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Thesis abstract 

 

 

 

 

 

 

 

 

Nowadays, the fields of cultural heritage preservation and heritage science are 

experiencing a growing demand for non-invasive analytical methodologies. These 

approaches aim to minimize direct interaction with artefacts in order to minimize any 

potential damage. In fact, non-invasive analytical techniques, by virtue of their non-

destructive nature, do not induce modifications in the physical or chemical constitution 

of the art objects, and they often obviate the need for sampling. Since decades, X-ray 

fluorescence spectroscopy (XRF) is routinely used as preliminary step in most analytical 

surveys of artworks. 

This publication-based thesis, under the auspices of the Inks & Skins project, 

presents three case studies which used XRF for the elemental characterization of the 

materials under analysis. XRF plaid a key role in all investigations, as it informed about 

material availability, artistic techniques, and manufacturing technologies among others. 

Following the introduction on the principle of XRF and a brief overview on inks 

and metals, chapter two presents the multi-analytical investigation of the Irish Gaelic 

manuscript on animal skin, the Book of Uí Mhaine. The presented publication was the 

culmination of an interdisciplinary analysis of the composing material and manufacturing 

techniques of the largest Gaelic Books surviving from the medieval vernacular period. 

XRF elucidated the elemental composition of inks, pigments, and parchment support. The 

extensive data collected in this study served as comparative tool for the undergoing 

research on the materials and techniques used in other (27 at the time of this thesis) 

medieval Irish manuscripts from different traditions.  
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Chapter three presents the publication raising from the study of inks used to write 

nineteen satiric poems in Harward’s Almanac, a 17th century Dublin book. In this specific 

case XRF aided to establishing the original order in which the verses were written. Again, 

this work would have not been possible without a transdisciplinary approach which 

included paleography, codicology, material science, and statistical analysis.  

The fourth chapter offers a detailed description of an XRF-based analysis of three 

gold and silver medieval Irish chalices. This technical study was performed in order to 

put into historical contest a gilded silver chalice recently sold on auction as to be of 

medieval and Irish origin. This was done by comparing its materiality with two other late 

medieval silver-gilt chalices. The study helped to reveal their manufacturing technique, 

the nature of the decorating enamels and glass, and their story they went through. This 

work could have not been possible without the essential work and research of art 

historians. 

 Finally, to highlight the enormous potential of XRF technique, all the analysis 

were performed on-site at partner institutions, libraries, and museums.   
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1. Introduction 

 

 

 

 

 

1.1 Scope of the project and thesis overview 

 

Inks & Skins project (I&S), a humanities-driven endeavour supported by 

scientific research, served as the foundation for this thesis. Its primary objective was to 

employ state-of-the-art analytical techniques to investigate the materiality and 

composition of medieval Irish Gaelic books written on animal skin. By conducting 

codicological studies on the constituent materials of these works of art, examining the 

methods employed in their assembly, and scrutinizing evidence of notable events, it 

became possible to shed light on questions concerning the availability and origins of 

specific materials, as well as hypothesise the procedures employed by scribes. 

This preliminary examination was done in conjunction with a scientific method 

of investigation, which used X-Ray Fluorescence spectroscopy (XRF), Fiber-Optic 

Reflectance Spectroscopy (FORS), Multispectral Imaging (MSI), Hyperspectral imaging 

(HSI), Raman micro-spectroscopy, protein and DNA analyses. The aim was to elucidate 

the chemical composition of inks and pigments, and the genetic make-up of the writing 

support made of animal skin, in order to support the conjectures formulated during the 

visual and codicological assessment. The outcome of one of the project’s target 

manuscripts, the Book of Uí Mhaine, was published in Heritage (MDPI) in 2023[1] and 

constitute the second chapter of this thesis. 

The information obtained through the study of the Book of Uí Mhaine and other 

books belonging to the Gaelic, Ecclesiastical, and Municipal Irish traditions, is intended 

to serve as a tool for conducting comparative analysis of Irish manuscripts from the 

medieval time. The analyses within the project were conducted on-site at the institutions 

where the manuscripts are hosted. Several partners participated in the project, including 
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UCC Boole Library, Royal Irish Academy, Representative Church Body Library, 

Marsh’s Library, Medieval Mile Museum, Waterford Treasures, National Library of 

Ireland, and National Museum Ireland. I&S was also supported by a team of research 

fellows and associates, which included paleographers, conservators, curators, archivists, 

and art historians. 

Efforts to digitize the majority of Irish manuscripts1  have persisted since the late 

'90s, ushering in new technologies like high-resolution scanners. This transition from 

physical manuscripts to digital formats has not only expanded scholarly accessibility 

through repositories and digital libraries, but also underscored the value of integrating 

technology into humanities research, emphasizing the historical, societal and scientific 

impact of the I&S endeavor. This momentum extended from the earlier phase of digitizing 

Irish books. 

The possibility of combining the analytical method to humanities research has 

proven to be crucial for the success of this project. In heritage science, mere acquisition 

of analytical data falls short; collaborative contributions from diverse fields such as 

analytical bibliography, paleography, conservation, and codicology have been essential 

in forming accurate conclusions. The symbiotic effort of experts form seemingly distinct 

areas have catalysed new ideas and additional projects. This included a comprehensive 

study of a printed book from 17th century Dublin, the Harward’s Almanac, and the 

stylistic and elemental characterization of three medieval silver chalices associated to 

Ireland. 

An interdisciplinary approach characterized the study of Harward's Almanac, a 

book containing rare satirical Irish poems. Examining the book, during its disassembly 

for conservation at the National Library Ireland, unveiled insights into its creation, 

binding, and reordering of pages. XRF analysis of inks corroborated historical hypotheses 

about inscription and dating, while statistical analysis grouped similar inks by their 

elemental composition, linking them to their circulation date. The outcome of this project 

was submitted for publication to Journal of Cultural Heritage (Elesevier) in 2023 and 

constitute the third chapter of this work.[2]   

The same interdisciplinary strategy extended to studying three late medieval Irish 

chalices – the Ó Learghusa, de Burgo-O'Malley, and TP-IEP chalices – housed in the 

 
1 https://www.isos.dias.ie/ 
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National Museum of Ireland. The investigation aimed to compare their artistic execution 

and elemental composition, revealing insights into their manufacturing technology. The 

findings provided, for the first time, historical and artistic insights into medieval Irish 

ecclesiastical silverware, enriching their significance in Irish art and history. The work 

was submitted for publication to Journal of Cultural Heritage (Elesevier) in 2023 and 

constitute the fourth chapter of this thesis.[3] 

Incorporating these three interdisciplinary studies into this work served to 

highlight the necessity of multifaceted approaches to research. Insights from materials 

science, codicology, statistics, paleography, conservation, and art history converge to 

tackle complex research questions such as reconstructing ancient artistic manufacturing 

technologies and artistic practices. Attempting to address such complex questions solely 

through individual disciplines would result in an incomplete understanding of the matter. 

Instead, a synergistic approach outperforms individual investigations. 

It is noteworthy that within an analytical survey, the most pivotal aspect lies in 

the treatment of data, which holds significantly more weight than the initial data 

acquisition.  

A well planned investigation begins with a profound understanding of the 

materials under study. This is typically initiated by scholars, which collect historical 

information, conservation reports, photographs, and conduct literature research on similar 

artworks. These factors wield substantial influence over the formulation of the 

appropriate scientific protocol, essential for the success of an analytical project. This 

significance arises from the fact that the protocol is heavily reliant on the research 

questions. Moreover, neglecting the historical context of the artefact, including their time 

and place of production, the ageing processes of materials and their products, and any 

modern materials used in previous conservation treatments, can lead to misleading 

analytical data and erroneous interpretations. Thus, a comprehensive and meticulous 

research of the artworks stands as an indispensable prerequisite for the application of a 

robust scientific methodology, and that is why historical research and extensive visual 

assessment comes first in the analytical protocol. 

In summary, the journey explored in this thesis was fuelled by the I&S project and 

nurtured through collaborative holistic endeavors. This approach offered a range of 

benefits that significantly enhanced the quality, scope, and depth of this research. Finally, 
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this work showcased the vital role of diverse approaches in uncovering the secrets of the 

past and reshaping how we see and understand it.  
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1.2 X-Ray fluorescence spectroscopy 

 

X-ray Fluorescence Spectroscopy (XRF) is a widely employed analytical 

technique for determining the elemental composition of art materials.[4] It operates by 

generating an X-ray beam that interacts with the surface of the sample, inducing 

characteristic fluorescence from its constituent elements. This emitted fluorescence takes 

the form of secondary X-rays, which are subsequently collected, measured, and presented 

in a spectrum for analysis. In the XRF spectrum, the energy (x-axis) corresponds to the 

chemical element interacting with the incident X-rays, while the peak intensity (y-axis) 

approximately indicates the concentration within the material being studied. 

A significant advantage of XRF is its non-invasive nature, eliminating the need 

for destructive sampling or altering of the analysed material. Moreover, its portability 

facilitates in situ investigations, reducing the risks associated with transporting valuable 

artworks to dedicated laboratories. Additionally, XRF provides rapid results, typically 

within seconds or minutes. Finally, a semi–quantitative approach to XRF data can be 

employed.[5]–[10] This approach involves utilizing the intensity of the emitted X-ray 

fluorescence signals to estimate the relative concentrations of elements present in the 

sample. While not providing absolute quantitative values, this semi-quantitative method 

is valuable for gaining insight into the elemental composition and understanding changes 

in composition across different samples.  

However, like any analytical technique, XRF has inherent limitations. The 

primary drawback arises from the reduction in energy of fluorescent lines for elements 

with low atomic numbers (Z). Consequently, elements with Z<11 (sodium), which are 

the fundamental components of organic compounds including carbon-based inks, organic 

colorants, and ink/pigments’ binders, cannot be characterized.[11] A second limitation, 
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as previously said, pertains to precise quantitative analysis, as the intensity of the 

fluorescent lines of an element depends on two main factors. The first factor is the overall 

composition of the analysed area, referred to as the matrix effect, which remains partly 

unknown, particularly for lighter elements. The second factor concerns the depth 

distribution of elements due to the X-ray excitation and fluorescence screening effect 

exerted by each material layer on those beneath.[12], [13] Several studies were performed 

with the aim of correcting for these effects, rendering the quantification quite 

precise.[14]–[17] 

Finally, XRF is capable of elemental characterization but not compound 

identification. Despite these constraints, XRF frequently serves as a preliminary means 

of examination and may even be the sole analysis performed when investigating objects 

that cannot be sampled. In some cases, it may suffice as the only analysis required to 

address specific inquiries.  
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1.3 XRF working principle and instrumental components 

 

When high-energy X-rays impact the surface of an object, they can interact with 

matter in different ways. The photoelectric effect is the physical phenomena utilized in 

XRF spectroscopy, in which the incident photon is fully absorbed by the atom of interest, 

prompting the emission of X-ray fluorescence.[18] The X-rays emitted from the 

instrument's X-ray source (the X-ray tube) possess enough energy to dislodge an electron 

from the core shells of atoms within the material. This creates a vacancy, inducing the 

atom into an excited state (refer to Figure 1.1). 

 

 

Figure 0-1.1 - Schematic showing the photoelectric effect induced by the collision of an X-ray to the atom. X-ray 

impacting the atom and creating the vacancy. Image reproduced from Bezur et al. 2020 [19].  

 

To resolve this excited state, electrons from the outer orbitals move to the inner 

ones to fill the vacancy. This process, known as the electronic cascade, is triggered by the 

initial vacancy induced by the primary X-ray (Figure 1.2). However, the movement of 

electrons from outer shells creates additional vacancies that require occupation by other 

outer electrons, setting off a cascade effect. This process continues until the outermost 
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orbital is filled by a free electron in the material, ultimately returning the atom to its 

ground state. 

 

 

Figure 1.0-2. Figure 1.2. Left: Movement of electrons from L and M shells to K shells with consequent emission of K and 

K photons with energy corresponding to the difference between their shells’ energy levels. These transitions fill the 

vacancy in the K shell and, in turn, create vacancies in the L and M shells. Right: Electronic transition from L and N 

shells to fill a vacancy in the M shell. Image reproduced from Bezur et al. 2020 [19].  

