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The determination of the composition of illuminated manuscripts’ components is an important tool for the better
understanding of their history, their origin and the procedures carried out for their elaboration, providing an
insight into techniques and materials used in the times of their fabrication. By focusing on all three important
aspects of an illuminated manuscript, which are their content, their decorative style and the composition of the
materials used (CSM approach) a more complete vision of the manuscripts can be obtained, as the results of each
field’s studies complement each other. This article presents a methodology that combines the information ob-
tained from single point measurements, Macro X-ray Fluorescence (MA-XRF) and Non-Negative Matrix Factor-
isation, evaluating the advantages and drawbacks each method presents, with an emphasis on the detection of
minor signals and minor components and the interpretation of their contribution in the understanding the object
and the artistic process carried out for its creation. The importance of adjusting the methodology according to
each case’s requirements is also indicated. The methodology has been applied to a late 12th century Catalan
cartulary, the Liber Feudorum Maior, an exceptional non-religious cartulary, elaborated along more than one
century, and which contains 76 miniatures painted in two different decorative styles. The information obtained
from the different measurements has made it possible to establish not only a large part of the palettes used for the
two painting styles but also determine small differences in the composition of the inks used to write the car-
tulary’s text. Through this compositional study it has been possible to gain insight into the techniques used for
the manuscript’s elaboration, which could be indicative of the participation of multiple artisans.

1. Introduction

Medieval manuscripts are amongst the best historical sources avail-
able that describe life in the Middle Ages. Furthermore, many of them
are richly decorated, meaning that they also consist in valuable works of
art. The information these manuscripts offer can be organized into three
categories: 1) the content of the text and the illustrations that accom-
pany it, 2) the style the miniatures are designed in and 3) the materials
and procedures used and followed to create the manuscript. These three
sources of knowledge offer complementary information regarding the
manuscript, the society it was created in, its authors and the techniques
that were used for its elaboration. An approach focused on content, style
and materials (CSM approach) is necessary, as even though the text and
illustrations provide direct information on the historical events, reli-
gious beliefs and artistic tendencies of the period, information can also
be extracted implicitly through the manuscript’s composition, which is
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often the least studied field of the three. Analysis of the composition can
be a source of valuable information on the manuscript’s history, as it is
embedded unconsciously in the object. Furthermore, the material study
helps to shine some light on the accepted values and culture of the so-
ciety and the availability of materials to different artists or regions.

The Liber Feudorum Maior (LFM) is an illuminated cartulary elabo-
rated between the end of the 12th century and the beginning of the 13th
and the documents it includes were compiled by Ramén de Caldes, the
dean of the Barcelona Cathedral, by order of King Alfonso II of Aragon
(1162 - 1196).

It is an exceptional manuscript, as it is one of the first lay cartularies
made in a period predominated by cartularies created for ecclesiastical
institutions, while, furthermore, being widely illuminated [1]. The
documents in the cartulary include agreements, land sales, donations,
oaths and betrothals and the illustrations accompanying the text depict
such scenes. The majority of these scenes represent homage or vassalage
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acts, depicting the vassal kneeling in front of their lord [2]. The manu-
script is in a relatively good conservation state.

One of the most interesting characteristics of the LFM is that these
miniatures are painted in two distinct decorative styles, belonging to
two different periods (Fig. 1). The differences between the two styles can
be attributed to the stylistic and ideological evolution that occurred in
Catalonia in the 12th century’s final years, which represent the transi-
tion from Romanesque to Gothic. There is no additional information
regarding their material characteristics, the order of the creation pro-
cedures or the number of artists and copyists involved in the centuries-
long development of the cartulary. Instead, the dating of the manuscript
has been made possible thanks to the dating of the text through the
identification of one of the copyists, Ramé6n de Sitges, who had not
begun working in the Royal Chancellery until 1179 [3]. Regarding the
nomenclature of the miniature styles, even though the illustrations
cannot be directly assigned to the two different stylistic categories,
hereon, for simplicity reasons, they shall be referenced to as Roman-
esque and Gothic, respectively corresponding to Styles A (archaic) and B
(proto-Gothic or Year 1200 Style) mentioned in the literature [4,5], as
can be seen in Fig. 1.

The LFM has been subject to multiple studies throughout the years,
each one focusing on different aspects of the manuscript. Issues inves-
tigated in several published works are the dating of the two decorative
styles of the miniatures from an art history perspective [2,4-6]; the
significance of the blank pages and the analysis of the manuscript’s
content from a historical point of view [1]; and an attempt to identify
scribes and pin their work down to a certain time period, though
paleographic analyses [3]. Nevertheless, the manuscript’s composition
has never been analysed, meaning that certain questions remain unan-
swered and the choice of adequate conservation conditions and
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restoration treatments becomes more difficult.

Information that would allow the better understanding of the LFM
can be obtained through the analysis of the miniatures and the text. The
composition of the pigments used to decorate the cartulary can be
determined through the identification of the major and minor elements
that they are made of.

For the better conservation of the LFM, as well as many other similar
cartularies, it is recommended to use non-destructive analytical tech-
niques and portable instruments that can perform the analysis in situ, so
as to avoid any kind of physical deterioration [7]. An analytical tech-
nique that complies with these requirements is X-ray Fluorescence
(XRF), which provides information on the elemental composition of the
sample. Due to the penetrative properties of X-rays, XRF allows the
gathering of information from the layers located underneath the illus-
trations’ surfaces, giving a deeper insight into their structural charac-
teristics and the techniques used to achieve them, in comparison to other
surface techniques [7].

Nonetheless, like all analytical techniques, XRF also presents some
disadvantages and certain difficulties. The technique’s incapacity to
detect light elements, such as carbon or oxygen, means that organic
materials cannot be identified. In the case of illuminated manuscripts,
such materials include the parchment or colourants of vegetal or animal
origin. It must be highlighted that even if light elements were detectable,
it would be impossible to characterise the organic compounds present
based only on their elemental composition. The procedures based on
single-point analyses and the acquisition of high-quality spectra can also
be time-consuming and not always representative of the whole illus-
tration. Furthermore, minor signals originating from lighter elements
must be studied carefully, as they may correspond to the main element
of the pigment, whose identification is vital for the correct

Fig. 1. Representative miniatures of the two decorative styles found in the LFM. Miniatures (a) from folio 83v and (b) from folio 19r belong to the Romanesque style.
Miniatures (c) from folio 82v and (d) from folio 41r are painted in the Gothic style and (e) 109r is painted with elements from both styles.



G. Magkanas et al.

identification. Weight must also be given to minor elements, as they can
provide further knowledge on the nature of the pigments or the
composition of mixtures. Moreover, changes in signal intensity can help
with understanding the structural distribution, when multiple materials
have been used, and reveal information on procedures and techniques
used by manuscript illuminators. Equivalent information regarding the
text found in the manuscript can also be gathered through the deter-
mination of the ink composition.

A step forward is the Macro X-ray Fluorescence (MA-XRF) mode that
yields elemental distribution maps and guarantees a higher represen-
tation degree of the illustration’s composition. This makes interpreta-
tion easier by allowing direct correlation between composition and
colour zones and can reveal information not easily identifiable through
simple comparison of single-point spectra [8-15].

Taking into account the high amount of data provided by the MA-
XRF maps and the high amount of information included in them, the
procedure followed for its extraction is of paramount importance. This
procedure can be carried out using the different programmes associated
with the commercial instruments, but a complement to these, which are
of particular interest in order to obtain information about the minor
signals, would be the use of specialized data treatment programmes,
which further allow the application of multivariate techniques. Tech-
niques such as Principal Components Analysis (PCA) [16-18], Multi-
variate Curve Resolution — Alternating Least Square (MCR-ALS) [19,20]
or Non-Negative Matrix Factorisation (NMF) [21] have sometimes been
applied in the field of artwork analysis, proving their capabilities of
providing a better understanding of the MA-XRF data, through the
reduction of their dimension by foregrounding the most relevant aspects
of the maps.

