads to the necessity of subsequent manual grouping of the clusters with respect
to the on-site stratigraphic documentation. This step was conducted in QGIS (v2.18). As argued
by Haburaj et al. [12], manual grouping should be conducted attentively, as it allows for a more
transparent documentation of the where and how of drawing borders between layers.

Evaluation of the image clustering results was carried out manually and by a visual interpretation
of the homogeneity of the resulting clusters, as well as their conformity with the delineation of
stratigraphic layers depicted in Figures 2 and 5.

3. Results

3.1. Sedimentological Record

The measured sediment properties of the section examined allow a detailed description of the
layers depicted in Figure 2. Layer A is characterised by a water content of c. 5%, an average SOC
concentration of around 1%, acidic pH values (top A: < 3.5, basis A: 4.5), and high concentrations of silt
compared to the other layers (Figure 5). At the top of layer B (sublayer 5), a peak of water content is
visible (c. 10%). Layers B and D show strong variation between their individual sublayers, averaging at
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around 5% water content, acidic pH values between 3.5 and 4.5, and low SOC concentrations (<0.2%).
The dark, thin horizontal layer C shows a peak in water content (c. 10%) and a slight increase of silty
material and SOC content compared to the surrounding materials (Figure 5).

Figure 5. Sedimentological record of SD17P1 (layers A, B, C and D). Sediment colour and texture [69]
as documented during fieldwork, location of samples, and respective results of the sediment analyses
performed. Centred log-ratio (clr) transformed contents of relevant elements measured with the
p-ED-XRF device.

During pre-processing of the p-ED-XRF data, we excluded several elements due to their
insignificance or erroneous measurements. The following eight elements showed valid measurements
and were processed: Zr, Zn, Fe, Ti, Ca, K, Si, and Al. Concentrations of these elements are
heterogeneous in the lower parts of the examined profile (layers B, C, D), while layer A repeatedly
shows continuous trends of element concentrations from its top to its bottom (Figure 5).

3.2. Clustering Results—Sedimentological Data

Clustering results (groups) of the p-ED-XRF data are documented in Figure 6. The groups
produced by depth-constrained hierarchical cluster analysis of the transformed element concentrations
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capture the main stratigraphic layers of the profile and, together with the on-site delineation and the
sedimentological record (Figure 5), serve as a reference for the quality of all clustering results: Groups
1 and 2 cover areas of dark material, which are characterised by high water contents and are situated
in layer A and at the top of layer B (sublayer 5, see Figures 5 and 6). Layer C is grouped together with
the surrounding materials of layers B and D in the results of both clustering approaches.

Figure 6. Clustering results (groups) of SD17P1 (layers A, B, C and D). Sediment colour and texture [69]
as documented during fieldwork, location of samples, and respective results of the hierarchical and the
depth-constrained hierarchical cluster analyses of the following data: p-ED-XRF data, selectively measured
spectral data (450–2500 nm), and median pixel values extracted from image data. Colours of samples indicate
groups obtained from the cluster analyses. Six groups (six colours) were obtained from the hierarchical
clustering and ten groups (ten colours) from the depth-constrained hierarchical clustering. Boundaries
discussed in the text are highlighted.

Clustering of the pre-processed spectra of the samples showed a noteworthy influence of grinding.
While layer C is grouped with the topmost layer in the ground data, it is grouped with the darker
part of layer B when samples are not ground (Figure 6). Both ground and not ground samples clearly
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delineate data of layer A from the rest of the data in the clustering results. Layer C is assigned to a
separate group in the ground data only. Compared to the results of the p-ED-XRF data, the groups
produced on the basis of the spectral data are spatially more consistent. Depth-constrained clustering
increases this consistency (Figure 6).

Groups produced by the clustering of both RGB and multispectral pixel data capture layer A
homogeneously. Additionally, the hierarchical clustering assigns darker parts of layers B and D
to groups 1 and 2. The clustering of the RGB data groups layers A and C, while the clustering of
the multispectral data groups layer C with the darker parts of layer B. Both data sets assign the
topmost part of layer B (sublayer 5, see Figure 6) to groups 1 and 2. Including depth-constrained
clustering showed a positive effect on group homogeneity for both RGB and multispectral-based
clustering results; layer A and sublayer 5 are captured as one single group. Both depth-constrained
cluster approaches of the pixel data, however, do not capture layer C, but group it together with the
surrounding materials of layers B and D.