 

To name all these possible transitions, the Siegbahn notation is generally used (K, 

L, M, N, and others, in descending order of occurrence probability). This nomenclature 

is still in use despite having been replaced by the IUPAC denomination in 1991.[20], [21]  

In the Siegbahn notation the shell being “filled” are named with a letter (i.e. K, L, M) 

followed by a Greek letter (i.e. , , ) which define the specific transition (see Figure 

1.3).  

 

Figure 1.0-3 Figure 1.3- Diagram illustrating the Siegbahn notation 

 

K, L, M, and others transitions emit distinct energies, which correspond to the 

energy level difference between the involved shells. In addition, the electronic orbital 

structure is elemental-specific. Therefore, every element will exhibit a distinct set of 

characteristic emission peaks in the spectrum, enabling elemental differentiation. It is 
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worth noting that, in presence of multiple elements, the overlapping of emission peaks 

may complicate the interpretation of the spectrum. For instance, the K line for arsenic 

(As) appears at 10.543 keV, which overlap with the lead (Pb) L at 10,549 keV. In case 

of high Pb concentration, only the K emission peak for As will reliably indicate the 

presence of As. 

 

XRF spectrometers are basically composed of a source of X-ray (X-ray tube) and 

of a detecting system for the collection of the secondary radiation emitted by the matter 

under analysis. In Figure 1.4 the main components of a handheld XRF spectrometer are 

illustrated.  

 

Figure1.0-4 Figure 1.4 - Graphic representation of a handheld XRF spectrometer. Image reproduced from Bezur et al. 2020 
[19]. 

 

The primary radiation, product of the X-ray tube, leaves the instrument through a 

beryllium window and a collimator (if present) and irradiates the material under analysis. 

The collimator has the function of reducing the beam cross-section size and to point it 

toward the area of interest. Every diffused or fluorescence photon that reach the detector 
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interact with it by yielding its energy. This causes the emission of an electric impulse with 

an amplitude proportional to the given energy. All these impulses are detected and pre-

amplified by the digital signal processor or multichannel analyser (MCA), then sent to 

the central processing unit (CPU) which select and memorize these signals based on their 

amplitude. The results is an XRF spectrum with the energies of the photons in the x-axes 

and their corresponding counts on the y-axes (Figure 1.5).[19] 

 

 

Figure 1.0-5 Figure 1.5 – Example of an XRF spectrum. In the x-axes the energy of the emission peaks is expressed in 

kiloelectron volt (keV), in the y-axes the intensity of the peaks is expressed in count per second (cps). Spectrum from 
red decoration in the Book of Uí Mhaine, folio 48r. 

 

The primary component of the instrument that warrants further attention and 

explanation is the X-ray tube. The X-ray tube is comprised of a filament wire, which is 

heated to incandescence by controlling an electric current (A) that passes through it. This 

induces electrons to be emitted. The application of a potential difference (kV) between 

the filament (the cathode) and the target material (the anode), induces the acceleration of 

these electrons from the cathode to the anode. The amount of energy produced (in keV) 

by this movement is equal to the potential between cathode and anode; for instance, a 

potential of 50 kV produces X-rays in a range 0-50 keV. 
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Figure 1.0-6 Figure 1.6 - Schematic of an X-ray generator. The red dots represent the accelerated electrons and the arrows 
represent the emitted X-rays. Image reproduced from https://www.horiba.com/int/scientific/technologies/energy-

dispersive-x-ray-fluorescence-ed-xrf/xrf-key-components/ 

 

The deceleration of these electrons when they impact the anode produces a broad 

X-ray continuum. This is called bremsstrahlung (breaking radiation). A part of these 

electron will also cause characteristic X-ray fluorescence from the anode material itself. 

In other words, the accelerating voltage (kV) determines the range of energies 

produced by the X-ray tube, while the current (A) controls the quantity of electrons 

bombarding the anode, resulting in the output intensity of the bremsstrahlung and 

characteristic radiation of the excited elements under analysis. This is significant because 

each element in the periodic table has an optimal energy for the fluorescence effect to 

occur, referred to as the absorption edge. The absorption edge represents a distinct point 

of discontinuity in the substance's absorption spectrum. As previously explained, 

electronic shells possess precisely defined energy levels. Consequently, the absorption of 

electromagnetic radiation occurs only at specific frequencies of radiation. This 

necessitates the impacting X-ray to have adequate energy, closely matching and slightly 

exceeding the electron-nucleus binding energy. This implies that by tuning the voltage of 

the X-ray tube, it becomes possible to selectively excite specific elements. This is crucial, 

as instrument settings must be tailored to the composition of the material under analysis.  

For instance, when analyzing metal alloys containing heavier elements or inks and 

parchment composed of lighter elements, optimal settings will differ. In cases involving 

metal analysis, where metallic elements are particularly susceptible to the photoelectric 

effect, the voltage will span the full range to detect all possible elements, while lower 

amperage will be employed to minimize artifacts in the spectrum including pile-up peaks. 

Pile-up peaks arise at high count rates: when two photons simultaneously reach the 
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detector are interpreted as a photon of characteristic energy equal to the sum energy of 

both photons. On the contrary, when examining manuscripts consisting of inks, 

parchment, and/or paper – materials comprised of lighter elements that emit weak low-

energy fluorescence photons – it becomes necessary to enhance the X-ray beam intensity 

(and long exposure time). This can be achieved by employing high amperage. Meanwhile, 

the voltage can be maintained at a lower level, as the goal is to excite elements with low 

electron-nucleus binding energy, and, as was already said, the process is maximized when 

the energy is close to the element’s absorption edge. 

Despite the fact that high-energy X-rays can penetrate deeply or even pass through 

materials, the secondary X-rays detected by the detectors originate from the surface layer 

of the analysed area. The depth of penetration is determined by the absorption properties 

of the materials involved. For instance, metals and metal alloys, which have a higher 

density compared to composing elements of parchment or paper, primarily yield a signal 

from the few superficial microns of material. However, when examining manuscripts, it 

is possible to capture signal from subsequent pages as well. This consideration is crucial 

when selecting the optimal area for analysis and for addressing X-ray safety concerns. 

When analysing a manuscript, maintaining the page in a vertical position, or at an angle 

that prevents interference from subsequent folios, is suggested. Furthermore, the presence 

of other detectable materials on the reverse side of the page must also be avoided. On the 

contrary, when analysing a metal artefact, the density of metals, and their absorption, 

results in a characterization limited to the superficial layer. For instance, the presence of 

corrosion products, which accumulate on top of the metal to be analysed, challenges the 

analysis of the underlying metal. Finally, it is important to note that due to the high 

reflectivity of metals, maintaining a safe distance from the instrument while working is 

necessary.   
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1.4 X-Ray fluorescence for the study of manuscript and metal artefacts 

 

XRF allows for the characterization of the elemental makeup of the areas under 

analysis and offers a quick and non-invasive way for knowing the majority of the 

elements in the periodic table. The understanding of the smaller components of the matter, 

the atoms, constitutes the first step in nearly all analytical endeavours concerning 

artworks.[22] This powerful techniques has allowed art and conservation stakeholders to 

investigate a wide array of materials including metal, pigments, inks, parchment and 

paper, photographs, ceramics, among many others. The adoption of XRF as a standard 

technique for artwork analysis stems from numerous compelling factors. Beyond its rapid, 

non-invasive, and multi-elemental material characterization capabilities, the widespread 

integration of XRF within heritage science is attributed to the extensive range of 

applications it offers, establishing its status as a routine method. The analytical surveys, 

which use XRF in combination with other techniques, often seek to reveal the intricate 

cultural and historical milieu during the creation phase of the artworks[23]. It is possible 

to investigate paper and parchment support and reveal the materials used for their 

preparation.[24]–[26] For instance, Wolff et al. measured the elemental composition of 

parchments fragments and used chlorine/bromine ratios to differentiate between 

fragments originating in the Dead Sea region and those originating in other geographical 

areas.[27]  

Delving into the pigment composition within manuscript illuminations can give 

rise to hypotheses about the availability and trade of materials at the time of 

production,[23] provenance,[28], [29], evolution of pigment use in time and space,[19] 

as well as later additions and modification.[30] For instance, the non-destructive 
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capability of XRF instrumentation, along with the possibility of being used on-site, was 

exploited by Cesareo,[31] and Devezeaux de Lavergne et al. to investigate pigments, inks 

and gold used for the illumination of the folios in a medieval French manuscripts. 

Deneckere et al. used a multi-analytical approach for unveiling the use of pigments in the 

12th century manuscript Liber Floridus,[32] and Burgio et al. identified the pigments used 

in Islamic manuscripts, where they established that the same pigments were used from 

the 16th to the 17th century, while they began to change in the 18th century with the 

introduction of synthetic pigments.[33] Similarly, it is possible to get a better 

understanding of the use of material within the works of a single artist. Mulholland et al. 

adopted a holistic strategy, leveraging XRF, Fiber Optic Reflectance Spectroscopy 

(FORS), and hyperspectral imaging to thoroughly characterize Bauer's palette in his 

coloured annotations.[34] 

XRF can also be effectively employed for the examination of inks in manuscripts 

and printed books. Specifically, it allows for the characterization of the inks, it enables 

the evaluation of degradation to the underlying supports, and can facilitate the recovering 

of palimpsests.[35] Hahn et al. introduced the practice of using XRF for differentiating 

among iron-gall inks based on the detection of trace elements present in the iron sulfate 

of the inks.[36] The technique allowed recognition of different iron-based inks, based on 

their fingerprint elements, used by artists and scribes.[37], [38] Consequently, it became 

possible to establish a chronology of their use[39] and later additions.[40], [41] In 

addition, XRF allows to propose groupings of different manuscripts by using the 

similarities of their writing inks composition.[42]  Turner et al. were able to visualize and 

reconstruct the iron-based ink underdrawings in the manuscript’s illuminations using 

XRF mapping, revealing the working process of the artist.[12] Using a combination of 

ink fingerprinting and XRF mapping, Gerken et al. were able to reveal that iron-based 

inks were not only used for writing but also for the underdrawings of several German 

medieval panel paintings.[43] Kanngießer et al. studied the degradation of paper support 

in manuscripts caused by iron-gall inks using an entire X-ray-based protocol. Using XRF 

(point an mapping), and micro X-ray absorption near edge structure spectroscopy (micro-

XANES) they were able to identify that Cu play a role in the photo-reduction process of 

iron, known to effect paper degradation and embrittlement.[44] Therefore, XRF finds 

utility in comprehending the artwork's journey through time, aiding the assessment of the 
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materials’ conservation state, and providing conservators with insights for selecting the 

optimal conservation interventions. 

Similarly to what is done for manuscripts, XRF has been widely used in 

characterizing historical metal alloys due to the inherent suitability of metallic elements 

for this technique.[45], [46] Metallic elements possess high atomic number, resulting in 

prominent emission peaks during XRF analysis. This explain why, in the late '60s, the 

first attempts to apply XRF for the study of cultural heritage mainly focused on the use 

of this technique for the characterization of metal alloys. Additionally, the nature of more 

complex samples, such as pigments or inks, is not always fully resolved by using this 

technique alone and often requires investigations at the molecular level.  

The unveiling of metal artefacts elemental composition can add to the knowledge 

of their composition and production technology, as well as the dynamic evolution of 

metallurgical methodologies in ancient time, and their geographical spread. [47]–[49] For 

example, Hložek et al. proved the production of brass in the South Moravian Region. 

Until recently, the majority of their aged objects displaying a green patina were 

commonly categorized as bronze (copper-tin alloy); however, upon conducting XRF 

analyses, it was revealed that the alloy was, in fact, brass (copper-zinc alloy).[50] 

There are several XRF studies of coins and jewellery in literature, from ancient to 

modern time.[51]–[53] For instance, Sándor et al. used quantitative XRF for knowing the 

gold, silver, and copper content in medieval coins in Hungary and Byzantium and related 

these contents to the coins’ provenance.[54] 

XRF can help to shed light on modern materials applied during previous 

conservation treatments, aiding the discerning of original materials form later 

additions.[55] In a similar way, the elemental characterization can help the identification 

of modern or medieval counterfeit.[56] 

Moreno-Suárez et al. utilized XRF both before and after employing various 

cleaning methods on copper-silver alloys to identify the least aggressive approach.[57] 

Also Porcinai et al. proposed an XRF analysis with an application to conservation of 

silverware. They were able to assess the thickness of application of protective coatings 

on metal depending on the means of application either brush or spray.[58] 
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1.5 Quantitative analysis of X-Ray fluorescence data 

 

Quantitative XRF analysis allows for the accurate determination of elemental 

concentrations in the sample under analysis. This can be achieved through two methods. 