The aim of this work is the establishment of an analytical method-
ology for the determination of the composition of the pigments and inks
used in medieval manuscripts, as well as the study of the structural
distribution of the materials used, when possible, by paying special
attention to the information provided by the minor signals.

The effectiveness of the methodology will be tested by applying it on
the analysis of the Liber Feudorum Maior, in order to establish the
composition of the pigments and inks found within it, thus deepening
the existing knowledge on the cartulary’s history.

2. Materials and methods
2.1. Sample

The LFM, conserved at the General Archive of the Crown of Aragon in
Barcelona, has suffered many changes throughout its existence. Histor-
ical descriptions of the LFM mention that it was made up of two volumes,
the first one consisting of 499 numbered pages and the second one of
405 numbered pages [4,5]. Currently only 120 folios are conserved, of
which 89 (59 from the first volume and 30 from the second) were
rebound in 1807 [4]. Some pages without text were used as covers of
other books conserved at the Archive and twenty-seven of them were
discovered in 1944 [22], while four more were discovered in 2014 [23].
The size of the folios is thought to have been manipulated over the years
as well, with them being cropped [4], leading to a reduction of the
dimensions.

The LFM contains 76 miniatures, of which 23 are painted in the
Romanesque style and 51 are painted in the Gothic style. Two minia-
tures in the manuscript are decorated with characteristics of both styles,
where gothic elements were added onto unfinished Romanesque mini-
atures. Of the 51 gothic miniatures, several are unfinished: in some only
the golden or silver leaves have been placed, while others are further
developed and also include painted areas.

Due to the large number of miniatures found in the manuscript,
elaborated using different pigments and presenting multiple structural
characteristics, a thorough study of the cartulary implicates the selection
and analysis of a representative number of miniatures. This selection
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includes 4 Romanesque, 10 Gothic and 1 mixed miniatures, with the
analysis focusing on selected areas of these miniatures. These zones were
chosen so as to represent the palette used for the decoration of the whole
manuscript and were large enough in order to recognize the design and
motifs of the miniatures. The analysis of 8 decorated capital letters, of
which one is illuminated provided further information on the pigments
used.

Regarding the compositional study of the inks used in the cartulary,
17 black letters and 4 red ones were analysed. The letters chosen
represent groups of text with different aspects, which were determined
from certain changes found between these groups, such as the callig-
raphy style or the colour of the ink.

2.2. X-ray Fluorescence

The XRF measurements were carried out using a portable commer-
cial XRF spectrometer (Elio, XGLAB Srl), equipped with a Rh anode X-
ray tube, a 12.5 pm thick Be window and a 25 mm? active area Silicon
Drift Detector with an energy resolution of 135 eV at the Mn Ka line. The
analysis range of the instrument lies between 1 and 40 keV, which al-
lows the analysis of elements from Si to U.

A 2 cm thick methacrylate plate was placed under the folios analysed
for all measurements in order to block emissions and interferences from
lower folios. Furthermore, the areas analysed were chosen carefully and
after having checked the reverse side of the folio, in an attempt to avoid
spots where the back side was painted and thus limit interferences.

2.2.1. Single-point analyses

The measuring conditions for the point analyses were maintained at
50 kV, 80 pA and an analysis time ranging between 20 and 120 s, with
40 s being the measuring interval mostly applied. One replicate was
obtained for each analysis. The sample was always kept at a distance of
1.4 cm from the detector [24].

2.2.2. MA-XRF

For the MA-XRF analyses the measuring head of the same equipment
was fixed onto an XY motorized stage. The scanning process is per-
formed automatically through consecutive 1-second point analyses of 1
mm? areas, every 1 mm. The result of this procedure is an elemental
analysis map and a single XRF spectrum which includes the data found
in each one of the points analysed. The 1-second point analysis spectra
can also be accessed. The generated map uses a chromatic scale to
represent element intensity in each pixel of the map.

The analyses consist of the creation of visual maps that express the
elemental distribution of a specific area as a result of the sequential
recording of XRF spectra

2.3. Data treatment

The datasets acquired via the XRF scans are treated with the open
source PyMCA software (Software Group of the European Synchrotron
Radiation Facility (ESRF)) [25], using the “Fast XRF Stack Fitting” and
“PyMca NNMA” tools. The first one allows the generation of deconvo-
luted maps of certain specified elements, whereas the second one allows
the treatment of the acquired data via non negative matrix approxima-
tion techniques.

The technique used in this article is NMF, which allows the
approximation of a matrix, such as the XRF data matrix, into two new
non-negative matrices. The non-negativity of the technique has the
advantage of producing results that respect non-negative physical
quantities [26], such as peak intensity, thus facilitating the compre-
hension of the generated spectra.

However, NMF also presents a drawback, which is its non-
reproducibility. Due to the fact that the two newly generated matrices
are initialized with random non-negative values, NMF decomposition is
not unique and the final result of each iteration is slightly different. The
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randomness of NMF caused by the lack of normalisation or regularisa-
tion methods [27] can be corrected by changing certain parameters,
which however are not included in PyMca and for which reason multiple
iterations of the technique must be carried out.

3. Results and discussion
3.1. Methodology development

The establishment of a reliable analytical procedure included the
evaluation of four methods: single-point measurements, ROI imaging,
deconvoluted maps and NMF analysis. They are proposed as successive
steps that can help deepen knowledge of miniatures’ material compo-
sition, with a special emphasis on minor signal contributions.

The first method evaluated are the single point measurements, which
consist in the most basic form of XRF data. The spectra retrieved were
found to be reliable and an accurate representation of the spots ana-
lysed, thus providing a good first understanding of the materials present
and allowing the identification of most of the major elements found in
the manuscript. However, some drawbacks were observed as can be
appreciated in Fig. 2. Minor Hg signals were visible in some blue
pigment and ink spectra, including the ones presented in the figure.
Their absence in other analysed areas and their strong presence in some
parchment spectra suggest that they could come from the cinnabar used
on the reverse side of the parchment. Contrary to the parchment spec-
trum, where the error is relatively obvious due to the low probability of
having such a strong mercury signal originating from the parchment, the
weak mercury signals found in the other two areas could easily be
mistaken as important when determining material composition if just
one measurement was performed. Another problem related to the
identification of blue areas was that no strong element signals were
observed. The Si, S and K signals could indicate the use of ultramarine,
but the two latter elements are also present in the parchment. Even
though these elements display a strong signal in the blue pigment
spectrum, the comparison with the also strong signals detected in the
parchment and ink areas make it difficult to single it out as an identi-
fication agent. In order to be confident that the elevated signal intensity
is indeed related to the presence of the pigment, multiple measurements
of both blue and non-blue areas would be necessary.

Therefore, an important drawback related to these measurements
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appears to be that some minor elements, some minor signals or some
small changes in signal intensity may be ignored, thus overlooking
relevant information. Single point spectra can be directly compared in
order to avoid such occurrences, but this is a time-consuming process,
and often it is necessary to recur to chemometric techniques. If no
attenuating precautions have been taken, errors may also occur from
misinterpreting signals belonging to the other side of the parchment, or
underlying folios.

A step forward from single point spectra are elemental distribution
maps. These maps display the varying intensity of elements in the
different parts of an analysed area and can help overcome some of the
aforementioned issues. In this work, b maps generated through Region
of Interest (ROI) imaging software and deconvoluted maps were
evaluated.

ROI imaging, which consists in the selection of certain regions of the
spectrum corresponding to different elements, shows the distribution of
these elements in the map and can be carried out using the software that
accompany modern commercial XRF equipment (in this case Elio Soft-
ware, XGLab Srl). These types of software allow the visualization of
elemental maps and also a preliminary analysis of the general spectrum
that corresponds to the whole analysed area. ROI imaging offers the
advantage of being able to check element distribution in the same
interface in which the analysis is being carried out, proving to be a useful
tool for on-the-spot analysis, which may be necessary when there are
time limitations associated with “in situ” or routine studies.