3.3. Clustering Results—Image Data

Multiple band combinations were tested as input for the performed image classification via
k-means clustering. While all combinations have problems capturing the thin horizontal layer C,
the results shown in Figure 7 indicate clear benefits when using specific bands: Using the RGB data,
the most homogeneous classification results were derived from a combination of the raw RGB bands,
two principle components, and two slope rasters (Figure 7b). The summarised groups produced by the
cluster analysis roughly represent the stratigraphic (sub)layers. Clustering the same band combination
of the multispectral data (Figure 7c) produced results of similar quality. Nevertheless, two major
differences have to be pointed out: (1) Multispectral data succeed in separating layer A from the rest
of the profile, and (2) RGB data capture layer C more precisely in the spatial domain. Layer C is
grouped with materials from layer A in the results produced using RGB data, while the multispectral
data clustering results group it together with parts of layers B and D (see Online Resource 1 (in
Supplementary Materials) for all band combinations).

Figure 7. Results of the performed image classification of the upper part of SD17P1; stone layers were
masked manually prior to processing. (a) Profile as perceived during fieldwork with layer borders
(white) according to Figure 2 (layers A, B, C and D). Classification results of (b) an RGB composite
(raw data, slopes, PCA results), (c) a multispectral composite (raw data, slopes, PCA results), (d) a
multispectral composite (slopes, CIELAB), and (e) a multispectral composite (slopes, predicted SOC,
CIELAB chromaticity coordinates a and b). Colour shades represent individual groups produced from
k-means clustering, while summarised groups are indicated by a common hue.
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4. Discussion

4.1. Image Data

Our image classification results of the RGB data are consistent with the results of other studies
(e.g., [11,12,28,70]). The combination of raw RGB bands, two principle components, and two
slope rasters (as proposed by [12]) produced similar results to those of the equally processed
multispectral bands. Furthermore, processing of the multispectral data improved the classification
results significantly, allowing us to minimise the impact of lighting differences successfully.

Transformation to CIELAB coordinates did not deliver any benefit for the RGB data: Neither
replacing the RGB bands with their CIELAB counterparts, nor using the image bands containing
chromaticity coordinates a* and b* separately led to better clustering results (Online Resource 1 in
Supplementary Materials). This is different for the multispectral data, as both the CIELAB data
based on the multispectral data and SOC data show a significant influence on the clustering results
(Figure 7d,e). A combination of slope bands and CIELAB bands eliminates the influence of slightly
shadowed areas on the left and right sides of the profile. This leads to more homogeneous results,
which is mostly visible in layer A and the righthand parts of layers B and D. As a consequence
layer C is—while grouped with the material of layer A—captured more reliably than with the
other multispectral band combinations. Another notable result is the similar performance of (i)
the combination of slope bands with all CIELAB bands (Figure 7d) and (ii) the combination of slope
bands with the CIELAB chromaticity bands a* and b* and the SOC raster (Figure 7e). Classification
results are nearly identical, only showing small differences in the lower part of the profile.

We observed similarities between the clustering results of band combinations including the SOC
raster and, alternatively, the CIELAB lightness raster. Nevertheless, the transferability of these results
to other sites has to be examined critically and individuallyfor each case. The noticed relation between
SOC and lightness rasters is already proposed by other authors (e.g., [27,59]), who examined this
phenomenon in detail and concluded that the relation is highly dependent on the local circumstances.
However, if quantitative examination of SOC as conducted by, e.g., Steffens et al. [62] cannot be
included into the workflow due to technical or financial limitations, we propose CIE lightness to be a
rough indicator of the spatial variance of SOC, while keeping in mind that water content also influences
lightness significantly (e.g., [50,60]). Our results support the strong correlation of CIELAB image bands
and SOC, as observed for high-contrast soil profiles, for example, by Zhang and Hartemink [28].