The first technique, commonly applied to metal alloys, involves comparing 

analytical data with data obtained from the analysis of alloy standards.[59], [60] A 

mathematical curve/model, derived from known alloy standards, represents the intensity 

of elemental peaks against their concentrations. This curve is used as a reference to infer 

the elemental concentrations of the alloys being analyzed.  

The second method, known as the fundamental parameter method (FPM),[61] 

employs a standardless semi-quantitative approach that is particularly suited for unknown 

materials with complex matrices, such as inks, or materials lacking reference 

standards.[36], [38] The FPM is rooted in the fundamental physical principles of XRF 

and considers the complexities of the sample matrix, providing more accurate and reliable 

results for elemental concentrations.[17], [62] 

 The conversion of peak intensities to elemental concentrations can be 

accomplished using various software tools, including AXIL[63] and PyMca[64]. PyMca, 

developed at the European Synchrotron Radiation Facility, stands out as the most 

comprehensive solution for quantitative XRF. This open-source software boasts a user-

friendly interface. A typical procedure utilizing PyMca involves the calibration of the 

experimental XRF spectrum, identification of the elemental peaks present, extraction of 

peak areas through the spectrum fitting tool and the “fit configuration” dialog, and, 

finally, quantification of the concentrations of the elements. 
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In greater detail, the initial noise fluctuations in the raw experimental data are 

subjected to smoothing, such as the Savitsky-Golay method. This smoothing operation 

models the region of interest in the spectra using a polynomial line. The net peak area of 

the elements is then obtained after correction for the continuum background. For this 

correction, the preferred approach is SNIP (Statistical Nonlinear Iterative Peak Clipping). 

Next, the peak shapes are examined to assess whether the fitting function 

accurately models the raw spectra, making it suitable for subsequent steps, such as batch 

fitting. This fitting procedure, which aims at minimizing the difference between the fitting 

line representing the experimental data and the raw spectra, is repeated until the optimal 

set of parameters is determined. 

Following the spectrum fitting, the elements of interest are selected. Parameters 

such as the X-ray tube emission profile for the XRF spectrometer, primary beam filter, 

thickness of the beryllium window, and the active area of the detector need to be provided 

to the PyMca software through a configuration file or by populating with these data the 

fit configuration dialog, enabling their consideration in the analysis. Experimental 

parameters, including time exposure, acquisition geometry, and XRF tube flux, are 

adjusted according to the setup employed during data acquisition. Once a satisfactory 

agreement is achieved between the fitting line and experimental data, the concentrations 

of the elements of interest can be extrapolated. 

Hahn et al. extensively employed FPM to discriminate between writing inks and 

identify manuscript passages containing inks of similar elemental composition.[65] 

Manso et al. successfully determined and quantified the elemental composition of the 

paper support and writing inks in the Third Secret of Fátima. This enabled them to verify 

the document's originality and confirm that no alterations to the original manuscript had 

been made.[10] Similarly, Pessanha et al. used FPM for the analysis of XRF data from 

paper and inks in the early 20th-century Austrian book Civilprocessordnung, 

demonstrating the applicability of quantitative XRF in forensic studies.[66] Cappuccio et 

al. applied the FPM to XRF data to comprehend the stoichiometry of colors used in two 

Japanese scrolls. This furnished conservators with a tool to optimize the formula for 

consolidating adhesive in the conservation treatment, based on elemental concentrations 

obtained from XRF.[67] 
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Heginbothan and Solé designed a protocol for the quantification of copper alloys 

using both alloys standards and FPM using eight XRF spectrometers available in the 

market. This was done to maximize the reproducibility of results from various institutions 

that run analysis on metal artefacts with different XRF instruments.[8], [9]  
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1.6 Inks 

 

The term ink originates from the ancient Greek word enkauston, which signifies burnt or 

cooked. This is likely a reference to carbon black, the primary historical source of black 

inks, derived from the combustion of various wood species or plant residues.[68] Inks 

typically consist of a coloring agent and a medium. The coloring agent can be either an 

inorganic pigment or an organic dye. The medium enables the colorants to stay suspended 

during application and also promotes the ink adherence to the surface once it dries. 

Throughout history, diverse types of ink have been utilized, each with distinct recipes that 

vary based on the time period and origin. 

Since 2500 BC, Chinese scribes used inks made of lamp black or carbon black 

mixed with a vegetal oil, in liquid or solid form. Ancient Egyptian also employed carbon-

based blacks but with different binders: gum arabic, vegetal oil, or animal glue. 

The methods for ink production appears to have spread from Egypt to Greece and 

eventually reached Rome. This is supported by the writings of Pliny and Vitruvius, who, 

in the first century after Christ, detailed the process of ink-making.[69] The ingredients 

were carbon-based black, extracted from burning fruit pitches or various types of wood 

mixed with gum arabic, honey, egg white, or animal glue. These ink recipes included 

vinegar, extract from garlic and cloves as preservative.[70] Pliny was the first to describe 

an alternative recipe for carbon-based inks: iron-based inks. His formulation included iron 

salts, a solution of gallnuts and peel of pomegranates. Even in that era, the potential issue 

with carbon ink was evident, as it could be easily removed by scraping it off the surface. 

This characteristic finds its origin in the ink's nature: carbon-based ink is a dispersion of 

particles in a medium. Consequently, if the binder is removed through scraping, the 

coloring agent is also eliminated. In contrast, iron-based inks include a component that 

stains the substrate, enhancing their resistance to erasure. 
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In Middle Age Europe, despite being produced using several recipes, mainly three 

types of inks were used: carbon-based inks in gum arabic or animal glue, mixed inks of 

carbon-based and gallic-metal compounds in gum arabic, and pure gallic-metal inks in 

gum arabic.[71]  

Gum arabic, is derived from several Acacia species, is a polysaccharide-based tree 

exudate.[72] Gum arabic is one of the most used ink binder due to its water solubility. 

This property allows to form a viscous gel when mixed with water and act as a glue after 

moisture evaporation. 

Carbon-based inks were crafted through the mixture of a binder (often gum arabic) 

with water and carbon-based compounds procured from various sources. Carbonaceous 

materials exist in nature in diverse forms: the crystalline allotrope is known as graphite, 

while flame carbons, cokes, chars, and coal are considered disordered materials.[73] 

Flame carbon and soots consist of carbon generated in the gaseous phase through 

incomplete combustion of hydrocarbons; chars are the outcome of wood pyrolysis, a 

process characterized by the thermal decomposition of wood under controlled conditions; 

cokes are synthetic materials derived through the carbonization of bituminous coals or 

bitumen; coal is an organic rock composed of lithified plant remains.[74], [75]  

Coccato et al., in their Raman spectroscopic studies of carbonaceous materials, 

proposed a classification of carbon-based blacks used in art, and therefore with a possible 

use in ink making, based on their production processes: carbon black of mineral and 

natural origin (i.e. graphite, black heart, humic heart, sepia), blacks obtained from firing 

vegetable or animal materials (i.e. charcoal, carbon-black, peach black, grape black, 

cherry black, ivory/bone black, atramentum, bistre), and blacks obtained in the form of 

smokes and soots (i.e. furnace black, lamp black).[76]  

To counteract the ease with which carbon-based inks could be erased, scribes 

likely began experimenting by mixing various materials into their inks. Eventually, they 

discovered that adding iron sulfate, which is soluble, facilitated the ink's penetration 

between the skin fibers, resulting in better resistance to rubbing. Consequently, there 

might have been a period during which both carbon-based inks and iron-based inks 

coexisted, frequently being used in combination to achieve desired optical and physical 

properties. For instance, carbon-based inks required continuous stirring to keep the carbon 

particles suspended in the ink container, therefore an addition of iron-based ink, since it 
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is a dark liquid with no apparent particles, was possibly providing the impression of not 

having to stir so frequently. On the other hand, iron-based inks were not very dark upon 

application, possibly prompting the practice of blending them with carbon-black to 

enhance ink visibility during use. 

While a precise transition from carbon- to iron-based inks cannot be pinpointed, 

and while these two ink types were likely used in combination, evidence indicates that by 

the late Middle Ages, the prevalent choice of ink shifted towards iron-based inks.[77] The 

constituents of iron-based inks typically comprised water, often with the addition of wine 

or vinegar to modify the pH of the aqueous solution, along with tannins (from plants parts 

including bark and galls among others), and an iron source, either iron sulfate (vitriol) or 

iron fillings.[39], [78], [79] A binder like gum arabic was not consistently employed. The 

interaction between gallotannin-containing extracts and iron sulfate led to the formation 

of a water-soluble ferrous complex. Upon application and exposure to oxygen, this 

complex transforms into an insoluble dark compound known as the ferric gallate 

pigment.[80] This transformation is pivotal in endowing iron-based inks with their 

resistance to erasure. The ink penetrates deeply into parchment or paper fibers, rather than 

merely residing on the surface, and transforms in situ into an insoluble compound. 

Iron-gall inks are a type of iron-based ink that utilize tannins derived from gall 

nuts. These nuts result from the actions of parasitic insects, which puncture various types 

of vegetation to lay their eggs. The galls produced by gall wasp larvae on oak trees are 

particularly esteemed for ink production due to their high tannin content, specifically 

gallotannic acid responsible for the chemical reaction. 

As previously explained, one of the essential components of iron-based inks is 

vitriol. Vitriol is a mixture of metal sulfates composed for the majority of iron sulfate 

(FeSO4) and with minor components of copper, manganese and zinc sulfates. Vitriol 

provide iron(II) ions which react with organic gallotannic acid to form the iron 

complex.[81] The elemental components of vitriol (iron, copper, manganese, and zinc) 

are detectable using XRF, and allow for the discrimination among various inks and vitriol 

sources.[80] The reaction, in presence of humidity and especially when there is an excess 

of iron sulfate over gallic acid, produces sulfuric acid (H2SO4) known to be responsible 

of the damaging “corrosion” of the substrate (especially in the case of paper 

supports).[82] This explains the reason numerous elemental and molecular studies of 
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iron-gall inks, which attempt to characterize the reaction taking place and mitigate the 

damage.[83] 
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1.7 Historical silver alloys and their decoration 

 

Metal artifacts have been crafted since ancient times. They were used both for 

practical purpose as well as artistic production. Metalwork stands as invaluable source of 

information into the practices of ancient metallurgy, as well as for historical and cultural 

understanding regarding their place and time of production.  

Medieval metal crafts, with regards to ecclesiastical metal objects, were primarily 

made of gold, silver, copper, and their alloys. These religious objects were often 

commissioned by patrons and donated to the local church as a symbol of their wealth.[84] 

In view of this increasing demand, and easier access to raw materials, the medieval period 

witnessed the refinement and expansion of metalworking techniques, leading to 

advancements in areas such as blacksmithing, casting, and alloying.[85] 

The physical properties of metals are what have led to their choice as construction 

materials. In the case of artworks, they are valued for being precious, hard, and durable 

substances. Moreover, metals can undergo various forms of manipulation, such as 

alloying, quenching, casting, and shaping through hammering, enabling artisans to craft 

them into desired forms and structures.[86]  

Metals, with the exception of mercury, exist as cohesive collections of atoms that 

have a solid state at standard room temperature conditions. These atoms are intricately 

united through metallic bonds, a consequence of their sharing of accessible electrons.[86] 

Generally metals have a poly-crystalline structure (they are composed of grains), but 

when the molten metal is rapidly cooled their structure change form a crystalline phase 

to near-amorphous solid phase.[87]  

Metals can be alloyed, leading to the creation of a mixture comprising two or more 

distinct metals. This practice is employed for various purposes, including altering the 

properties of the base metal (the component present at higher concentration). These 
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alterations can encompass lowering the melting point, enhancing strength, hardness, or 

ductility, while also preserving aesthetic attributes. For instance, silver is a soft metal easy 

to work. To reduce its malleability, and to reduce cost, silver was often alloyed with 

copper.  