With ROI imaging, issues such as the identification of pigments with
weak signals or the confusion generated by signals emitted from the
parchment or the reverse side of the folio are solved, as the small dif-
ferences in intensities between neighbouring measurements are easily
detectable. However, a new problem arises regarding the overlapping of
peaks, which can be understood by studying the maps corresponding to
five regions of an analysed area’s general spectrum, presented in the top
row of Fig. 3. In some cases, such as the Hg La map, the determination of
the element is easy, due to the lack of other peaks in the specific spectral
area. However, in other cases, such as the broad peak found in the 2.05 —
2.50 keV region, which includes the Hg Ma, S Ko and Pb Ma peaks, or the
peak found in the 10.45 - 10.70 keV region which coincides for the Pb La
and As Ka emissions, determination of the element present can be
difficult, or impossible. For example, the study of the 2.20 - 2.30 and
10.45 - 10.70 keV maps could indicate that the yellow-beige area of the
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Fig. 2. Single point measurements on a Romanesque miniature on folio 74v.
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Fig. 3. Comparison of ROI (top) and deconvoluted (bottom) maps of the S, As, Hg and Pb peaks for an analysed area of the Gothic miniature on folio 1r. The regions
selected for the ROI imaging correspond to energy areas surrounding the expected peaks.

analysed region, corresponding to the scribe’s desk shows a slight S and
As presence. However, the fact that Pb peaks appear inside of or close to
both areas, it is impossible to know if the signal is correlated solely to
this element.

As can be deduced from the example, a major disadvantage of this
tactic is the lack of peak deconvolution. The regions selected may
include more than one element and elements with minor signals can be
missed due to the stronger signals of neighbouring element peaks. This
problem can sometimes be avoided with the realisation of multiple
single point analyses. Often the overlapping peaks are only present in
the general spectrum of the whole map, since the elements responsible
for them are found in different areas of the zone analysed. However,
once again, the process of comparing the single point spectra with the
general one can be time-consuming and requires experience.

Data treatment software, such as PyMCA, prove to be a useful and
easy-to-use alternative. With integrated tools, such as Fast XRF Stack
Fitting it is possible to quickly generate deconvoluted maps of selected
elements, in order to provide well defined information and reveal the
distribution of elements whose peaks were overlapped by other neigh-
bouring ones and could not be identified with ROI imaging, thus
providing a more in-depth perception of the materials used. The
knowledge necessary prior to the application of this tool mainly regards
the composition of pigments commonly used during the time period the
analysed object belongs to, as not including certain elements in the
analysis could be detrimental to the quality of the results. Hence, it is
advisable to use this tool after having conducted, at the very least, a
preliminary analysis of the general spectrum and having thoroughly
researched on the history of the pigment’s use. A configuration file can
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be saved and applied to multiple maps, but it is important to deal with
each case in an independent way as miniatures even from the same era
may have been elaborated with different materials or been restored with
posterior in time pigments.

The advantage deconvoluted maps offer over ROI imaging ones can
be appreciated in Fig. 3 (bottom row). In the case of deconvoluted maps,
the spatial distribution of the four elements can be seen clearly and they
are all free of interventions from nearby elements. The presence of As
and S in the yellow-beige area is now clear, indicating that it is orpiment
or realgar.

In both map types, it was found that the chromatic scales allow the
identification of even minimal changes between intensities from one
spot to another, which could indicate compositional differences. Ele-
ments that in a single spectrum might have seemed irrelevant gain
importance if they are detected in an extended area, especially when this
area clearly corresponds to a well-defined colour zone.

Finally, it must be noted that although the contribution of two ele-
ments in one area can often be deduced manually, as in the case of As
and S, there are cases where this can also be achieved automatically
through multivariate techniques. These techniques help in the reduction
and reorganization of large data volumes into components that corre-
spond to the most important and relevant information and can reveal
correlations between elements. PyMCA provides several of these tech-
niques, including PCA and NMF, which were assessed in this work. The
results PCA offers cannot always be interpreted easily, due to the
negative weight that is given to some variables and the fact that many
principal components correspond to noise.

An example of an NMF application can be seen in Fig. 4. Component
1 shows the areas where Pb is present in the miniature, while Compo-
nent 3 shows the association between As and S, with more weight being
given to the As K peak. A similar zone is marked in Component 9, which
however gives more weight to the S K peak. Component 4 indicates the
zones with a high Hg content, whereas although Component 8 also gives
importance to Hg, weight is also given to Ca, meaning that areas with a
higher Ca/Hg ratio are highlighted. These include the areas where the
red pigment has become detached from the surface and the bare
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parchment is visible. However, areas where no red pigment can be seen
are also marked. Finally, Component 10 shows the correlation between
Ag and Pb. There seems to be a red preparation layer under the silver
leaf containing lead. Components 2, 6, 7 and 8 have been omitted from
the figure as they do not provide relevant information.

It can be deduced therefore that NMF can provide reliable results,
has the capacity to differentiate zones with unique compositions and
thus helps deepen the knowledge available. Even though multiple iter-
ations of NMF can provide slightly different results and not all compo-
nents provide useful information, many of them reveal interesting data
correlating elements.

As is clear from the above, a number of methods to analyse XRF maps
is available, each one with its own advantages and disadvantages, which
provide different levels of information depending on the needs and
experience of the researcher. The complementary nature of these
methods indicates the importance of having access to a wide range of
tools and knowing how to combine them when analysing such data.

It must be highlighted that every case must be treated as unique and
the tools used must be adapted to the necessities of the case. It is how-
ever advisable to follow a structured procedure when analysing a
manuscript, which should include the following steps:

1. A preliminary analysis based on single point measurements, in order
to determine the artwork’s major components and formulate hy-
potheses regarding potentially used pigments and materials. This
step ensures the existence of well-defined spectra, which may be
needed to complement information deriving from MA-XRF analyses.

2. A brief review of the artwork’s history, including a bibliographical
research into pigments and techniques used in the time period of the
work’s elaboration.

3. The MA-XRF analysis, focusing on representative zones of the min-
iatures regarding their composition and the procedures followed to
create them. A preliminary ROI imaging analysis of the accumulative
spectrum can ensure that all elements appearing in these zones are
included when selecting the elemental maps to be generated. This
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Fig. 4. NMF maps and corresponding spectra for the same analysed area of the Gothic miniature on folio 1r (as in Fig. 3).
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step is followed by the deconvolution of the maps obtained and their
analysis in order to establish the pigments present.

4. Application of multivariate techniques, such as NMF, in order to
establish correlations between different elements. This step helps
evaluate previously made hypotheses, highlights the importance of
relations between certain elements and more importantly offers
knowledge on the composition of specific areas, which do not
necessarily consist of a sole pigment, thus revealing important in-
formation on artistic techniques, such as material mixing.

Nevertheless, it must also be noted that there are some cases that
cannot be solved using any of the aforementioned procedures, and
which require additional data processing or compositional contribution
by complementary techniques.

3.2. Determination of the composition of Romanesque and Gothic
miniatures

The proposed/established combined methodology of single point
analyses, deconvoluted maps and NMF maps is applied to determine the
composition and the structure, where possible, for the two styles of
miniatures found in the LFM.

3.2.1. Parchment

An essential step before the determination of the colour palettes used
to decorate the manuscript is the identification of the elements whose
presence is attributed to the writing support, the parchment. Knowing
which these elements are allows for a better understanding of the spectra
corresponding to painted areas. Many times, pigments whose composi-
tion consists of light elements do not have the capacity to attenuate
signals originating from the parchment, meaning that they can also be
detected in the spectrum, possibly causing confusion.