The initially proposed significance of CIELAB chromaticity coordinates for the examination of
iron oxide concentrations could not be confirmed for our experimental design. The examination
of iron oxides based on CIE a* and b* as proven by, e.g., Vodyanitskii and Kirillova [27] possibly
requires a more sophisticated approach, including the mathematical prediction via, e.g., partial least
squares regression or machine learning algorithms, as applied for other sediment properties by,
e.g., Daniel et al. [71], Viscarra Rossel and Behrens [72], or Morellos et al. [73]. Other factors that could
be responsible for the poor performance of our approach include the limited presence of iron in the
profile examined: Elemental Fe concentration is below 1% (see Online Resource 2 in Supplementary
Materials) throughout the examined samples. This would correspond to a maximum of c. 1.4% Fe2O3,
given that all Fe would result from hematite. A future approach should consider a camera setup with
fewer limitations regarding spectral range and resolution. Using a hyperspectral VIS-NIR device
would allow the examination of Fe in far more detail [13,60,74]. This would also allow the analysis of
further sediment properties, like grain size based on the spectral signal [50,75–77].

More generally speaking, our results support the usage of the CIELAB colour space as a standard
for documentation during archaeological excavations. The observed good performance of the CIELAB
datasets supports the scientific relevance of the CIELAB colour space, which was previously proposed
by other authors [47,78]. For the last decades, this colour space gained popularity in the geosciences
and, meanwhile, is widely used in numerous studies (cf. [14]). Many authors noted the clear advantages
over the RGB or Munsell colour systems (e.g., [22,23,26]): CIELAB is a mathematically defined colour
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space that is free to use and suitable for quantitative analyses. In future studies, the proposed
quantitative examination of colour differences throughout archaeological profiles by transformation to
CIELAB could be complemented by additional colour difference formulas like CIEDE2000 to assess
possible benefits [79].

4.2. Sedimentological Data

By quantitatively analysing sediment properties, we were able to explain several characteristics of
the profile in detail. Clustering results suggest that the topmost parts of layer B (sublayer 5) are related
to layer A or the intermediate stone layer. The observed high values of water content and SOC suggest
sublayer 5 to be either related to construction work (compression by overlying stones) or resembling
(together with the overlying stones) a prehistoric surface, which would have been of similar character
to the topmost stone layer described by May [35]. Similarly to sublayer 5, the colour of layer C seems
to be influenced mainly by a high water content. However, slightly increased SOC may also indicate a
prehistoric surface here. The observed similarities also explain why layer C is often clustered with
layer A or sublayer 5.

The performed hierarchical cluster analysis of the examined sediment properties produced
similar results for the p-ED-XRF data and the recorded VIS-NIR data (Figures 5 and 6). We see
this as an indicator that selective or extensive spectroscopy should be considered a fast and
efficient alternative to laboratory analyses when one is aiming for the delineation of layers or
an objective confirmation of the observed variance in a profile. Spectroscopy in comparison to
laboratory analyses is easy and fast to apply, non-destructive, cost-efficient in the long term, and
also more environmentally friendly. While our study supports the idea of using spectroscopy during
archaeological excavations due to the aforementioned benefits, the methodological approach should
still be considered experimental—currently, clear limitations regarding the ease of use and the on-site
applicability exist.

Throughout our study, depth-constrained clustering generally improved the results, which
supports preferability of this method when clustering layers, as, e.g., Schmidt et al. [43] proposed.
Depth-constrained clustering also improved clustering results of the sampled pixel values significantly
(Figure 6) and—with the exception of layer C—captured overall variability of the profile. Layer C is
generally treated similarly in the image data and the selective data, as it is either clustered with layer
A or darker parts of layers B and D. It is also noteworthy that layer C was captured most accurately by
the spectral data of ground sediment samples, which underlines the potential of VIS-NIR spectroscopy
for stratigraphic analyses. In addition, both the selective pixel-based approach and the extensive
image-based approach distinguish between layer A and the rest of the profile.

4.3. Shortcomings and Benefits of Spectral Measurements

Our study exposes that quantitative colour measurements during fieldwork can help with
stratigraphic delineation and interpretation, be it based on selective or extensive data. Combining these
measurements with semi-automated classification algorithms, we were able to increase objectivity
and transparency of the delineation of stratigraphic (sub)layers in a similar manner to that if using
common sedimentological data. In particular, depth-constrained hierarchical clustering should be
considered a useful tool when analysing stratigraphic sequences quantitatively. Depending on the
respective research question, future studies should consider the measurement of VIS-NIR spectral
data as an alternative to other analytical methods, which are often time-consuming and destructive.
For example, spectral measurements could offer a fast and quantitative way of documentation on
rescue excavations.