Since metals in alloys have different melting points, they solidify at varying rates 

and their crystals expand until they meet each other. This microstructural heterogeneity 

is referred to as dendritic. The dimension and configuration of these dendrite, resembling 

miniature fern-like structures, depend on the rate of molten cooling. Rapid cooling yields 

smaller dendrites, while slower cooling results in larger ones.[86] This phenomenon 

instigates phase-segregation, whereby one of the alloy components becomes localized 

within the inner or outer sections of the dendritic arm or the outer surface. As previously 

elucidated, when XRF analysis is conducted on metals and metal alloys, the examination 

is limited to the surface layer, which may not accurately reflect the overall composition. 

When subjected to stretching or hammering, metals initially experience elastic 

deformation, followed by plastic deformation before reaching a point of fracture. Plastic 

deformation, utilized in craftsmanship, results from the movement of atomic layers within 

the metal and is facilitated by weak points/imperfections in the lattice known as 

dislocations. A metal can be manipulated until a tangle of dislocations impedes further 

plastic deformation, indicating the need for high-temperature treatment. This elevated 

temperature induces the crystal lattice to relax and re-crystalise, thus restoring the 

dislocations. This process, termed annealing, enables further manipulation of the metal 

piece.[88]–[90] 

That explain why, when shaping silver-alloy objects through hammering, 

twisting, or rolling, the metal becomes brittle. To counter this, the metal must be heated 

to around 650°C. In this process, the copper present in the alloy oxidises and forms a 

black oxide scale called firescale. This is removed by post-manufacture acid treatments 

or abrasion, leading to a change of composition, a silver-enrichment, of the surface. Since 

the annealing process can be iterated multiple times, the surface layers do not accurately 

represent the composition of the underlying alloy, and this is reflected in the XRF results. 

Instead, the surface will consist of several layers, varying in copper/silver content 

depending on the extent of annealing and applied abrasion/acid treatments.[91] This also 

explains why conservation treatments for silver objects should avoid surface polishing, 
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as it leads to the removal of original material that also serves as protection for the 

underlying layers.[92], [93] 

Silver, along with other noble metals, is relatively resistant to corrosion and oxidation 

when exposed to air. [94]  This quality renders it an ideal choice for crafting enduring 

objects that are frequently handled and utilized. Silver offers a more cost-effective 

alternative to gold while maintaining its durability and preciousness. This explains why 

silver artefacts were frequently coated with a layer of gold using various techniques. 

While surviving examples are scarce, the oldest gilding technique entailed 

applying a layer of gold foil onto the surface of wood, bronze, or silver, and securing it 

by trapping the edges within grooves. This method, though wasteful and resulting in 

limited detailing due to the thickness of the gold foil, led to the introduction of an 

alternative technique using thinner gold foil.[95] Known to ancient civilizations such as 

the Egyptians, Persians, and ancient Greeks since the first millennium BC, and later 

adopted by the Romans, this alternative technique involved heating the gold foil, applied 

on other metals, to facilitate the diffusion of gold into the underlying metal. The Roman 

period saw the widespread adoption in Europe of the fire-gilding technique, which 

continued to be extensively used throughout the Middle Ages.[96]  

Fire-gilding, also known as the mercury-amalgam technique, entailed applying a 

paste made of liquid mercury and gold (in the form of leaves or filings) onto the metals 

intended for gilding. The metal surface was initially treated with an acid solution 

containing alum and acetic acid to dissolve the layer of copper oxide that formed during 

the manufacturing process (depletion gilding).[97], [98] Subsequently, the paste was 

spread onto the metal and heated briefly to temperatures ranging from 250°C to 350°C, 

causing the surface to transition from gray to a yellow hue.[99]  

Because of the mercury evaporation, the resultant surface was porous and did not 

possess a shiny appearance, thus necessitating a burnishing step. This step typically 

involved using a stone to smooth out the micro-cavities and enhance the reflective and 

glossy quality of the gold. This final process often left marks that are frequently 

discernible to the naked eye. 

The surface of metal artifacts constitutes their interface with the surrounding 

environment and is the site where alterations and corrosion products develop. Several 

factors contribute to the initiation of metal transformation, including air, soil, sulfur-based 
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compounds, acids, oxidizing agents, salts, organic substances, and elevated temperatures. 

Among these, air and water play pivotal roles in the corrosion process, exerting significant 

influence on the condition and longevity of metal artifacts.[100], [101] For instance, silver 

tarnishing is a result of the growth of a corrosion layer comprising various compounds 

that impact the reflective properties of the metal. This phenomenon can take place on both 

silver and silver-gilt objects, as the gilding layer's porosity enables gas exchange with the 

surrounding environment. The primary constituent of this tarnish film has been identified 

as acanthite (Ag2S), formed through the interaction of silver with sulfur-containing gases 

such as hydrogen sulfide (H2S) and carbonyl sulfide (OCS).[102] Silver can also react 

with chloride-containing airborne, leading to the formation of chloroargyrite 

(AgCl).[103] In silver-copper alloys, selective corrosion can occur. Copper, being more 

reactive than silver, tends to react preferentially with the surrounding environment, and 

depending on the conditions, may result in the development of a green patina composed 

of copper carbonates (Cu2CO3(OH)2) or dark red concretions of copper oxides. In 

addition, stress-induced corrosion can occur. This is often associated with extensive cold 

work, can selectively affect the metal from areas that have undergone substantial 

deformation, retaining residual stress and exhibiting weaker characteristics where 

impurities and minor phases tend to accumulate.[104] For guidance on the materials and 

methods employed in the conservation and restoration of silver artworks, one can refer to 

the work of Palomar et al.[105], [106], Liu et al.[88], Costa,[101], Degrigny et al.[107], 

Fariselli et al.[108]  
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1.8 Experimental methods overview   

 

This thesis embarks on a multidisciplinary exploration, employing an array of advanced 

analytical techniques to unravel the intricacies of the subject matter.  The experimental 

methods utilized include XRF (X-ray Fluorescence), multispectral imaging (MSI), 

Raman spectroscopy, FORS (Fiber Optic Reflectance Spectroscopy), and protein analysis 

for the study of manuscripts on paper and animal skin, and metal artifacts. Although the 

detailed application is discussed primarily for XRF, as this was the primary focus of the 

author of this thesis, the integration of these techniques, highlighted in this chapter, offers 

a comprehensive analytical approach. This integrated approach promises a richer 

understanding of the samples, offering a more nuanced narrative. The core of this holistic 

approach specifically lies in the synergy of analytical methods, each contributing a 

distinct layer of understanding. XRF, with its elemental revelations, forms the foundation. 

MSI then steps forward, adding a visual dimension that extends beyond the elemental 

composition. Raman spectroscopy follows suit, delving into molecular structures and 

shedding light on pigments and inks. FORS and protein analysis contribute further, 

offering insights into optical properties of pigments and organic components. This 

collective methodology achieves a level of material insight that surpasses the limitations 

of any individual technique. This multifaceted understanding holds profound value not 

only for scientists but also for various stakeholders in the art field, notably historians, 

conservators, and curators, each finding unique avenues of enrichment in the treasure 

trove of information. For historians and curators the data serves as a time-traveling toolkit, 

enabling them to delve deeper into historical contexts. For instance, the data gained 

through a combined application of XRF, Raman spectroscopy, MSI, and FORS allows 

historians to extract a wealth of information about the composition, construction, 

alterations, and historical context of manuscripts, contributing to a richer understanding 
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of the cultural and artistic landscapes of the past. For instance, MSI may reveal 

annotations or marginalia that have faded over centuries. This provides insights into the 

thoughts and reactions of contemporary readers, allowing historians to reconstruct the 

intellectual environment of the time. Manuscripts may contain erased or overwritten 

content, a palimpsest. MSI can distinguish between the underlying and overlying texts. 

This allows to recover lost knowledge, reconstructing narratives or information 

intentionally erased in different historical periods. In addition, as XRF can identify the 

elemental composition of pigments and inks, historians can use these data to determine 

regional styles and availability of specific materials during a particular era. Changes in 

pigment use over time may reflect shifts in trade routes, technological advancements, or 

cultural influences. In the case of ink analysis, variations in the iron and other elemental 

concentrations can provide information about ink recipes, revealing regional or 

chronological differences in writing practices. If a bigger sample set is analysed, for 

instance a collection of illuminated manuscripts, historians and curators may use the 

scientific data to identify differences in material composition, suggesting diverse sources 

or workshops involved in their production. This sheds light on the socio-economic 

dynamics and cultural exchange during the artworks' creation. The same applies to metal 

artifacts or any other media. For conservators the detailed insights into the materiality act 

as a cornerstone, guiding precise preservation strategies. An holistic approach enhances 

their ability to assess, preserve, and restore historical artifacts, contributing to the 

longevity and understanding of these invaluable cultural heritage. For instance, by 

knowing the chemical composition of materials they can find hidden features and 

vulnerabilities in these materials. This integrated approach empowers conservators with 

a holistic view, ensuring that preservation efforts are not only based on visual assessment 

but also encompass the broader structural aspects of the artifacts. 

In conclusion, emphasizing the significance of a holistic approach in art studies is 

paramount. It is crucial to recognize the importance of building a bridge between 

scientific methodologies and cultural narratives. Beyond the individual benefits each 

technique provides to the specific disciplines mentioned earlier, this integrated approach 

serves as a connective bridge, linking scientific methodologies with the intricate stories 

embedded in the artifacts under study. The collaborative potential between scientific 

communities and cultural heritage professionals is evident, creating a space for dialogue 
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and mutual enrichment. The synthesis of scientific rigor and cultural insight promises a 

holistic and profound appreciation of the historical, cultural, and artistic significance of 

the examined artifacts. 

X-ray Fluorescence XRF 

This thesis initiated its analytical journey with XRF, a powerful non-destructive 

technique. XRF employed to unveil the elemental composition of the samples, providing 

insights into the material's chemical makeup. The comprehensive data derived from XRF 

served as a foundation for subsequent analyses, guiding the exploration into other 

dimensions of the samples. The XRF experimental data were acquired and processed 

solely by the author of this work. 

Multispectral Imaging (MSI) 

Building upon the elemental insights from XRF, MSI was introduced to capture detailed 

spatial and spectral information. MSI images were acquired by experts from the Library 

of Congress, Washington, and processed in collaboration with the author of this thesis. 

This technique allowed for the visualization of variations in colour and intensity of ink 

and pigment applications, providing a deeper understanding of the manuscripts' surface 

characteristics. The integration of MSI complemented the elemental data obtained from 

XRF, offering a holistic perspective. One of the primary applications of MSI in 

manuscript studies is the enhancement of text and image visibility. By capturing images 

at various wavelengths beyond the visible spectrum, MSI can reveal details that are often 

imperceptible to the human eye. Faded or obscured text, illustrations, or annotations 

become more legible, providing scholars with a clearer understanding of the manuscript's 

content. MSI is guided by the strategic capture of images at diverse wavelengths across 

the electromagnetic spectrum. Operating beyond visible light, it employs tailored light 

sources emitting ultraviolet (UV), visible, and infrared (IR) wavelengths. Specific filters 

isolate targeted wavelengths, and detectors record the reflected or emitted light. By 

processing captured images with specialized software, MSI creates a multispectral 

dataset. This dataset, analysed for reflectance and absorption, reveals hidden details 

within manuscripts.[109] 

Fiber Optic Reflectance Spectroscopy (FORS) 
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FORS was introduced to delve into the reflective properties of the samples. This 

technique, performed and processed by experts from the Library of Congress, aids in 

understanding the interaction of light with the material's surface, offering valuable 

insights into its optical characteristics. The integration of FORS enhances the spectral 

information, fostering a more complete analysis of the samples. FORS stands as a 

powerful analytical tool, particularly for the characterization of pigments. Its application 

provides valuable insights into the composition and nature of pigments used in artworks, 

manuscripts, and historical artifacts. FORS operates on the principle of measuring the 

reflectance of light across a range of wavelengths including UV, visible, and IR regions. 