Elemental distribution maps can contribute positively to the deter-
mination of the parchment’s composition. Although it is easy to achieve
a clear single point analysis of parchment, it can sometimes be chal-
lenging to determine which elements are relevant and which not. The
constant presence of certain elements in all revealed parchment areas
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can eliminate doubts. The elements present in the parchments used for
the folios analysed are Ca, K and Cl, as can be seen in both Figs. 2 and 5.
Single point spectra also detected Fe, but as can be seen in the corre-
sponding map, its presence is not associated with the parchment areas.
Due to the fact that parchments are organic materials, the identified
elements are indications of the procedures and tools used for their
elaboration [28]. Calcium most probably comes from the lime baths the
animal skins were put in to facilitate hair removal [7] or the chalk used
by some illustrators and scribes to whiten the parchment before painting
or writing on it [28,29]. Potassium or sodium chloride was used to dry
the skin after hair elimination, but also pH was adjusted using ammo-
nium chloride or sulphate, which could explain the presence of K and Cl
[30,31]. Regarding iron, its detection could be attributed to the tools
used to elaborate the parchment, such as the knife used to eliminate the
hair [28], or the migration of iron gall inks used for the text [32,33]. The
fact that all these elements are related not to the parchment’s compo-
sition, but to the processes used for its fabrication explains the spatial
heterogeneity of their distribution.

3.2.2. Romanesque miniatures

The determination of the colour palette used in Romanesque mini-
atures has been achieved using the procedure described: the combined
study of single point spectra, deconvoluted maps (Fig. 5) and the
application of NMF.

Certain materials or pigments can be identified more easily than
others, such as white lead, which is identifiable by the presence of the
double Pb peak and is used for all the white details found in the illus-
trations, or the golden leaves used for the elaboration of the golden
areas. Another relatively easily identified pigment is cinnabar. The
presence of Hg in the areas that correspond to the red details of the il-
lustrations, accompanied by the detection of S in the same areas in-
dicates the use of the pigment cinnabar (HgS). Mercury signals
originating from the text on the reverse side of the page can also be
observed. Being able to visualise the text responsible for these signals
helps avoid confusion regarding the composition of other pigments. The
comparison of the Hg-L and Hg-M maps is also of interest, as the second
one does not allow the visualisation of the text signals, due to the lower

Fig. 5. Deconvoluted maps of the elements detected in the Romanesque miniature found on folio 74v.
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intensity of the Hg-M peak, which is attenuated by the parchment. The
comparison of peaks of different intensities of the same element can
often provide useful information regarding the stratigraphy of a paint-
ing, as peaks with a stronger intensity normally reveal the composition
of its surface, whereas lower peaks tend to reveal information regarding
inferior layers of paint and materials. These differences in peak in-
tensity, however, could also be related to the amount of pigment used.
For example, cinnabar seems to have also been used to achieve the pale
red details found on the vassals’ outfits. The Hg and S signals in this case
are very weak, which indicates that the pigment was used very scarcely
(Fig. 6).

Other pigments require the simultaneous presence of multiple ele-
ments in an area in order to be identified. Such is the case with ultra-
marine blue, which could only be confirmed through the identification
of Si, K, Ca and Fe signals in all blue areas. The presence of Si is a strong
first indication of the presence of ultramarine blue, which is reinforced
by the weaker presence of S, another element found in the mineral’s
molecular structure (Nag.10AlgSigO24S2.4). The Ca and Fe signals are
probably caused by the calcite and pyrite impurities found in natural
lapis lazuli. In the case of Ca, the signal could also originate from the
parchment found under the layer of paint, seeing that it would not be
heavily attenuated by the light elements that make up the blue pigment.
The presence of K is also ambiguous as it is an element not found in the
structure of lazurite. One interpretation of its presence could be that it
could originate from hauyne, a mineral which it is associated to, as they
both belong to the group of sodalites. This mineral is primarily found in
lapis lazuli stones in Afghanistan, the principal source of ultramarine
blue [9]. However, potassium could also originate from a purification
process, such as the one suggested in Cennino Cennini’s treatise, which
includes the use of lye [34,35]. Although the treatise is posterior to the
LFM’s elaboration, it is probable that the purification technique applied
is the same.

On the other hand, there are some pigments that cannot be identified
using only XRF and demand the use of complementary techniques. The
yellow pigment used to paint some details in the miniatures does not
emit any signals, a fact that would indicate that these areas have been
painted with an organic colourant, frequently used in the Middle Ages to
imitate gold. Another pigment that cannot be fully identified is the one
used to paint the green details found in one of the Romanesque minia-
tures. Although Cu can be detected in those areas, the lack of further
knowledge does not allow the exact identification of the pigment, due to
the abundance of copper containing green pigments used in the Medi-
eval Times.

Finally, the nature of the black pigment or ink used to design the
outline and details of the miniatures is also interesting to identify. The
pale brown hue of the pigment is reminiscent of the iron gall ink used to
write the manuscript’s text, but the signals emitted from it are unlike
those emitted by the text ink. In fact, as can be seen in Fig. 7, the Fe-K
signal originating from the ink found on the reverse side of the folio
by far surpasses the one originating from the miniature outline on the
analysed side, where only very few slightly more intense pixels can be
determined. This is the case in all the Romanesque miniature maps
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available and only in one occasion can the iron corresponding to the
miniature ink be identified more clearly, due to the nearly complete lack
of other elements present in the area.

As a summary, the palette used for the Romanesque miniatures found
in the LFM is quite limited and repeated in all miniatures, without many
variations (Table 1). The palette is made up of lead white, cinnabar,
ultramarine blue, an organic yellow colourant and golden leaves. The
only chromatic change to this palette can be seen in the miniature found
on folio 110r, in which several details have been painted with a green
copper-based pigment. It is possible that these green details were added
later in time by the gothic miniaturists, whose use of green is more
extended.

3.2.3. Gothic miniatures

The proposed analytical procedure was also carried out on the Gothic
illustrations. These miniatures are more complex than the Romanesque
ones when it comes to content and style, a quality that is partially
achieved through a wider colour range.

3.2.3.1. Repeated pigments. As expected, certain of the pigments used in
the Gothic illustrations are pigments that had already been used for the
elaboration of the Romanesque miniatures (Fig. 8). The detection of Si,
S, K, Ca and Fe in the blue coloured regions indicate the use of ultra-
marine blue; cinnabar, identified via Hg and S signals, was used for the
red areas, while the strong presence of Pb in all white areas meant that
the pigment present was white lead. Other previously seen materials,
such as golden leaves and the copper-based green pigment are also used
in Gothic miniatures. However due to certain peculiarities regarding
their composition, they are presented in more detail in comparison to
the other repeated pigments.

3.2.3.2. Golden leaves. The study of the golden areas in the Gothic-
styled illustrations is particularly interesting due to the compositional
differences detected between the miniatures. In the case of miniature 1r
(Fig. 9), apart from gold, which had also been detected in the Roman-
esque miniatures, lead can also be detected in the entire golden-covered
area. The Pb-M map confirms that the lead is located under the golden
layer, as the signal of this peak tends to be attenuated by overlying layers
of heavy elements, such as gold. This attenuation can easily be appre-
ciated by comparing the two Pb maps of the illustration. A visual study
of these areas at a larger scale shows that in some more deteriorated
zones, the golden leaves have become unstuck, revealing a red-coloured
layer underneath them. Preparatory layers like this were used to achieve
a better adhesion of the golden leaves to the parchment and allowed
them to be burnished [10]. Coloured preparation layers were often
chosen by medieval artists to give a warmer hue to gold. The lead-based
layer found in this miniature could have been made with red lead or
white lead mixed with a red pigment, such as bole, a material often used
by medieval artists.

However, this is not the case with all Gothic miniatures, as there are
some where instead of lead, calcium is detected in the areas decorated
with gold. This calcium signal is unlikely to originate from the

Fig. 6. Weak Hg and S signals related to small amounts of cinnabar found in the Romanesque miniature on folio 74v.
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Fig. 7. Analysis of the black pigment used in Romanesque miniatures 114r (top) and 74v (bottom).

Table 1
Elements and materials detected in the Romanesque miniatures. (@ Major signal () Minor signal o No signal).
Colour Si § CI K Ca Fe Cu As Au Hg Pb | Pigment
Blue ® ® O 0 ® ® O O O O O | Ultramarine Blue
Red O ®© O O O O O O O e O |Cinnabar
White O O O O O O O O O O e |LlLeadWhite
Gold O O OO O O O O e O O |Goldenleaves
Unidentified
Green O O O O O O @€ O O O O |copperbased
pigment
Unidentified
Black (Ink) 0 o0 o oo o 0O 0o O O O], .
iron-based ink

parchment, as the study of Romanesque miniatures showed that
parchment signals cannot be detected when covered with gold. Instead,
this would indicate the use of a calcium rich material, such as lime, as a
preparation layer or that the golden areas were covered with a calcium-
based substance after being applied. However, similarly to before, the
more deteriorated zones reveal a white layer under the golden leaves,
which is most probably the origin of the calcium signal.