We were able to successfully transfer the image analysis workflow proposed by Haburaj et al. [12]
to the archaeological profile SD17P1 from the burial mound of Seddin. Moreover, we want to stress the
significant improvements we could add to this process by adding CIELAB data and SOC information,
both derived from the multispectral data. The observed similarities between the clustering results
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of band combinations, including the SOC raster and, alternatively, the CIE lightness raster, suggest
that time-consuming and expensive SOC prediction can be replaced with a fast transformation of the
image data to the CIELAB colour space. The noticed benefits should especially be kept in mind when
one is working under heterogeneous fieldwork conditions, as CIELAB and slope rasters clearly help to
overcome uneven lighting conditions. If intra- or inter-site comparability of the colour and spectral
measurements is required, image acquisition should include distinct colour calibration [80,81].

The output of the conducted comparisons suggests that the selective spectral information
measured from sediment samples produces similar clustering results to those of the p-ED-XRF data.
Increasing the spectral range and resolution of the image data would therefore clearly improve the
identification of (sub)layers based on image data. This is consistent with the results of laboratory
analyses of, e.g., Steffens et al. [62] or Hobley et al. [63].

Taking the characteristics of the examined profile into account, we consider its stratigraphy
complex: While it consists only of a few major layers, the overall heterogeneity of the profile is quite
high. This complexity renders sediment sampling rather complicated, as one has to decide which and
how many samples to take. At this point, analyses based on image data could fill a gap. This would,
however, require a device that offers an improved spectral range and quality. Spectral imaging devices
are still in a crucial phase of development though. Imaging technology becomes more sophisticated:
Systems become smaller and are more easy to use, as recent studies suggest, using either snapshot
(e.g., [12,82]) or push broom (e.g., [83]) technology. However, the offered devices are still often limited
to wavelengths below 1000 nm (cf. [84]), rendering the examination of many sediment properties
problematic. Established hyperspectral scanners that capture wavelengths beyond 1000 nm are most
often expensive and difficult to use under fieldwork conditions due to their dimensions, weight, and
power consumption. While the limited capabilities of the presented spectral imaging devices render
the extensive analysis of sediment data not yet applicable for most excavations, selective spectral
measurements as performed in this study may constitute an easy-to-apply additional step towards a
more transparent way of field documentation during archaeological excavations.

Keeping in mind the complex stratigraphy of the profile at hand, applicability of the proposed
approach to profiles and plana that include more distinct stratigraphic features (e.g., post-holes,
pits, trenches) appears likely. The good performance of RGB image analysis for the examination
of high-contrast soil and sediment data was lately described by Haburaj et al. [12] and Zhang and
Hartemink [28], indicating a high potential of image classification for archaeological excavations in
general. Our results of the selectively measured colour and spectral data indicate that hyperspectral
measurements (as we measured with a spectroradiometer) could offer supportive information when
analysing more complex or low-contrast stratigraphies (e.g., paleosols).

The sedimentological record obtained in the laboratory is still necessary to describe and interpret
the layers. However, the good clustering results of the image data and the general performance of
the selective spectral data stresses the potential of more advanced spectral image sensors for future
stratigraphic studies. By extrapolating sediment properties from samples to image data, one could
combine the benefits of both worlds: A sedimentological record that is not limited to selected sediment
samples. While several laboratory studies were already able to produce extensive parameter maps
(e.g., [62]), transferability of this approach to on-site recordings still has to be examined.

Based on our results, future studies should either focus on the optimisation of an RGB-camera-based
workflow or the in-depth review of more potent spectral sensors. While RGB images delineate layers in
the presented study, our results show that image data that would involve spectral information of the same
quality as our selective VIS-NIR measurements could prove to be as suitable for assisting stratigraphic
delineation and interpretation as labour-intensive laboratory analyses.
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5. Conclusions

The presented results indicate that quantitative colour measurements and spectral measurements
during fieldwork can support stratigraphic delineation and interpretation of profiles in archaeological
excavations. Depth-constrained hierarchical clustering of spectral data as well as of p-ED-XRF data
should be considered a useful tool when analysing stratigraphic sequences quantitatively.