A fiber optic probe is employed to illuminate the sample, and the reflected light is 

analysed to generate a reflectance spectrum. The resulting spectrum offers information 

about the interaction between light and the material's surface, providing details about its 

composition. One of the primary applications of FORS in pigment characterization is the 

identification of specific pigments used in artworks.[110] Different pigments exhibit 

characteristic absorption features in the reflectance spectrum, allowing for their 

identification. By comparing the observed spectrum with reference databases, scientist, 

conservators, and researchers can discern the presence of various pigments and even 

differentiate between different shades or types of the same colour. FORS excels in 

detecting pigment mixtures within a single layer or across multiple layers of paint. The 

technique's sensitivity allows for the identification of subtle variations in pigments that 

might be challenging to distinguish visually. This capability is crucial for understanding 

an artist's layering techniques, as well as for unravelling later alterations or overpainting. 

The reflectance spectra obtained through FORS can also reveal information about the 

state of pigment preservation. Changes in the reflectance patterns may indicate pigment 

fading or degradation over time due to environmental factors, exposure to light, or other 

deteriorative processes. This information is pivotal for conservators in developing 

strategies for the preservation and restoration of artworks. This additional layer of 

analysis enhances the overall understanding of the artistic techniques employed. 

Raman Spectroscopy 

The journey into molecular characterization took a significant leap with Raman 

spectroscopy, conducted by experts at UCC with the subsequent data treatment carried 
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out by the author of this thesis. This technique enables the identification of molecular 

structures based on their vibrational modes. It identifies specific chemical bonds and 

molecular structures, offering details about the organic and inorganic compounds present 

in inks and pigments. In studying metal artworks, Raman spectroscopy helps in studying 

corrosion products. By analysing the chemical composition of corrosion layers, 

conservators can develop targeted conservation strategies to prevent further deterioration.  

Raman spectroscopy operates on the principle of inelastic scattering of light. When a 

sample is illuminated with a monochromatic light source (usually laser light), the photons 

interact with the molecular vibrations in the sample. The scattered light undergoes a shift 

in frequency, known as the Raman shift, which corresponds to the energy levels of 

molecular vibrations. By analyzing the scattered light, specifically the shifts in frequency, 

Raman spectroscopy provides information about the molecular composition and structure 

of the sample. The resulting spectrum reveals vibrational modes, offering insights into 

the chemical bonds and molecular arrangements present in the material.[111] The 

complementary use of XRF and Raman spectroscopy offers one of the most powerful 

approaches for a more holistic understanding of materials. Together, they cover a broad 

spectrum of compounds, combining the strengths of both elemental and molecular 

analysis. In summary, the integration of XRF, with MSI, FORS, and Raman spectroscopy 

creates a powerful analytical approach. XRF offers elemental data, FORS provides 

pigment and organic material details, MSI enhances visualization, and Raman offers 

molecular insights. 

Protein Analysis 

Shifting the focus to biological components, protein analysis was incorporated to explore 

the presence and characteristics of proteins within the folios of the manuscripts under 

study. This aspect broadens the scope of the thesis, providing a bridge between the 

physical and biological dimensions of the subject. Protein analysis was performed by 

experts at Cambridge University with samples collected by the author of this thesis. 

Protein analysis of animal skin in manuscripts is a specialized method that provides 

insights into the parchment used in the creation of manuscripts. Animal skin used as 

writing support in manuscripts is typically derived from sheep, goats, deers, or calves, 

and is composed of proteins such as collagen. Collagen is the primary protein present in 
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animal skin used for parchment or vellum. Protein analysis can assist in differentiating 

between parchment made from various animal species. For protein analysis, techniques 

like MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization Time-of-Flight) mass 

spectrometry are commonly used. In MALDI-TOF, proteins are ionized and accelerated 

in an electric field, with the resulting time-of-flight data providing information about their 

mass and structure. Scientists and historians utilize protein analysis to gain insights into 

the material composition of artifacts, particularly organic materials like parchment or 

binding adhesives in manuscripts. By analysing the proteins present, scientists can 

determine the type of animal skin used, assess the condition of manuscripts, and 

understand historical techniques in manuscript production.[112] This information 

contributes to a deeper understanding of cultural practices, trade networks, and the 

technological aspects of manuscript creation, aiding in historical contextualization and 

preservation efforts.  
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2.1 Abstract 

 

This paper presents the findings of the first multi-analytical investigation of the Book of 

Uí Mhaine, one of the largest Gaelic Books surviving from the medieval vernacular 

period. A combination of protein analysis, point X-ray fluorescence spectroscopy (XRF), 

multispectral imaging (MSI), point Fiber-Optic Reflectance Spectroscopy (FORS) and 

point Raman spectroscopy was used to perform a systematic investigation of the Book of 

Uí Mhaine’s constituent materials, including parchment, inks and pigments. The analysis 

revealed that the parchment was made of calfskin, both blunt tools and Pb-containing 

materials were used for ruling the pages throughout the manuscript, and iron-based inks 

were used to write the content of the book. The decoration was restricted to the initial 

letters and rubrication across the body text. The decoration color palette was limited to 

yellow and red, comprising arsenic-, mercury- and lead-based pigments. A copper-based 

green pigment was found only on one folio. The scientific knowledge acquired through 

this multi-analytical approach complemented a substantial corpus of knowledge already 

built by Gaelic scholars, paleographers, codicologists and conservators. This work not 

only allowed for the consolidation of existing information on methods and materials used 

for the production of medieval Gaelic manuscripts but also laid the basis for future 

comparative work with other contemporary traditions in Ireland and Europe. 
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2.2 Introduction 

 

Among an estimated three hundred surviving vernacular Gaelic vellum manu-scripts, the 

Book of Uí Mhaine (Leabhar Ua Maine: Royal Irish Academy MS D ii 1) is one of the 

most important examples of late medieval Irish books. The Book of Uí Mhaine is a large 

(42 × 26.5 cm) manuscript written towards the end of the fourteenth century. It derives 

its name from the ancient tribal area of Uí Mhaine in east Co. Galway and south Co. 

Roscommon in Connacht. Today, the book consists of 157 leaves, estimated to be less 

than half of its original size [1]. The contents comprise a collection of traditional Irish 

learning in the form of genealogies, prose-tales and poetry. Ten different scribal 

contributions, divided across twenty-five quires, have been identified through 

paleographic investigation [2]. Because of its large size, scope, extent, and variety of 

contents, the Book of Uí Mhaine is considered one of the most outstanding productions 

of Irish scholarship in the vernacular tradition. 

A number of analytical techniques are routinely used for the material investigation 

of medieval books. For example, multispectral imaging (MSI) is widely used to enhance 

the readability of ancient texts. MSI is also the technique of choice for rapid and non-

invasive initial assessment of manuscripts, which is crucial to inform and direct the 

application of complementary analytical techniques [3–6]. X-ray Fluorescence 

spectroscopy (XRF) has been shown to be diagnostic for the identification of the 

elemental content of both pigments and writing inks, often in conjunction with further 

data processing such as finger-printing analysis or principal component analysis [7–9]. 

Fiber-optic reflectance spectroscopy (FORS) is an invaluable method for the 

identification of organic and inorganic pigments and inks [10–14]. Recently, proteomic 

analysis has also emerged as a powerful tool for the non-invasive investigation of 
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parchment origins in medieval manuscripts. For example, Fiddyment et al. have used 

proteomic approaches to reveal the animal origins of parchments used for the making of 

13th-century bibles across Europe [15–17]. Additionally, Toniolo et al. have used protein 

analysis to analyze the making of a pocket bible donated by a Franciscan friar to the 

Chinese Mogul Emperor in the 13th century [18]. In contrast to mono-analytical 

approaches, the combined application of multi-analytical techniques has recently gained 

popularity, whereby elemental, molecular and imaging techniques are used in 

combination to gain a complete picture of the materials and methods used by ancient 

parchment producers, scribes and decorators. For example, Ricciardi et al. effectively 

applied imaging spectroscopy and in situ analytical methods for the identification of 

materials in a 15th-century illuminated manuscript [13]. Cucci et al. have used a 

combination of hyperspectral imaging, FORS and XRF to investigate the attribution of 

the Corale 43 manuscript to Beato Angelico [19]; de Viguerie et al. have investigated 

15th-century illuminated manuscripts by a combination of XRF and hyperspectral 

imaging [20]; whereas Calá et al. used a combination of UV-Vis diffuse reflectance 

spectroscopy, XRF, optical microscopy and protein mass spectrometry to build a holistic 

picture of the 14th-century Messale Rosselli [21]. In spite of the large availability of 

multi-analytical approaches, up until now, Gaelic manuscripts have been investigated 

only at the macro-level, through the codicological and paleographic investigation of used 

materials and marking events. The information gathered from such investigations, 

together with other available historical information, has contributed to building a corpus 

of data on the choice and availability of materials and on processes used for the 

manufacture of parchment and ink. Some questions on Gaelic medieval book 

manufacturing remained open, however, such as the choice of animal species used for 

parchment production, the processes employed to obtain the parchment folios, the types 

of ruling techniques, and the nature and origin of constituent inks and pigments. The aim 

of this work was to carry out a multi-analytical study of the materiality of a representative 

Gaelic vellum manuscript for the first time in order to gain a better understanding of how 

manuscripts of the vernacular tradition were written and constructed. The choice of 

analytical methods was deter-mined by the requirement for minimally invasive analysis. 

Therefore, MSI, FORS, XRF and optical microscopy were the techniques used more 

extensively throughout the book. Mass spectrometry-based protein analysis was 
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performed using eraser crumbs collected with conventional PVC erasers. Raman 

spectroscopy was only used on two microfragments discovered loose on the page or in 

the gutter of the book during analysis. 
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2.3 Results and discussion  

 

In order to conduct a systematic investigation of the constituent materials, the Book of Uí 

Mhaine’s main features were classified as shown in Figure 1. 

 

 

Figure 0-7 Figure 2.1. Representative photographic images of the Book of Uí Mhaine’s analyzed features: (a) Entire page of 

the book, folio 50 r; (b) Rubricated initial, folio 48 r; (c) Display and main text, folio 49 r; (d) Pricking marks, folio 2 
r; (e) Graphic ruling, folio 88 v. 

 

Specifically, Figure 1a shows a representative folio, displaying written text and 

decorated initials on the vellum support. Figure 1b shows the largest and most outstanding 

example of a decorated initial letter in the manuscript, colored in red and yellow pigments, 

indicating the beginning of a new quire. Figure 1c shows an example of the large-format 

lettering, called display text, typically found at the beginning of a new section of the 

content. An example of pricking marks puncturing the parchment folios found in the 
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margins of some pages is shown in Figure 1d. The pricking method is used to demarcate 

the position of the guidelines. Ruling lines, known as guidelines, were drawn on each 

page in order to guide the writing of the manuscript. Examples are shown in Figure 1e. 

The details of the Book of Uí Mhaine’s structure and the division of hands by scribe, 

quire, and folio are reported in Table S1 in the Supplementary Materials. All the parts of 

the Book of Uí Mhaine listed above were analyzed by a combination of different 

analytical techniques. Specifically, the parchment was examined by a combination of 

protein analysis, MSI and XRF; ruling was analyzed by MSI and XRF; writing inks, 

including inks used for the writing of the main text, display text, marginalia and initial 

letters, were examined by MSI and XRF; pigments were examined by MSI, XRF, and 

FORS. Raman spectroscopy was performed on micro-fragments of ink and red pigment 

discovered loose on the page during the visual assessment. Microscopy and photographic 

images were taken throughout the book to support the findings. 

 

Parchment 

As a first approach to the analysis of the parchment, MSI imaging was used 

throughout the manuscript to capture characteristics at full-page magnification scale. An 

example is shown in Figure 2a, where a reflectance image at 365 nm of folio 55 r clearly 

displays water stain damage appearing as dark areas over a light gray background. The 

origin of the dark appearance of water-damaged areas under UV illumination is still under 

debate. 
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Figure 0-8 Figure 2.2 (a) UV reflectance image (365 nm) of folio 55 r showing staining caused by dampness or water; (b) 

PCA projection of a detail of folio 48 v enhancing scrape marks; (c) PCA projection of a detail of folio 53 v 

enhancing page folds; (d) IR image (940 nm) detail of folio 50 r enhancing animal veins; (e) Representative XRF 
spectrum of parchment taken in folio 38 v; (f) Representative MALDI-TOF mass spectrum taken in folio 1 v. 