NMF consists in a useful tool for the differentiation of preparation
layers, as it manages to correlate the signal coming from the golden
leaves to those originating from the layers under them, producing
components that correspond to exactly these areas. This fact is especially
important as it indicates that NMF can provide useful structural
information.

Gilding techniques in the Medieval Times could slightly vary ac-
cording to each artist’s experience or creativity, even though in general,
there was a strong tendency to follow traditional practices [36]. The
difference detected between the two types of preparation layer could be
an indication that the Gothic miniatures have been elaborated by at least

two different illustrators, each one following a different technique to
accomplish the same goal.

3.2.3.3. Yellow pigments. Unlike the Romanesque miniatures, yellow
has a more prominent role in the decoration of the Gothic illustrations,
where it is used for clothing, backgrounds and architectural features,
such as columns and arches. The extensive use of yellow in the illus-
trations, however, calls for a wider variety of hues, which is achieved
through the use of multiple pigments and colourants.

The beige-yellow colour used for one of the vassals’ clothing in Fig. 8
once again demonstrates the importance of choosing the correct
analytical approach when identifying pigments. The maps generated
through a preliminary but methodical ROI imaging study allow the
observation of S and As, without, however, depicting their exact dis-
tribution, as signals from neighbouring elements also appear in the
maps. Furthermore, a less exhaustive study, focusing only on clearly
defined peaks, without analysing every part of broader peaks would
have caused them to be ignored. Arsenic detection can be especially
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Fig. 8. Deconvoluted elemental distribution maps of the miniature found on folio 1r.
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Fig. 9. Determination of the composition of the golden areas in Gothic miniatures 1r (top) and 37v (bottom). In the RGB diagrams red represents the Pb-L line, green
the Au-L and blue the Ca-K line. The black and white diagrams are NMF maps presented together with the corresponding spectra.

difficult in samples that contain both Pb and Hg, as both of its peaks
coincide with peaks of the latter two elements. The study of single point
spectra of the area allows the identification of As and S peaks; however,

the generation of deconvoluted maps or the application of NMF are
preferable, as they both allow the direct association of composition and
colour zone, leaving a smaller margin of error.
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An additional two yellow pigments can be observed when comparing
the NFM maps that correspond to two seemingly identical, but compo-
sitionally distinct yellow zones (Fig. 10). The map corresponding to the
yellow pigment used to colour the figure’s clothes demonstrates that the
biggest weight is given to calcium and potassium. These two elements
correspond to the parchment’s composition, meaning that the signal
detected could originate from the support found under the paint layer.
This would indicate the use of an organic yellow colourant, which
cannot be identified using only XRF. The yellow pigment used for the
circular decoration displays a clearly different composition. It is based
primarily on lead, but a calcium signal is also visible. This calcium signal
differentiates the yellow zones from the white areas of the miniature, as
can be seen in the third map of the figure, whose spectrum practically
consists of the principal lead peaks. This could demonstrate that the
colour was achieved by mixing white lead with a yellow colourant or by
using an unknown lead-based yellow pigment. Furthermore, it is inter-
esting to note that this pigment was possibly also used to paint the fig-
ure’s hair, after being mixed with cinnabar, which was identified
through a strong Hg signal in the same area.

Microchemical Journal 165 (2021) 106112

3.2.3.4. Green pigments. The green colour widely used in Gothic mini-
atures has been achieved using a copper-based pigment (Fig. 11).
However, the existence of multiple copper-based green pigments in the
time period the manuscript was elaborated in does not permit its iden-
tification [37]. Furthermore, this matter appears to be quite compli-
cated, as it seems that at least two different green pigments were used for
the decoration of this group of illustrations. Whereas all miniatures are
painted with a copper-based pigment that also contains Cl, there is one
miniature where chloride is not present in any of the green areas ana-
lysed, while furthermore presenting a yellowish hue.

This fact could be an indication of the use of two different pigments,
which could be a voluntary choice or not. Scott et al. mention that in the
preparation of viride salsum following the recipe in Theophilus’s De
diversis artibus, the product can be different depending on whether the
reaction vessel it is prepared in is sealed or not, yielding the copper
chloride atacamite in the first case and verdigris in the second [38]. An
alternative hypothesis would be that the presence of chloride is an
indication of different conservation conditions and it is associated to the
atmosphere each folio was exposed to. Such degradation processes have
previously been described for azurite and malachite [39].
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Fig. 10. NMF maps corresponding to the yellow zones of the miniature on folio 93r.
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CIK

CaK

Fig. 11. NMF maps corresponding to the green zones of the miniatures on folios 94r (top), 1r (middle) and 82v (bottom two).

An additional inconsistency in the green pigments found in the
Gothic miniatures can be seen in the one in folio 82v. The usual corre-
lation between Ca and Cu can be seen in nearly all areas of the vassal’s
clothes, towers and the background, but there are certain zones, such as
the bases and capitals of the column where no Ca can be found. Instead,
these zones are characterized by a strong Pb signal, of the same intensity
as the one coming from the yellow columns. The lead-based pigment
seems to be situated under the green layer, as the Pb M signal is rela-
tively lower. This would mean that lead does not form part of a third
green pigment.

3.2.3.5. Black pigments / inks. Similar to the Romanesque miniatures,
the determination of the nature of the black pigment or ink used to make
the forms of the Gothic miniatures is a difficult task (Fig. 12). In these
miniatures, the pigment has a darker and more intense hue and its
presence can be correlated with the detection of Ca and K. These two
elements, as has been seen in other occasions, could form part of the
pigment’s composition, but could also originate from the parchment.
This would make sense if an organic carbon-based pigment was used to
accomplish the lines.

In some miniatures, some details have been painted using what
seems to be an iron-based ink. In this case, contrary to the Romanesque
miniatures, the Fe signal is strong and corresponds exactly to the min-
iature’s design, indicating that it is an iron-gall ink similar to the one
used to write the text in the manuscript. Due to the scarcity of this ink’s
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presence in the Gothic miniatures, it may be possible that these small
details had been made after the completion of the miniature, by a person
that was not the original illustrator.

3.2.3.6. Gothic exclusive pigments and materials. Apart from a wider
range of pigments to achieve basic colours, gothic miniatures are also
characterised by the introduction of new colours and hues, such as or-
ange and brown and the use of other ornamental materials such as silver.

The detection of lead in orange areas (Figs. 8 and 11) is indicative of
the use of an inorganic pigment, however its presence alone is not
enough to determine the pigment. The signal could originate from either
minium or a mixture of white lead with a red colourant and additional
techniques, such as MA-FTIR could help clarify the matter. (Legrand
2018).

Brown is another colour that has been added to the colour palette of
the Gothic illustrators. Similarly to the orange pigment, its identification
using only XRF data is impossible, as in most cases the only element that
can be detected is lead, which cannot be associated directly with any
commonly used pigments. The presence of Cu in the brown-coloured
area of one miniature, however, could indicate the mixing of a green
copper-based pigment with a red or orange lead-based one, which would
give the desired colour tone.

Finally, silver leaves were also used to decorate the miniatures.
These leaves have been applied to the parchment using the same tech-
niques that were used for the golden leaves. Both lead and calcium
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Fig. 12. The presence of two different types of black pigment in the Gothic miniatures found in folios 82v (top) and 1r (bottom).

preparation layers have been detected, visible with the naked eye and
corresponding to red and white underlying layers.

To sum up, the Gothic miniatures are painted using the standard
colour palette of the time period they were created in (Table 2). The
variety of yellow and green pigments demonstrates the artists’ need to
achieve different colour effects, whereas the presence of two different
preparation layers found under the golden leaves could be indicative of
the participation of multiple artists, with different training backgrounds.