The discussed benefits of the multispectral image data suggest a huge potential of the spectral
domain for automating stratigraphic delineation and interpretation and, likewise, render this process
more traceable. Observed drawbacks show that we cannot offer a ready-to-use approach yet.
In particular, the limited capabilities of the presented spectral imaging devices render the extensive
analysis of sediment data not yet applicable for most excavations. Rather, additional on-site studies
should be carried out to create standardised workflows. Image data that would involve spectral
information of the same quality as our selective VIS-NIR measurements could prove to be as suitable
for assisting stratigraphic interpretation as labour-intensive laboratory analyses. Quantitative colour
measurements and spectral measurements, as performed in this study, may constitute an easy-to-apply,
non-destructive additional step towards a fast and more traceable way of field documentation during
archaeological excavations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9408/3/2/31/s1,
Online Resource 1 includes the image data used throughout this study along with the R-scripts that were used for
image analyses. Online Resource 2 covers the elemental concentrations of the sediment samples retrieved from a
p-ED-XRF, as well as documentation of the processing workflow of these data. Online Resource 3 comprises the
VIS-NIR spectra of all sediment samples, recorded with a spectroradiometer (350–2500 nm). Additionally, the
documentation of the pre-processing workflow is included.
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Abbreviations

The following abbreviations are used in this manuscript:

VIS-NIR visible and near-infrared
SOC soil organic carbon
p-ED-XRF portable energy-dispersive X-ray fluorescence spectrometer
CRM certified reference material
SNV standard normal variate
clr centred log ratio
TPS thin plate spline
FWHM full width half maximum
PCA principle component analysis
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Abstract: Colour is important in art, particularly in pictures. The eyes receive images with a particular
condition after traversing the cornea, other surfaces and interior liquid of orbit. It is possible for
changes in colour to be perceived when pictures are viewed by one eye that has defects in any
surface. Cone defects are directly related to colour failure. Can the original colour be recovered by
modifying the visual function? There are multiple colour tests, but there is no consensus on which
colour test is best. After detecting a problem with colour, we found several techniques to enhance
colour contrast for dichromats. Treatments considered were reversible and innocuous and combined
with melanopsin-based blue light sensitivity for melatonin suppression, allowing visual acceptance
and luminous perception. A light source of 4000 K with a Duv value of zero, a good observer and
adequate illumination were necessary. Subjective assessment may be affected by visual functions
such as accommodation, binocular vision and quality of the eye.

Keywords: colour; art; visual; accommodation; binocular vision

1. Introduction

The human eye detects light at wavelengths between 400 and 700 nm, the visible band. There are
three kinds of colour-sensitive pigments for absorbing energy in this range, which allow the eyes
to see [1]. There are different tests to evaluate colour fidelity indices (CIE-Ra, CQS-Qf, CRI2012,
CRI-CAM02UCS, and IES-Rf). Prediction is better with CIE-Rf than with CIE-RaFew [2].

In this paper, the appearance of objects in a museum situation with different spectral power
distributions was investigated [3,4]. Other studies have analysed relative attractiveness, naturalness
and preference for exhibits in correlation with colourfulness. All differences were compared based
on the realisation of different targets for light emitting diode (LED) blending and standard light
sources [5–7].

It is easy to find different evaluations of perceptions of LED-based white-light sources in persons
of different ethnicity with different objects (fresh food, packaging material or skin tone) [8–11].
The colour perception of an object is little influenced by the neutral interior of a light booth [12].
This usually involves judging brightness, colourfulness and pleasantness when lit with pre-set spectra
with correlated colour temperatures (CCTs) via LED and fluorescent lights, in approximately 500 lx.
The lighting choices did not differ based on individuals’ selections, ranging (2850 to 14,000 K) and
lying slightly below the blackbody curve [7,13]. Other attributes did, however, have an impact on
perception: attraction, vividness and warmth [14].

The spectral region around 570–580 nm is deleterious to the perception of colour and brightness [15].
High-quality LEDs can improve observers’ perceptions and can make the colour appearance more
vivid and saturated [16]. With colour LEDs, the hue and the saturation of a target colour can be
modified according to preference [17].
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Smartphone and tablet use are associated with visual and ocular discomfort such as headaches,
eyestrain and other symptoms; this is also reported with desktop computer use. Smartphones,
tablets and similar devices differ from desktop computers in position and distance, screen size
and luminance. It is important to know that accommodations decrease with handheld device use,
lag increases and is induces changes in convergence [18,19]. These changes in accommodation and
convergence for near items in inadequate lighting conditions are implicated in the evolution of myopia.
There is greater accommodative lag in myopes than in emmetropes and in schoolchildren than in
adults [20]. Longitudinal chromatic aberration is related to this accommodation and changes in the
emmetropisation process and the change of the depth of field (DOFi). This state causes a dioptric
change in the monochromatic accommodation response [21]

Intraocular lenses (IOLs) with more diopters are problematic in that their central thickness and
aberrations reduce image quality [22]. In measuring the quality of a polychromatic image using
IOLs, a model eye was constructed with diffractive optical elements. Image quality was evaluated for
vergences, lengths and pupil modulation transfer functions and image quality. There was a significant
modification in the near-distance balance [23].