 

The availability of page-by-page images from the MSI analysis allowed the 

identification of peculiar water stains across the book. In particular, it was possible to 

group similarly shaped water stains and identify discrepancies in the current binding order 

of the quires. For example, a break in similarly shaped water stains was observed between 

folio 18 v and folio 19 r, corresponding to the transition from quire 4 to 5 (Figure S1 in 

Supplementary Materials). This break is likely the result of the loss of a single folio at 

this point. In contrast, continuity of stain marks was observed from folio 47 v to 48 r, 

marking the transition from quire 9 to 10 (Figure S2 in Supplementary Materials). This 

might be an indication that these two quires were housed together in a very similar 
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environment even before they were bound together. This aligns with the fact that the Book 

Uí Mhaine was in a disbound state until the 19th century. It also confirms the known 

historical connection between the scribes of quires 9 and 10: quire 9, written by Adam 

Cusin (scribe C), contains a copy of a poem by the scribe of quire 10, Faelán Mac an 

Ghabann na Scéal (Scribe F). 

The MSI data collected were processed and subjected to Principal Component 

Analysis (PCA) as required in order to highlight different features of the Book and select 

areas for further analysis. The use of this procedure facilitated better visualization of the 

scrape marks left on the parchment during the manufacturing process, consistent with the 

scraping phase observed and reported to be typical of all manuscripts made from skin. 

This process involved manually removing the flesh and hair after soaking the skin in a 

lime bath or an organic solution [25]. The scrape marks, caused by the use of rounded 

knives, appeared in Figure 2b as diagonal parallel lines in the background of the text. 

Page folds were also visible in Figure 2c, indicating the events the book underwent after 

its production. These lines emerged from the background parchment; they intersected at 

similar locations, usually in the corners of the folios. MSI imaging also provided 

enhanced visualization of parchment veins, suggesting the preferential use of skins from 

young animals. In younger animals, the vein trails remain more visible due to less-

developed skin layers [26]. Figure 2d shows veins as thin, dark trails against a clearer 

background. A comprehensive visual and microscopy analysis was conducted on the 

veins within the parchment. The observed findings lead to the most plausible conclusion 

that the deposition of dust and dirt primarily occurs on collapsed veins. This alignment 

between dirt deposition and the vein structures may contribute to the dark appearance 

under IR illumination. The use of juvenile animals was confirmed by protein analyses of 

23 samples collected across the entire length of the book, which revealed that parchment 

folios were constituted by calf (young bos taurus) skin (see Figure 2f). The ability to 

identify the skin’s physical features displayed by MSI analysis is based on the comparison 

with modern skins, where these features are not obscured by content on the page, ageing 

or events that adversely affect their clarity. Discussions with parchment makers and 

practical exercises in parchment manufacture also hone observation skills. XRF was used 

to complement the information gained by protein analysis with the elemental composition 

of the parchment folios. In order to avoid contamination from the parts containing ink, 
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XRF measurements were taken from the margins. A representative parchment XRF 

spectrum is shown in Figure 2e and was characterized by the presence of silicon (Si), 

phosphorus (P), sulphur (S), chlorine (Cl), potassium (K), calcium (Ca) and iron (Fe). 

The intense Ca peaks, ubiquitous in all analyzed areas, supported the use of a lime 

(calcium hydroxide, Ca(OH)2) solution for the dehairing process of the pelts. Ca is 

ascribable either to the presence of calcite (calcium carbonate, CaCO3), as with time 

Ca(OH)2 becomes CaCO3, due to reaction with atmospheric CO2, or is to be attributed to 

the use of gypsum (CaSO4⋅2H2O) for surface smoothing, which would also explain the 

presence of S. It is known that parchment was rubbed with gypsum to avoid the inks 

bleeding and being absorbed onto the parchment surface and to give it a silky appearance 

[27]. The presence of K may indicate the use of some form of alum, K-Al-CO3 (or K-

CO3), as an abrasive or whitening agent used in the curing of the skin. It is known that 

some skins were desiccated using either sodium or potassium chloride and the pH was 

adjusted by treating with ammonium chloride or sulphate with lime and applying potash 

alum [28]. Accordingly, chlorine (Cl), also omnipresent, was ascribed to the treatments 

above and/or to the practice of using salt for the preservation of the hides from biological 

attack [29]. Si may be indicative of the use of pumice powder (high in silicon dioxide, 

SiO2) for rubbing the flesh side of the skin [30] or may arise from dirt deposition caused 

by ageing. Trace quantities of mercury (Hg), arsenic (As), and lead (Pb) were also found 

and were ascribed to humidity-induced dissolutions and migration of the constituent ruled 

lines and pigments. Traces of copper (Cu) and zinc (Zn) were also detected in all 

parchment folios. However, due to their low concentrations and similar intensities found 

in both the clean parchment and inked areas, it was challenging to determine their specific 

origin—whether they originated from the parchment or the ink. Hg, As, Pb, Cu, and Zn 

were particularly evident in the XRF spectra taken from heavily water-damaged folios. 

These elements, not related to parchment content, were found to be particularly high in 

intensity, and evidence of ink transfer from one page to another was observed (See 

Figures S3 and S4 in Supplementary Materials). 
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Ruling 

Before the writing phase, the parchment folios were ruled to ensure consistent 

horizontal and vertical alignment for the written content in each line. During medieval 

times, guidelines and bounding lines were commonly created through the methods of wet- 

or dry-ruling. Wet ruling involved the use of inks to trace the lines on the parchment. Dry-

ruling, on the other hand, encompassed two techniques: inscribing graphic lines or 

indenting the parchment with a blunt tool. The graphic line technique involved the use of 

a lead or silver stylus to create the ruling lines. In such cases, identifiable traces were left 

on the folio, which would be detected through XRF analysis. Alternatively, a linear 

indentation was made on the parchment using a blunt stylus, typically crafted from wood 

or bone. In this second scenario, no detectable elemental traces would be discernible 

through XRF analysis. A page-by-page visual assessment of the Book Uí Mhaine showed 

that the ruling practice varied across the book. The majority of the manuscript was ruled 

in a two-column format. The gatherings written by the scribes G1 and G2, assigned to 

genealogies, were usually laid out in a multi-column format, the most common style for 

lists. The nature of the ruling lines was investigated by microscopy, MSI and XRF. Two 

representative examples of guidelines are shown in Figure 3. 

 

 

Figure 0-9 Figure 2.3. (a) Photograph, (d) UV (365 nm), and (f) IR (940 nm) of dry-ruling, detail of f. 6 v; (b) Photograph, (e) 
UV (365 nm), and (g) IR (940 nm) of lead-pin ruling, detail of f. 20 v; (c) XRF spectra of lead-pin ruling (top, f. 20 

v), and dry-ruling (bottom, f. 6 v). 

 

Folio 6 v exhibited distinctive white underlining lines (Figure 3a), characterized 

by a groove-like appearance. Under UV and IR illumination (Figure 3d,f), these lines 

appeared bright on a dark background. In contrast, folio 20v showcased dark graphic lines 
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under both visible and UV illumination (Figure 3b,e). However, these lines vanished 

under IR illumination (Figure 3g). Studies on drawing media suggest that lines made 

using a silver-based metal point disappear at 940 nm IR, while lead-based media remains 

visible at that wavelength [31,32]. To investigate the ruling lines throughout the book, ten 

areas with varying shades from whitish to gray were subjected to elemental 

characterization. The spectra analysis revealed the presence of Si, P, S, Cl, K, Ca, and Fe 

in all areas, attributed to the parchment composition in the background. As anticipated, 

the indented lines (of a whitish color under visible light) did not exhibit any elemental 

variation from the parchment. On the other hand, lead (Pb) was detected in the spectra of 

the graphic lines that appeared dark under visible and UV light and disappeared under IR 

illumination, while silver (Ag) was not present. The intensity of the Pb peak varied 

depending on the thickness of the line, suggesting the use of a Pb-based tool or a Pb-

containing ink for creating these dark markings. 

Microscopic examination of these areas (See Figure S5 in Supplementary 

Materials) uncovered physical characteristics such as the presence of what appears to be 

ink infiltrating between the skin fibrils, suggesting that the material may have been 

applied in a wet state. In the case of a dry application using a lead-based stylus, it would 

be expected that the material would adhere to the texture created by the fibrils, remaining 

on the surface of the rough skin without staining the background. Based on the XRF data, 

we can preliminarily state that both blunt (wood/bone?) and Pb-containing materials were 

used throughout the book. However, no discernible correlation was found between these 

ruling techniques and the contributions of the scribes. For instance, Adam Cusin, the 

primary scribe of the book, predominantly utilized Pb-based graphic lines in the early 

quires but more consistently employed a blunt tool in later gatherings. However, folio 45 

v displayed a combination of both Pb and indentation rulings. 

 

Writing Inks 

An extensive investigation of the writing inks was performed by MSI, also using 

infrared false-color imaging (IRFC) and PCA image processing, in order to broadly 

identify the inks and assess the congruency across the various letter types: body text, 

display text, and large and small initial letters. The ink used in the main text (Figure 4a) 

displayed a dark brown hue under visible illumination, which appeared as red coloration 
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in IRFC images (Figure 4b), a behavior usually associated with the presence of iron-based 

inks [33]. 

The slight variation between the alignments of the written parts on either side of 

the folio offered the best areas for XRF analysis, clean from any other material applied 

on the other side. Although only one representative XRF spectrum of the text ink is shown 

in Figure 4h, all writing inks, including main text, display text, and initial letters, were 

found to have similar elemental compositions. The inks are mainly composed of Fe and 

S, with variable and small traces of Cu and Zn. Cu and Zn are usually associated with 

iron sulfate used in reaction with polyphenols to obtain an iron-based ink. However, as 

stated already, these elements are also detected in the writing support. Hence, a thorough 

quantitative analysis was performed on both the ink (150 spots) and parchment XRF 

spectra (81 spots). A similar content of Cu and Zn was found in clear parchment and inked 

areas. 

As a result, it cannot be definitively concluded that Cu and Zn are exclusively 

attributed to the ink. Potassium (K) was ubiquitously present in inked areas at higher 

intensities than in clean parchment areas nearby, representing either a contribution from 

the binder (not analysed in this study) or an impurity in the iron compounds themselves 

[34,35]. 

Close observation of the MSI images revealed dishomogeneities in the appearance 

of the ink. This is shown by the display text images of Figure 4c–e, where individual 

letters displayed different hues of brown in the visible image, appearing as red and black 

or green and black in the IRFC and PCA images, respectively. The variation in color was 

ascribed to the different thicknesses of the ink application, with thicker deposition 

resulting in darker coloration. For example, it was noticed that the darker colors were 

often located on the serifs, which are an embellishment of the main strokes of the letter, 

corresponding to thicker applications. Thicker ink depositions would be more resistant to 

ageing, including abrasion and consequent fading in color. Although the persistence of a 

dark coloration in the IRFC image could potentially be linked to the presence of carbon 

(C) in the ink, this point could not be definitively proven during this investigation. 

Furthermore, it was observed that in laboratory-made samples, thick applications of iron-

based ink were not completely transparent to IR (940 nm). A detailed analysis was also 

performed on selected large initials, which showed similar interesting characteristics, as 
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shown in Figure 4 f. Here, the letter “C” in folio 35 r was decorated with internal and 

external dots, following the shape of the C, all displaying the same brownish coloration. 