3.2.4. Comparison of the two styles

The palettes used to decorate the Romanesque and Gothic miniatures
found in the manuscript are similar, with the second one presenting a
larger variety of materials. This variety answers to the needs of the
stylistic evolution between the two miniature types, which asks for a
chromatic expansion. Multiple pigments of the same colour are used to
achieve different hues, whereas certain pigments are mixed to achieve
new colours. The pigments used in the Romanesque miniatures remain
stable in practically all the illustrations, whereas the artists responsible
for the Gothic miniatures show a greater adaptability, using colours
according to the content of each miniature and what they want to
portray. Furthermore, the idea established through the study of the
golden leaves that at least two artists are responsible for the Gothic
miniatures, could also explain the variety of colour choices among il-
lustrations, as personal aesthetic criteria and working capacities of each
artist could also influence the result.

The co-existence of the two palettes can be seen in the two mixed
miniatures found in the manuscript’s surviving folios, where Gothic-
styled vassals have been added onto the basic Romanesque miniature,
painting directly on top of the original kneeling vassal. In the two mixed
miniatures, the composition of the pigments used is the same as that of
the ones used for the rest of the manuscript’s illustrations, with the
artists involved in the elaboration of each miniature section remaining
true to the palettes used in the corresponding style.

3.3. Determination of ink composition

The final part of the compositional study of the LFM involves the
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analysis of the inks used by the scribes to write the text in the manu-
script. Two different coloured inks are found in the LFM: black and red.

Most of the manuscript’s text is written in black and has faded into
lighter brown tones, due to the passage of time. Not all letters have the
same hue, but instead have faded to different extents, or they already
had different aspects from the moment they were written. This was one
of the characteristics that influenced the selection of letters analysed
with XRF, as has already been mentioned in the Materials & Methods
section, together with a focus on text areas with different calligraphy
styles.

The analysis of the single point spectra and the comparison of the
deconvoluted maps of the letter areas revealed that not all the text
included in the manuscript is written with the same type of ink, but
instead multiple inks can be identified, thanks to small changes in their
composition (Fig. 13). All of the inks include Fe and K, and all but one
ink category also include S, meaning that they can all be identified as
iron gall inks, as these elements correspond to the three basic ingredients
of the inks: iron sulphate, gallic acid and Arabic gum [40,41]. The letters
can then be sorted into six different categories based on some minor ink
composition components, such as Zn, Cu and Ca. These elements can be
traced back to the different recipes that may have been used for the ink
elaboration, or impurities in the materials added to the ink. However, it
could also be possible that the Ca seen in some of the letters’ composi-
tions originates from the parchment under the letters. The ink’s
composition can be established through all the aforementioned meth-
odologies. The presence of multiple compositions could be an indication
of the participation of multiple scribes, using different recipes to prepare
their inks.

The red ink is not as prevalent as the black ink, appearing in mini-
ature captions and in parts of text where a special emphasis is given. The
analysis of the ink through single point spectra and deconvoluted maps
shows that it is cinnabar, the same pigment that was used to give the red
colour to the miniatures decorating the manuscript. The pigment was
determined through the detection of Hg. Sulphur was also detected in
some cases, however, its presence was identified with more difficulty, as
the signal it emits is minor in comparison to that of mercury.
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Table 2
Elements and materials detected in the Gothic miniatures. (@ Major signal () Minor signal o No signal).
Colour Si S CI K Ca Fe Cu As Au Hg Pb Ag | Pigment
Blue ® 0 O 0®© ® ® O O O O O O | UlramarineBlue
Red O O O O O O O O O e O O |Cinnabar
White O O O O O O O O O O @ O |LeadWhite
Gold A O O O O O O O O e O ™ O | Goldenleaves— Lead preparation layer
Golden leaves — Calcium preparation
Gold B O O 0O OO0 O O O e O O o
layer
Yellow | O @€ O O O O O e O O O O | Orpiment
Yellow I O O O @€ @€ O O O O O O O | Organicyellow pigment
Lead-based yellow pigment or lead
Yellowli |O O O ®© ®# O O O O O e O — .
white mixed with yellow colourant
Unidentified copper-based pigment
Green | O 0O o 0o ©o O @€ O O O o o ) )
(with chloride)
Unidentified copper-based pigment (no
Green I O O O o ©o O e O O O o o .
chloride)
Minium or lead white mixed with red
Orange O O O O O O O O O O e O .
pigment
Unidentified lead-based pigment
Brown O O 0O O 0O O O O O O e O )
mixture
Silver | O O O O O O O O O O O e siverleaves-—Lead preparation layer
Silver leaves — Calcium preparation
Silver Il O O O O o O O O O O O e
layer
Black | O O O 0O ® O O O O O O O | Organiccarbonbased ink/pigment
Black Il O O O 6 O @€ O O O O O O |Ilongallink

4. Conclusions

The proposed methodology presented in this work aims to provide a
thorough elemental analysis of manuscripts using XRF. The methodol-
ogy consists of successive procedures that require different levels of
expertise and it is important that it is adapted to the needs of every case.
The combination of the retrieved information offers a better under-
standing of the results and helps overcome problems such as in-
terpretations of minor signals, minor components or minor differences
between signals.

Single point measurements offer a first general understanding of the
manuscript, which is then enhanced by elemental distribution maps.
ROI imaging can be a useful tool for a quick and in-situ interpretation of
the maps, but the generation of deconvoluted maps ensures that signals
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from different elements are not misinterpreted. Furthermore, NMF has
proven to be an adequate multivariate technique for this type of anal-
ysis, providing information about associations between different
materials.

The methodology has been applied successfully to an important
manuscript, the Liber Feudorum Maior, whose composition had never
been studied prior to this work. A large part of the manuscript’s palette
has been determined through the information retrieved from the various
types of analysis. The elemental distribution maps obtained and used to
identify the constituents of the manuscript can be found in the Supple-
mentary Material. The composition of the pigments used for the two
styles of illustrations shows that the palette evolved from a simple
Romanesque one composed of cinnabar, ultramarine blue, lead white,
golden leaves and an organic yellow colourant to a more complex Gothic
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Fig. 13. Six types of ink have been identified due to small changes in their composition.

one, including, in addition to the Romanesque pigments, two different
types of gold preparations, more yellow pigments, the ample use of
green and the inclusion of new colours and materials, such as brown,
orange and silver. The determination of materials and techniques, such
as the differences in the gilding method, which could be indicative of the
participation of two illustrators and the identification of different types
of ink to write the text, which could indicate the involvement of multiple
scribes, shows the necessity of material analysis using the CSM
approach, as it enriches stylistic and historic studies that have already
been made.

These differences could be an indication that with a more in-depth
comparison of the composition of miniatures of the same style or the
inks used for the text, combined with the application of chemometric
techniques, groups of miniatures or inks with similar characteristics
could be formed, providing information regarding authorship, as they
would correspond to the work of different illustrators or scribes.

CRediT authorship contribution statement

G. Magkanas: Methodology, Software, Validation, Formal analysis,
Investigation, Data curation, Writing - original draft, Visualization. H.
Bagan: Conceptualization, Methodology, Software, Validation, Formal
analysis, Investigation, Writing - review & editing, Supervision, Project
administration. M.C. Sistach: Conceptualisation, Investigation, Re-
sources, Writing - review & editing, Supervision. J.F. Garcia: Concep-
tualization, Methodology, Resources, Writing - review & editing,
Supervision, Project administration, Funding acquistion.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

15

the work reported in this paper.
Acknowledgements

The authors thank the University of Barcelona for the economic
support, under RTI2018-099990-B-100, and the Catalan Agencia de
Gestié d’Ajuts Uiversitaris i de Recerca (AGAUR) for financial support,
under 2017-SGR907. G. Magkanas also thanks the University of Barce-
lona for the APIF grant. Finally, the authors thank the director and
subdirector of the Arxiu de la Corona d’Aragd, Sr. Carlos Lopez Rodri-
guez and Sr. Alberto Torra Pérez for their help.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.microc.2021.106112.