It is possible that changes in colour are observed when pictures are viewed by one eye with any
surface defects? These aberrations could be caused by opacity or trauma in any of the elements in
front of the retina, although it can also be produced in the retina itself. Cone defects are directly
related to colour failure. Can original colour be recovered by modifying the picture viewed by that
eye? With another functional eye problem, would it be possible to visualise the original colour with
adequate irradiation?

2. Materials and Methods

All of the observers had normal colour vision. A refractive correction lens was evaluated [3,24].
Currently, there is no consensus on which colour test is the most complete. It is recommended to
use at least 2 tests to uncover more information about visual perception [25]; possible tests include
Ishihara, Color Vision Testing Made Easy (CVTME), Farnsworth–Munsell 100-Hue and other similar
tests [25]. In many experiments, multiple light sources were used, with a CCT different in K value at
different Duv values. These represent the most common light sources used, for example, in Chinese
museums [3]. The application of memory and preferred colours to colour rendition evaluation of
white light sources is reviewed with Sanders, Judd’s flattery index, Thornton’s colour preference
index and Smet’s memory colour rendition index. Here, we evaluated the agreement of data on
visual appreciation and perception of naturalness [26]. Referenced patient studies comply with the
Helsinky statement.

The participants evaluated a room with objects chosen to cover a range of hue, saturation
and lightness values to evaluate the subjective impressions of a light source’s colour quality [27].
The interpretation of lighting conditions included naturalness, vividness or preference in two scenes
illuminated with different SPDs (spectral power distributions) [28].

With any transformation, colours varied in many directions and there was with no guarantee
that colours fell within in the desired range [29]. In other experiments, the observer matched the left
eye standard square with the luminance and chromaticity of the right eye modified by a control after
being previously dark adapted [30]. The values were noted after the observer expressed that they were
satisfied with the match by pressing a key [31]. The CVTME test consists of 10 plates for demonstration
containing a circle, star and square, visible to all colour-deficient and colour-normal subjects and other
plates designed for young children and those with learning difficulties [32,33].

Accommodation and vergence, in conjunction with ocular surface and blink, were evaluated
while the participants were reading a text on a smartphone for a large time and were measured during
reading. Eye fatigue and other symptoms, fixation disparity and binocular accommodation were
assessed, and the frequency and amplitude of the blink and viewing distance were measured [19].
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Accommodative lag and accommodative fluctuations were evaluated with the Grand Seiko
WAM-5500 open-field auto-refractor [20]. Subjective DOFi was measured using a motorised Badal
system. The subject’s eye was paralysed and different, previously measured accommodative states
were simulated with a deformable mirror. Different colour conditions were tested [21]. Spherical IOLs
with different diopters were implanted in a IOL eye model and measured with a modulation transfer
function (MTF) [22].

3. Results

Criteria for Successful CVTME Testing

For the present purposes, a child was able to cooperate with and respond to each test plate in order
and in demonstration was successful when a subject name each of the black and white figures [32].
OCTs provided information on surface depth and size as well as pigment distribution. This information
also applied to surfaces with higher roughness [34].

Subjects preferred daylight for visual acceptance and glare. Photometric variables modulated
changes in visual light perception, alertness and mood in the afternoon [35]. Red, green and blue
light could affect the colour appearance of the objects illuminated, particularly when they were vivid
and saturated by high gamut area index. There was a strong preference for colours with enhanced
saturation [16].

Perceptions were measured for different combinations of LEDs and perceived quality and links
were assessed [5]. There was a preference for naturalness and colourfulness, and naturalness was
weakly related to colourfulness [6]. The judgments for colour preference and comfort were highly
correlated, and the whiteness of the lighting influenced colour preference, comfort and discrimination [3].
The average colour difference between the original and the recovered colours was relatively high;
when the high value was disregarded, the average colour difference was reduced to 4.2 [1]. For dark
objects, chroma was overestimated to lightness [31]. In dichromatic persons, the number of discernible
colours was about 7% of normal. Only modest improvements could be obtained for dichromats [33].