The optical microscopy image, inset of Figure 4i, showed a textured, thick application of 

dark material in the filling of the letter body, with a degradation pattern of cracking and 

flaking off the page. Similar to what has been observed for the display text, the assigned 

green and blue false colors in the PCA image (Figure 4g) suggest the presence of either 

one thicker application or various depositions of ink to thicken the letter body. In order 

to shed further light on the nature of used inks, Raman analysis was performed on a 

dislodged microsample from the body of the letter C. The spectrum recorded at 785 nm 

showed bands indicative of the presence of iron-based ink (Figure 4i). Specifically, 

Raman signature bands of iron-based ink were found at 1577 (broad), 1484 (strong), 1438 

(shoulder), 1332 (broad) and 550–650 (broad) cm−1, in agreement with literature data 

[36]. Intense peaks were observed in the 1200–1500 cm−1 region, corresponding to the 

major tannic acid vibrations. The spectrum also showed the shifting of the typical 1477 

cm−1 band to 1484 cm−1, possibly associated with the presence of other tannins in the ink 

other than gallotannin. Specifically, the presence of peaks at 1167 and 1277 cm−1 could 

be interpreted as lignin polyphenols and expected to be by-products of tannin extractions, 

especially if oak galls were substituted with other plant barks [37]. 
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Figure 0-10 Figure 2.4. (a) Visible image and (b) IRFC image of a detail of folio 2 r showing body text; (c) Visible image, 
(d) IRFC image, and (e) Color composite image, based on PCA projections, of a detail of folio 48 r showing display 

text. Red box highlights a thick application of ink, while the white box highlights a thin application of ink; (f) Visible 

image; and (g) PCA image of a detail of folio 35 r showing the initial letter C. Dashed box highlights location of inset 
of (i); (h) Representative XRF spectrum of text ink, folio 2 r; (i) Raman spectrum of the letter body fragment taken at 

785 nm. Inset shows an optical microscopy image of the area where the fragment dislodged. 

 

Pigments 

Two main colors were used throughout the book: red and yellow, albeit in 

different shades. Green in different hues was only used in one instance, for the decoration 

of folio 111 r. 

Red rubrication was widely used throughout the manuscript for the decoration of large 

capital letters, initial letters and text in the genealogies. Visual inspection of such 

rubrication across the book revealed the presence of different shades of red, ranging from 

purple, dark red, orange-red, pink and metallic-lustrous gray with red particles visible to 

the naked eye. Therefore, XRF was performed on a number of representative red 

pigmentations to obtain insight into the nature of these colorations and thei r various 

ageing patterns. MSI imaging was performed in conjunction with XRF in order to extend 
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and attribute the XRF data to the folios that were not elementally characterized. A red-

orange pigment was used in quires 1, 2, 9, 10, 11, 12, 13, 15, and 16. The elemental 

composition of that pigment is shown in the XRF spectrum of Figure 5a and was 

characterized by prominent peaks for mercury (Hg) and sulphur (S), indicative of the use 

of cinnabar or synthetic vermillion (mercury sulfide, HgS). Arsenic (As) peaks were also 

detected and interpreted as indicative of the presence of an arsenic sulfide, either realgar, 

pararealgar, or orpiment. The presence of Pb, which exhibits a main peak (Lα) that 

overlaps with As Kα, was excluded by considering the absence of its corresponding 

secondary peaks in the analysis. The red area in folio 48 r responded as yellow in IRFC 

(see insets of Figure 5a), further confirming the presence of vermillion as reported in the 

literature. FORS confirmed the presence of HgS due to the narrow and symmetric features 

centered at 590 nm in the first derivative spectra (Figure 5b) and a sharp s-shaped curve 

in the reflectance spectra indicative of a semi-conductor pigment [38]. In addition, Raman 

spectroscopic analysis of a dislodged red fragment in folio 50 r (Figure 5d) found in the 

gutter of the book was successful in firmly identifying cinnabar/vermilion as the red 

pigment (254, 282, 343 cm−1). The minor peaks in the spectra (136, 154, 202, 291, 311, 

353, and 382 cm−1) showed an excellent match with natural orpiment (As2S3) [39]. Since 

other common arsenic sulfide pigments can be clearly distinguished by Raman 

spectroscopy, realgar and its alteration product, pararealgar, were ruled out. The 

intentional mixture of vermilion and orpiment is somewhat unusual and accounts for the 

yellow-orange appearance of these red decorations. 



76 

 

 

Figure 0-11 Figure 2.5. (a) XRF spectra of the red pigment cinnabar or vermilion. * represents other peaks for Hg. Insets 
show visible (left) and IRFC image (right) of the decorated initial letter in folio 48 r (quire 10). White dot in the 

visible image indicates where XRF analysis was performed; (b) FORS spectra confirming vermilion, folio 48 r; (c) 

XRF spectra of the red mixture of cinnabar/vermilion with Pb-based pigment/s. + indicates other peaks for Pb. Insets 
show visible (left) and IRFC image (right) of the decorated initial letter in folio 9 r. White dot in the visible image 

represents where XRF analysis was performed; (d) Raman spectrum, recorded using a 785 nm laser, confirms that 
cinnabar/vermilion and orpiment were used in mixture. Folio 50 r. 

 

In contrast to what was found for the orange applications, the darker shades of red 

in quires 2, 5, 12, 18, 19, and 20 appeared as dark green in the corresponding IRFC image 

(see insets of Figure 5c), supporting the hypothesis that a different pigment mixture was 

used for these areas [40]. A representative XRF spectrum is shown in Figure 5c, 

performed on the rubricated letter M in folio 9 r. The spectrum was characterized by 

intense peaks for Hg and Pb, suggesting that for achieving these hues, cinnabar/vermilion 

was mixed with Pb-based pigment(s), more likely lead white [2PbCO3·Pb(OH)2] or 

minium (red lead; Pb3O4), which are known to degrade toward a gray color. 

The elemental composition of the different red applications was plotted in a 

histogram where the relative (to Fe) concentrations of Pb, Hg, and As were plotted against 

the folios in the codicological order as it is today (Figure 6). This allowed two pigment 
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mixtures to be distinguished: a mixture of cinnabar/vermillion with orpiment (discussed 

above), which was used in quires 1, 2, 9, 10, 11, 12, 13, 15, and 16; and a mixture of 

cinnabar/vermillion with Pb-based pigment(s) in various ratios, used in quires 2, 5, 12, 

18, 19, and 20. This clearly showed a correlation between the use of specific pigments 

and the structure of the Book Uí Mhaine by quire and scribal hand, in line with the fact 

that the quires composing the volume were meant to be stand-alone productions. 

 

 

Figure 0-12 Figure 2.6. Histogram plotting the content of Pb, Hg, and As, ascribable to the presence of red cinnabar/vermilion, 

lead-based pigment(s), and orpiment (elements normalized to Fe). Insets: representative photographs of pigment 
applications in different red shades and yellow colorations. 

 

Yellow decorations were found consistently in every folio of quire 10, written by 

Faelán, scribe, poet, and confidant of Bishop Ó Ceallaigh, for whom he prepared the most 

decorated gathering of the manuscript. Yellow applications were also found scattered in 

a few folios in quires 11, 12, 13, 14, 15, 16, 20, and 22. Yellow pigments were never 

found in conjunction with lead-based pigments in the same quires, but rather only in 

combination with vermilion. A total of twenty-six XRF spectra were obtained from 

yellow pigments throughout the book, revealing their similarity to one another. Figure 7a 

shows a representative XRF spectrum of a yellow pigment taken on an initial letter in 

folio 48 r. The elemental composition was characterized by prominent As and S peaks, 

indicating the use of an arsenic sulfide pigment. Fe, Ca, K, and Hg, along with traces of 

Cu and Zn, were also observed and were attributed to contributions from the background 

parchment or interpreted as contamination from adjacent ink and pigment areas. FORS 
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analysis of yellow-pigmented areas, in conjunction with XRF, confirmed the presence of 

orpiment due to a sharp peak at 480 nm in the first derivative spectra and a steep stair-

step shape in the reflectance spectra indicative of semi-conductor pigments (see Figure 

7b) [41]. Further analysis was carried out by MSI, which showed visible yellow areas 

shifting into ivory-white coloration in the IRFC images (Figure 7d), in line with the 

literature [13]. In some instances, the yellow application had become imperceptible to the 

naked eye. In such cases, XRF analysis played a crucial role in indicating the previous 

presence of orpiment in these areas. Notable examples can be observed in the yellow 

decorative line surrounding the initial letter (Figure 7c) and the line surrounding the text 

in the probatio pennae (Figure 7f) of folio 48 r. These specific details were elementally 

characterized using XRF for confirming As presence and subsequently emphasized 

through PCA processing. By processing the stack of 15 MSI images, 15 PCA images 

were generated. The selection of the PCA image that best captured solely the yellow 

applications was made by carefully examining both the visible image (which revealed 

remnants of orpiment decorations) and the PCA images together. By considering both 

sources of information in tandem, the most accurate representation of the yellow 

application was selected. In Photoshop, the grayscale PCA image was transformed into a 

yellow-scale image. Then the image histogram representing the color values of the image 

pixels was adjusted to exclude irrelevant pixels from the representation, such as those 

related to the background and/or the image noise. The resulting image was then 

superimposed onto the visible image of the corresponding folio, allowing for the 

reconstruction of the original positioning of the faded orpiment decoration (see Figure 

7e,g). By overlaying the enhanced image onto the visible image, the original placement 

of the faded orpiment decoration was effectively restored and visualized. 
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Figure 0-13 Figure 2.7. (a) XRF spectrum of a yellow pigment, folio 48 r; (b) Representative FORS spectrum of a yellow 

pigment, folio 54 v; (c–e) Visible image, IRFC, and PCA-based color reconstruction of the decoration of initial letter 

F (folio 48 r). White dot in visible image indicating the location where XRF spectrum was recorded; (f,g) Visible 
image and PCA-based color reconstruction of orpiment in probatio pennae, folio 48 r upper margin. 

 

Given the somewhat unprecedented appearance of the mise-en-page of folio 111 

r, and on the advice of codicologists and paleographers, further analyses were performed 

on this folio. In fact, the zoomorphic initial T (Figure 8a) stands alone in the decorative 

pattern of the book and presents a diverse palette of colors. For instance, it is the only 

decorated initial presenting green pigmentation. Its significance may be that it marks the 

beginning of the poem in praise of a famous Ó Ceallaigh chieftain, Uilliam Buidhe, who 

died in 1381. 

The XRF spectrum of the warm red shade at the side of the animal head (Figure 

8c, spot 16) showed intense peaks for Hg and Pb, suggesting that a mixture of cinnabar 

(bright red coloration) and Pb-based pigment(s) (dark coloration) was used. The XRF 

spectrum taken on the lighter red-pink hue of the figure (Figure 8d, spot 17) showed a 

similar ratio of Hg/Pb if compared to the darker red coloration. The overall lighter hue 

contribution could be associated with the presence of lead white, which was added to 

cinnabar to obtain the lighter red hue observed. Finally, the XRF of the purple/gray area 

(s18, Figure 8e) showed a prominent presence of Pb-based pigment(s), known to be prone 

to degradation towards brown and black colorations (galena, PbS) [42–44]. 
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Six XRF spectra were performed on dark and light green on this folio. The 

elemental composition of these areas (see Figure 8f) highlighted that all greens were 

characterized by the presence of Cu and Pb. The lighter hues of green might have resulted 

from a lighter application or from a mixture with white pigment(s), either lead white or 

calcite, considering the more intense peak for Ca in these lighter areas when compared to 

darker green hues. However, as the analyzed light greens are thinner than the darker 

applications, it was difficult to exclude a substantial Ca contribution from the parchment. 

The presence of Fe was attributed to a contribution from the parchment background. 

Given that Hg was detected only in trace amounts, it was interpreted as contamination 

originating from the nearby vermilion applications, rather than being intentionally mixed 

with the green. 

The green area appeared as blue in the IRFC image (Figure 8b), which aligns with 

the findings reported in the literature for most of the Cu-based greens. The FORS spectra 

(Figure 8g) exhibited a broad absorption centered at ~720 nm, indicating the likely 

presence of verdigris rather than other Cu-based pigments [45]. However, to fully confirm 

the presence of verdigris, further analysis would be necessary. 
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Figure 0-14 Figure 2.8. (a) Visible image and (b) IRFC of zoomorphic initial letter, folio 111r. White spots and numbering 
represent areas where XRF spectra were taken; (c–e) XRF spectra of spots 16, 17 and 18, respectively. Insets show 

microscopic optical images of the areas of analysis. * represents other peaks of Hg; + indicates other peaks for Pb; (f) 

XRF spectra of light green pigment (top spectrum, s19) and dark green pigment (bottom spectrum, s20); (g) FORS 
spectra of the dark green area (s20). 
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Pigment Degradation 

Various causes of pigment degradation were identified and are highlighted in 

Figure 9. 