References

[1] A.J. Kosto, The Liber feudorum maior of the counts of Barcelona: the cartulary as
an expression of power, J. Mediev. Hist. 27 (2001) 1-22. https://www.sciencedirec
t.com/science/article/pii/S0304418100000129.

S.L. Wearing, The death of the patron: Agency, style and the making of the Liber
Feudorum Maior of Barcelona, in: Romanesque patrons and processes: Design and
instrumentality in the art and architecture of Romanesque Europe, 2018: 327-336.
A.M. Mundo, El pacte de Cazola del 1179 i el “Liber feudorum maior,” in: Jaime I y
Su Epoca, Vol. 2, 1979: 119-129.

S.L. Wearing, Power and Style: The Liber Feudorum Maior and the Court of Alfonso
11, King of Aragon and Count of Barcelona (r. 1162-1196), Doctoral disseration,
New York University, 2015.

LE. Proust, Una nueva aproximacion al “Liber Feudoreum Maior,” in: 1992. El Arte
Espafiol En Epocas Transic., 1992: 91-104.

M.E. Ibarburu Asurmendi, Los cartularios reales del Archivo de la Corona de
Aragén, in: De capitibus litterarum et aliis figuris, Publicacions i Edicions de la
Universitat de Barcelona, 1999. pp: 347 — 361.

[2]

[3]

[4]

[5]

[6]


https://doi.org/10.1016/j.microc.2021.106112
https://doi.org/10.1016/j.microc.2021.106112
https://www.sciencedirect.com/science/article/pii/S0304418100000129
https://www.sciencedirect.com/science/article/pii/S0304418100000129

G. Magkanas et al.

[71

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

M. Aceto, A. Agostino, G. Fenoglio, M. Gulmini, V. Bianco, E. Pellizzi, Non invasive
analysis of miniature paintings: Proposal for an analytical protocol, Spectrochim.
Acta - Part A Mol. Biomol. Spectrosc. 91 (2012) 352-359, https://doi.org/
10.1016/j.saa.2012.02.021.

S. Saverwyns, C. Currie, E. Lamas-Delgado, Macro X-ray fluorescence scanning
(MA-XRF) as tool in the authentication of paintings, Microchem. J. 137 (2018)
139-147.

P. Ricciardi, S. Legrand, G. Bertolotti, K. Janssens, Macro X-ray fluorescence (MA-
XRF) scanning of illuminated manuscript fragments: potentialities and challenges,
Microchem. J. 124 (2016) 785-791. https://www.sciencedirect.com/science/artic
le/pii/S0026265X15002507.

S. Legrand, P. Ricciardi, L. Nodari, K. Janssens, Non-invasive analysis of a 15th
century illuminated manuscript fragment: point-based vs imaging spectroscopy,
Microchem. J. 138 (2018) 162-172, https://doi.org/10.1016/j.
microc.2018.01.001.

N.K. Turner, C.S. Patterson, D.K. MacLennan, K. Trentelman, Visualizing
underdrawings in medieval manuscript illuminations with macro-X-ray
fluorescence scanning, X-Ray Spectrom. 48 (2019) 251-261, https://doi.org/
10.1002/xrs.2956.

G. Sciutto, T. Frizzi, E. Catelli, N. Aresi, S. Prati, R. Alberti, R. Mazzeo, From macro
to micro: An advanced macro X-ray fluorescence (MA-XRF) imaging approach for
the study of painted surfaces, Microchem. J. 137 (2018) 277-284, https://doi.org/
10.1016/j.microc.2017.11.003.

A. Mazzinghi, C. Ruberto, L. Castelli, P. Ricciardi, C. Czelusniak, L. Giuntini, P.
A. Mando, M. Manetti, L. Palla, F. Taccetti, The importance of being little: MA-XRF
on manuscripts on a Venetian island, X-Ray Spectrom. (2020) 1-7, https://doi.org/
10.1002/xrs.3181.

C. Tibtrcio, S. Valadas, A. Cardoso, A. Candeias, C. Barreira, C. Miguel, On the use
of EDXRF and UV-Vis FORS to unveil the production of two illuminated
manuscripts from the fifteenth century portuguese royal court, Microchem. J. 153
(2020), https://doi.org/10.1016/j.microc.2019.104455.

L. Watteeuw, M. Van Bos, T. Gersten, B. Vandermeulen, H. Hameeuw, An applied
complementary use of macro X-ray fluorescence scanning and multi-light
reflectance imaging to study Medieval Illuminated Manuscripts. The Rijmbijbel of
Jacob van Maerlant, Microchem. J. 155 (2020), https://doi.org/10.1016/].
microc.2019.104582.

G. Sciutto, P. Oliveri, S. Prati, M. Quaranta, S. Bersani, R. Mazzeo, An advanced
multivariate approach for processing X-ray fluorescence spectral and hyperspectral
data from non-invasive in situ analyses on painted surfaces, Anal. Chim. Acta. 752
(2012) 30-38, https://doi.org/10.1016/j.aca.2012.09.035.

N. de Manincor, G. Marchioro, E. Fiorin, M. Raffaelli, O. Salvadori, C. Daffara,
Integration of multispectral visible-infrared imaging and pointwise X-ray
fluorescence data for the analysis of a large canvas painting by Carpaccio,
Microchem. J. 153 (2020), https://doi.org/10.1016/j.microc.2019.104469.

M. Romani, G. Capobianco, L. Pronti, F. Colao, C. Seccaroni, A. Puiu, A.C. Felici,
G. Verona-Rinati, M. Cestelli-Guidi, A. Tognacci, M. Vendittelli, M. Mangano,

A. Acconci, G. Bonifazi, S. Serranti, M. Marinelli, R. Fantoni, Analytical chemistry
approach in cultural heritage: the case of Vincenzo Pasqualoni’s wall paintings in
S. Nicola in Carcere (Rome), Microchem. J. 156 (2020) 104920, https://doi.org/
10.1016/j.microc.2020.104920.

A. Martins, J. Coddington, G. Van der Snickt, B. van Driel, C. McGlinchey,

D. Dahlberg, K. Janssens, J. Dik, Jackson Pollock’s Number 1A, 1948: a non-
invasive study using macro-x-ray fluorescence mapping (MA-XRF) and
multivariate curve resolution-alternating least squares (MCR-ALS) analysis, Herit.
Sci. 4 (2016) 33, https://doi.org/10.1186/540494-016-0105-2.

A. Martins, C. Albertson, C. McGlinchey, J. Dik, Piet Mondrian’s Broadway Boogie
Woogie: non invasive analysis using macro X-ray fluorescence mapping (MA-XRF)
and multivariate curve resolution-alternating least square (MCR-ALS), Herit. Sci. 4
(2016) 22, https://doi.org/10.1186/540494-016-0091-4.

M. Alfeld, M. Wahabzada, C. Bauckhage, K. Kersting, G. Wellenreuther,

G. Falkenberg, Non-negative factor analysis supporting the interpretation of
elemental distribution images acquired by XRF, J. Phys. Conf. Ser. 499 (2014),
https://doi.org/10.1088/1742-6596,/499/1,/012013.

J.E. Martinez Ferrando, Hallazgo de miniaturas roménicas en el Archivo de la
Corona de Aragon, Barcelona, 1944.

16

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Microchemical Journal 165 (2021) 106112

Hallazgo de nuevas miniaturas del “Liber feudorum maior,” (2014). http://www.
mecd.gob.es/prensa-mecd/actualidad/2014/06,/20140610-miniaturas.html.

H. Bagan, G. Magkanas, M. Gascon, J.F. Garcia, Material characterization and
functional implications of a Claude Laurent glass flute, Microchem. J. 155 (2020),
https://doi.org/10.1016/j.microc.2020.104734.

V.A. Solé, E. Papillon, M. Cotte, P. Walter, J. Susini, A multiplatform code for the
analysis of energy-dispersive X-ray fluorescence spectra, Spectrochim. Acta Part B
At. Spectrosc. 62 (2007) 63-68.