The ocular symptoms increased with the use of the smartphone, in comfort, fatigue and drowsiness
(p ≤ 0.02). Accommodation was also reduced (p = 0.01). There were no other changes except an
increase in the number of incomplete blinks, associated with a general worsening of eye symptoms
(ρ = −0.65, p = 0.02) and fatigue (ρ = 0.70, p = 0.01) [19]. The accommodative lag was significantly
different between schoolchildren and adults [F (1219, 35,354) = 11,857, p < 0.05] and non-myopic and
myopic [F (3107, 31,431) = 12,187, p < 0.05]. It was higher in myopic schoolchildren (0.655 ± 0.198 D)
than in non-myopic patients (0.202 ± 0.141 D, p < 0.05) and myopic young adults (0.316 ± 0.172 D,
p < 0.05). The accommodative delay was greater in the mesopic room (all p < 0.05) [20].

Blue measured 0.45 ± 0.09 D, green 0.07 ± 0.02 D, and red 0.49 ± 0.10 D. The monochromatic DOFi
was 1.10 ± 0.10 D with 0 D, 1.20 ± 0.08 D with 2 D and 1.26 ± 0.40 D with 4 D. The polychromatic white
DOFi was higher than the monochromatic one (19%, 9% and 14%) [21]. MTF values were significantly
higher than the values measured at the low range of polychromatic light [22]. Chromatic aberration
resulted from a bifocal change in the quality of the near image; objects viewed at a distance were better
with the design [23].

4. Discussion

It is possible to enhance the colour moderately and with degradation [17]. Use of a 4000 K
light source with a Duv value of zero is preferable to enhance and comfortably view colour [3].
OCT measures the volume of pigment in a layer, the thickness of varnish layers, the voids and the
depth of microcracks; when applied to cultural heritage it generates spectacular images [34].

The dependence between intensity, duration, pattern, timing, light history and wavelength
can change the response of the circadian system. The photopic visual system responds equally to
non-visual responses with high intensities [36]. The colour quality (CQ) attributes (naturalness,

213



Heritage 2020, 3

colour and preference) of light were assessed in immersive environments. Preference was related
to naturalness and colour, however naturalness was weakly related to colour [6]. There was a high
correlation of preference with perception. White light improved colour preference, comfort and
discrimination [3,31]. Other behavioural variables decreased visual acceptance, including variations in
subjective alertness, mood and inter-correlations of these dependent variables. Daylight availability
was one of the indicators of individual satisfaction [35].

Protans and deutans have a preference for re-coloured images with enhanced contrast.
This information makes it possible to design good visualisations in these cases [29]. WGR mixes
produce more attractive colour images than do other types of lights [5].

Eyestrain symptoms and ocular surface symptoms increased tiredness and sleepiness. These visual
functions represent a loss of image sharpness. Binocular accommodative facility decreased [19] and
focus variation is less accurate.

Among myopics, there was a greater lag in schoolchildren than in young adults. This is
therefore a problem of focus among schoolchildren, preventing unintentional maintenance of attention,
especially in ametropia such as myopia; this was greater under mesopic room conditions for all ages.
Good photopic lighting is necessary to avoid it. Accommodative lag and accommodative fluctuations
at far distance (6 m) and near distance (25 cm) were measured using the Grand Seiko WAM-5500
open-field autorefractor [20].

For polychromatic white DOFi with colour versus monochromatisms, some visual aid is essential
to relax the accommodative stimulus that colour variations require [21]. Increased effects related to the
IOL diopter were observed, and MTF values were found to be increased with the increase in the IOL
diopter [22]. This also affects populations of people with cataract surgery or with ametropia, where the
lens is replaced by IOLs. Such people are mostly over 60 years of age. For bifocals, adding power
produced changes in the near image quality in terms of wavelength and pupil size [23].

Finally, there is a large population with healthy eyes and those with different visual problems due
to accommodation, binocular vision, intraocular lenses or pupils, that may not see a well-lit object well
in any museum.

5. Conclusions

As a first conclusion, the changes in quality of lighting produce subjective alterations in the
observers. It is preferable to use a light source with a Duv value of zero to enhance and comfortably
view colour The visual functions affected are accommodation, binocular vision and the quality of the
eye, as well as artificial changes in the eye with variations of the pupil or age conditions. Any subjective
evaluation procedure for a work of art can be affected by lighting and the living eye.
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