S. Mosca, T. Frizzi, M. Pontone, R. Alberti, L. Bombelli, V. Capogrosso, A. Nevin,
G. Valentini, D. Comelli, Identification of pigments in different layers of
illuminated manuscripts by X-ray fluorescence mapping and Raman spectroscopy,
Microchem. J. 124 (2016) 775-784, https://doi.org/10.1016/j.
microc.2015.10.038.

H. Yang, C. Seoighe, Impact of the choice of normalization method on molecular
cancer class discovery using nonnegative matrix factorization, PLoS One. 11 (2016)
1-17, https://doi.org/10.1371/journal.pone.0164880.

K. Trentelman, C. Schmidt Patterson, N. Turner, XRF analysis of manuscript
illuminations, in: A.N. Shugar, J.L. Mass (Eds.), Handheld XRF Art Archaeol.,
Leuven University Press, 2012: 159-189.

A. Duran, A. Lopez-Montes, J. Castaing, T. Espejo, Analysis of a royal 15th century
illuminated parchment using a portable XRF—XRD system and micro-invasive
techniques, J. Archaeol. Sci. 45 (2014) 52-58. https://www.sciencedirect.com/sci
ence/article/pii/S0305440314000594.

E.A. Carter, F. Rull Perez, J.M. Garcia, H.G.M. Edwards, Raman spectroscopic
analysis of an important Visigothic historiated manuscript, (2018). 10.1098/
1rs5ta.2016.0041.

H.G.M. Edwards, D.W. Farwell, E.M. Newton, F. Rull Perez, S.J. Villar, Application
of FT-Raman spectroscopy to the characterisation of parchment and vellum, I;
novel information for paleographic and historiated manuscript studies,
Spectrochim. Acta Part A. 57 (2001) 1223-1234.

B. KanngieBer, O. Hahn, M. Wilke, B. Nekat, W. Malzer, A. Erko, Investigation of
oxidation and migration processes of inorganic compounds in ink-corroded
manuscripts, Spectrochim. Acta Part B At. Spectrosc. 59 (2004) 1511-1516,
https://doi.org/10.1016/J.SAB.2004.07.013.

M. Bicchieri, M. Monti, G. Piantanida, A. Sodo, All that is iron-ink is not always
iron-gall!, J. Raman Spectrosc. 39 (2008) 1074-1078, https://doi.org/10.1002/
jrs.1995.

C. Cennini, D. Thompson, The craftsman’s handbook. : the Italian “Il libro dell’’
arte.“ Translated by Daniel V. Thompson.,” Dover Publications, New York, 1960.
M. Favaro, A. Guastoni, F. Marini, S. Bianchin, A. Gambirasi, Characterization of
lapis lazuli and corresponding purified pigments for a provenance study of
ultramarine pigments used in works of art, Anal. Bioanal. Chem. 402 (2012)
2195-2208, https://doi.org/10.1007/500216-011-5645-4.

S. Kroustallis, M. Gémez Gonzélez, M. Miquel Juan, R. Bruquetas Galdn, O. Pérez
Monzén, Gilding in Spanish panel painting from the fifteenth and early sixteenth
centuries, J. Mediev. Iber. Stud. 8 (2016) 313-343, https://doi.org/10.1080/
17546559.2016.1230273.

P. Ricciardi, A. Pallipurath, K. Rose, “It’s not easy being green™: A spectroscopic
study of green pigments used in illuminated manuscripts, Anal. Methods. 5 (2013)
3819-3824, https://doi.org/10.1039/c3ay40530c.

D.A. Scott, A review of copper chlorides and related salts in bronze corrosion and
as painting pigments, Stud. Conserv. 45 (2000) 39-53, https://doi.org/10.1179/
sic.2000.45.1.39.

A. Coccato, L. Moens, P. Vandenabeele, On the stability of mediaeval inorganic
pigments: A literature review of the effect of climate, material selection, biological
activity, analysis and conservation treatments, Herit. Sci. 5 (2017) 1-25, https://
doi.org/10.1186/540494-017-0125-6.

J. Duh, D. Krsti¢, V. Desnica, S. Fazini¢, Non-destructive study of iron gall inks in
manuscripts, Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with
Mater. Atoms. 417 (2018) 96-99, https://doi.org/10.1016/J.NIMB.2017.08.033.
G.M.C. Zamorano, The presence of iron in inks used in Valencian manuscripts from
the 13th to 17th century, Microchem. J. 143 (2018) 484-492, https://doi.org/
10.1016/J.MICROC.2018.07.043.


https://doi.org/10.1016/j.saa.2012.02.021
https://doi.org/10.1016/j.saa.2012.02.021
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0040
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0040
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0040
https://www.sciencedirect.com/science/article/pii/S0026265X15002507
https://www.sciencedirect.com/science/article/pii/S0026265X15002507
https://doi.org/10.1016/j.microc.2018.01.001
https://doi.org/10.1016/j.microc.2018.01.001
https://doi.org/10.1002/xrs.2956
https://doi.org/10.1002/xrs.2956
https://doi.org/10.1016/j.microc.2017.11.003
https://doi.org/10.1016/j.microc.2017.11.003
https://doi.org/10.1002/xrs.3181
https://doi.org/10.1002/xrs.3181
https://doi.org/10.1016/j.microc.2019.104455
https://doi.org/10.1016/j.microc.2019.104582
https://doi.org/10.1016/j.microc.2019.104582
https://doi.org/10.1016/j.aca.2012.09.035
https://doi.org/10.1016/j.microc.2019.104469
https://doi.org/10.1016/j.microc.2020.104920
https://doi.org/10.1016/j.microc.2020.104920
https://doi.org/10.1186/s40494-016-0105-2
https://doi.org/10.1186/s40494-016-0091-4
https://doi.org/10.1088/1742-6596/499/1/012013
https://doi.org/10.1016/j.microc.2020.104734
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0125
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0125
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0125
https://doi.org/10.1016/j.microc.2015.10.038
https://doi.org/10.1016/j.microc.2015.10.038
https://doi.org/10.1371/journal.pone.0164880
https://www.sciencedirect.com/science/article/pii/S0305440314000594
https://www.sciencedirect.com/science/article/pii/S0305440314000594
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0155
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0155
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0155
http://refhub.elsevier.com/S0026-265X(21)00196-X/h0155
https://doi.org/10.1016/J.SAB.2004.07.013
https://doi.org/10.1002/jrs.1995
https://doi.org/10.1002/jrs.1995
https://doi.org/10.1007/s00216-011-5645-4
https://doi.org/10.1080/17546559.2016.1230273
https://doi.org/10.1080/17546559.2016.1230273
https://doi.org/10.1039/c3ay40530c
https://doi.org/10.1179/sic.2000.45.1.39
https://doi.org/10.1179/sic.2000.45.1.39
https://doi.org/10.1186/s40494-017-0125-6
https://doi.org/10.1186/s40494-017-0125-6
https://doi.org/10.1016/J.NIMB.2017.08.033
https://doi.org/10.1016/J.MICROC.2018.07.043
https://doi.org/10.1016/J.MICROC.2018.07.043

	Illuminated manuscript analysis methodology using MA-XRF and NMF: Application on the Liber Feudorum Maior
	1 Introduction
	2 Materials and methods
	2.1 Sample
	2.2 X-ray Fluorescence
	2.2.1 Single-point analyses
	2.2.2 MA-XRF

	2.3 Data treatment

	3 Results and discussion
	3.1 Methodology development
	3.2 Determination of the composition of Romanesque and Gothic miniatures
	3.2.1 Parchment
	3.2.2 Romanesque miniatures
	3.2.3 Gothic miniatures
	3.2.3.1 Repeated pigments
	3.2.3.2 Golden leaves
	3.2.3.3 Yellow pigments
	3.2.3.4 Green pigments
	3.2.3.5 Black pigments / inks
	3.2.3.6 Gothic exclusive pigments and materials

	3.2.4 Comparison of the two styles

	3.3 Determination of ink composition

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