 

 

Figure 0-15 Figure 2.9. Optical microscopy images of pigment details across the book showing details of: (a,d) pigment 
migration and smudging; (b,e) pigment color change; (c,f) pigment detachment. 

 

Degradation by spreading/smudges due to the water solubility of pigments 

exposed to humidity was observed (see Figure 9a and close-up Figure 9d), particularly 

accentuated in applications made of orpiment. Color degradation by color alteration was 

commonly observed. This process is shown in Figure 9b and 9e for the specific case of a 

red rubrication changing color into dark gray, a phenomenon likely associated with the 

chemical transformation of Pb-based pigments into galena (PbS). The other source of 

degradation observed was a color loss by detachment (see Figure 9c and close-up Figure 

9f), likely associated with the degradation of the binding medium. This resulted in heavy 

cracking and flaking of the folios. This induced both poor adhesion to the support and 

loss of cohesion between particles, therefore resulting in detachment from the parchment 

support. 
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2.4 Conclusions 

 

A multi-analytical approach was used for the first time to analyze the materiality 

of an Irish Gaelic manuscript from the medieval vernacular period. Protein analysis 

confirmed the use of skin from young calves in the production of the parchment. 

Additionally, a combination of XRF and MSI allowed the identification of writing inks, 

decorative practices for capital letters, and techniques for ruling the parchment prior to 

writing. The analysis of pigments using XRF, FORS and MSI allowed the identification 

of vermillion and Hg/Pb mixtures used for reds and the use of orpiment for yellows. 

Notably, a copper-based green was found solely in the decoration of a single folio. Several 

questions still remain unanswered, particularly regarding the origin of the Pb-based 

material used for ruling the folios and the cause behind the ink’s persistent dark coloration 

in infrared images at 940 nm. Additionally, the cause of the degradation of the red 

pigment mixture (Pb/Hg), which displayed a shift in color towards a metallic purple/gray 

hue, is unknown. To address these queries, the use of sampling-based techniques would 

be beneficial. These techniques could provide valuable insights and help shed light on the 

uncertainties mentioned earlier. Moreover, obtaining samples would open up possibilities 

for understanding the organic components present in inks and pigments. Although this 

investigation focuses specifically on the Book of Uí Mhaine, the knowledge acquired 

from this research is anticipated to support future studies in the field by enhancing our 

understanding of the production of medieval manuscripts within the Gaelic tradition and 

beyond.  
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2.5 Experimental 

 

Biomolecular Sampling (Proteins). Twenty-three samples were extracted using the 

kits sent by one of the authors (Sarah Fiddyment, University of Cambridge), according to 

a method described elsewhere [15]. Sample collection was undertaken on areas of the 

manuscript that had no writing and presented structural integrity. All the samples were 

stored at room temperature until required.  

 

Biomolecular analysis. Protein mass spectrometry (ZooMS) was performed as al-

ready described in detail in reference [15]. Briefly, in order to collect collagen, collected 

eraser samples were centrifuged and solubilized in 0.05 M NH3CO3 (AmBic) buffer (pH 

8) and 1 μL of trypsin (0.4 μg/μL) and incubated at 37 °C for 4 h. Samples were then 

centrifuged for 1 min, and 1 μL of 5% (v/v) TFA was added, followed by desalting and a 

concentration step in C18 resin (Millipore). Eluted peptides were mixed on a ground steel 

plate with 1 μL of α-cyano-4-hydroxycinnamic acid matrix solution [1% in 50% 

ACN/0.1% TFA (v/v/v)] and air-dried. Extracted peptides from the 23 samples were 

analyzed using a calibrated Ultraflex III (NLD1; Bruker Daltonics) MALDI-TOF 

instrument in reflector mode in 3 technical replicates. Spectral analysis was performed 

using the open-source cross-platform software mMass (www.mmass.org, 26/10/2022) 

[22], and individual peptides were identified manually according to Buckley et al. [23,24]. 

A FAM411 3 T-FV2W model microscope was used to acquire digital images at 50× and 

200× magnification ratios. The instrument was equipped with visible LED lights and a 

digital camera with 1.3 Megapixel resolution. 
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Multispectral imaging was conducted using a Megavision system equipped with a 

39-megapixel monochrome E6 camera (Kodak) with a CCD sensor (7216 × 5412 pixel 

ar-ray and a linear dimension of 6.8 microns). Illumination was provided by narrowband 

(FWHM between 6 and 20 nm) light-emitting diodes (LED) at 365, 400, 420, 450, 470, 

505, 530, 560, 590, 615, 630, 655, 735, 850, and 940 nanometers (nm). Megavison, a 

hyperspectral lens having a focal length of 120 mm and a f-number of 4.5, color corrected 

from 350 to 1000 nm, was used and operated with an aperture of F11. The exposure times 

of the cam-era were adjusted for each narrow-band LED light via calibration to an in-

scene Spectralon 99% diffuse white standard. Each capture is flat-fielded to correct for 

non-uniform illumination and variations of the lens and camera back. The exposure times 

of the camera were adjusted for each narrow-band LED light to ensure that the full 

dynamic range of the camera was used. Each capture is flat-fielded to correct for non-

uniform illumination and variations in the lens throughput over the field of view. Files 

were captured as digital negative graphics (DNG), corrected for uniformity or artefacts 

using a flat fielding technique, and converted into 16-bit tagged image file format (TIFF) 

files. An X-rite color checker and Spectralon were used as reference standards. Image 

processing derived from multispectral image cubes was completed in the form of infrared 

false color (IRFC), substituting the red channel of the visible with the IR image at 940 

nm, and principal component analysis (PCA). PCA images were obtained by processing 

all 15 MSI images. 

 

X-ray fluorescence spectroscopy was performed with a portable, energy-dispersive 

XRF ELIO (XGLab, srl). The spectrometer was equipped with a Peltier-cooled Silicon 

Drift Detector with a resolution f 135 eV at the manganese (Mn) Kα line (5.9 keV). The 

excitation source was a low-power (4 W, 50 kV) transmission X-ray tube with a Rh anode. 

Measurements were performed with no filter under an air atmosphere in a range of 1–30 

kV with a tube current of 130 uA. A collimator, allowing a ~1 mm-diameter focused spot 

size on the surface of the folio, was used to acquire XRF spectra. The distance from the 

folio was ~1 cm, and the acquisition time was 240 secs for representative spectra. A semi-

quantitative approach to the XRF data was performed using the open-source software 

PyMca. The so applied fundamental parameter method (FPM) allowed estimating 

elemental concentrations based on observed peak intensities. 
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Raman spectra were taken with a Renishaw inVia Qontor Raman Spectrometer 

System equipped with a 785 nm laser with 300 mW laser power. For the spectra 

acquisition, 10% power was used to obtain maximum signal-to-noise ratio while avoiding 

laser-induced damage to the material. The collected polychromatic light was diffracted 

by 1800 lines/mm grating into its constituent wavelengths and captured on a Peltier-

cooled (−70 °C) near-infrared enhanced, deep depletion CCD (1024 × 256 pixels). 

Spectra were obtained using ×100 objective (0.6 µm spot size)—30 accumulations of 30 

s. Spectra were processed in Wire 5.5 using minimal smoothing, cosmic ray removal and 

baseline subtraction. Deconvolution uses Wire 5.5. mixed Gaussian/Lorentzian curves to 

identify relevant peaks. Additional Raman analyses were performed using a Renishaw 

InVia Raman system outfitted with a Leica DM2500 microscope, CCD detector, and 

Rayleigh edge filters. The laser excitation was 785 nm, and the grating was 1200 L/mm. 

Exposures ranged from 10 to 100 s at 0.45 or 0.24 mW power, using a 50× or 20× 

objective. Both instruments were calibrated to the 520.5 cm−1 line of Silicon. Reference 

Raman spectra for comparison were found on the IRUG website (www.irug.org, 

23/01/2023). 

 

FORS spectra were collected with an ASD FieldSpec 4 from 350 nm to 2500 nm with 

a collection area of ~3 mm. Spectral resolution is 3 nm at 700 nm and 8 nm at 1400 and 

2100 nm. Ten spectra were averaged with a total acquisition time of <5 s. Reflectance 

was calibrated to a Spectralon 99% diffuse white standard (calibrated every 20 min during 

data capture). The bifurcated probe uses a halogen light source with a bulb temperature 

of 2900 K and a spot size of 10 mm.  
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2.7  Supplementary material 

 

Classification of the Book of Uí Mhaine 

Table A1. Classification of the Book of Uí Mhaine by scribe, quire, and folios according 

to William O’Sullivan. Key to understanding the “line” column of the table. First is listed 

the folio number, followed by either recto or verso; recto being indicated by “r” and verso 

by “v”. What follows is the column in which the line of text is found, indicated by either 

“a”, meaning the first column of text, or “b”, indicating the second column of text. In 

cases where there are more than two columns on the folio, each column is listed as the 

succeeding letter, meaning column “c”, column “d”, etc. Finally, the last number indicates 

the line of text in said column. For example, f1ra1 means the first line of text in the first 

column of the recto of folio 1. O'Sullivan does not indicate at exactly which line on folio 

112v scribe D6 turns over to scribe C, but does specify that scribe D6 returns again to 

finish the text from scribe C at line 10 of column "a" on folio 114r. This is indicated in 

the table with question marks (?). Scribe D6 concludes on column “a” of folio 114v, 

where the second column of text was left blank to be added to later by a secondary scribe. 
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Table 1 Table A1. Classification of the Book of Uí Mhaine by scribe, quire, and folios according to William 

O’Sullivan. 

 

 

  

Scribe Quire Folio(s)

G2

1

f1

G1 f1-f2

C
f2-f6

2 f7-f10

G2 3 f11-f12

G1
4 f13-f18

5
f19-f22

C
f22

6
f23-f24

? f24

G2
7

f25-f27

G1
f27-f32

8
f33-f38

C
f38

9 f39-f47

F 10 f48-f55

C

11 f56

12 f57-f64

13

f65-f69

Secondary 
Scribe(s)

f69

C

14

f70-f74

Secondary 
Scribe(s)

f74-f75

G1
15

f76-f79

C f79-f83

Scribe Quire Folio(s)

D1

16

f84

G1 f84-f90

D2
f90-f91

17

f92

D3 f92-f99

C f99

D1

18

f100-f101

D4 f101

D1 f101-f102

G1 f102

D3
f103-f107

19

f108-f110

C f110

D3 f111

D5 f111-f112

C f112

D6 f112-?

C ?-f114

D6 f114

Secondary 
Scribe(s)

f114

C

20 f115-f122

21 f123-f130

22 f131-f139

23 f140-f143

24 f144-f151

25 f152-f157
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High-res photographs of stain patterns and ink transfer 

 

 

Figure 0-16 Figure. A1: High-res photographs of folio 18v (left) and folio 19r (right), corresponding to the transition from quire 4 

to 5, showing dis-homogeneity in stain pattern. This break is probably the result of the loss of a single folio at this 
point. 
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Figure 0-17 Figure A2: High-res photographs of folio 47v (left) and folio 48r (right), marking the transition from quire 9 to 10. 
This might be an indication that these two quires were housed together in a very similar environment even before 

they were bound together. 
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Ink transfer from f. 2v to f. 3r 

 

 

Figure 0-18 Figure A3: Example of ink transfer induced by humidity from folio 2v (left) and folio 3r (right). 

 

Ink transfer from f. 3v to f. 4r 

 

        

Figure 0-19 Fig. A4: Example of ink transfer induced by water-damage. Folio 3v (left) and folio 4r (right). 
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3. Establishing the original order of the poems in Harward’s Almanac 

using paleography, codicology, X-ray fluorescence spectroscopy, and 

statistical analysis 
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3.1 Abstract 

 

This work presents the results of a transdisciplinary analysis performed on 

Harward’s Almanac (Dublin, 1666), an extremely rare volume currently housed in the 

National Library of Ireland. The uniqueness and historical value of the Almanac is related 

to the presence of nineteen handwritten poems, entered by an anonymous scribe. These 

record textually important English clandestine satire circulating anonymously in Dublin 

in the late 17th and early 18th century. Following a comprehensive historical assessment, 

it appeared evident that the current order of leaves was incorrect. To reconstruct the 

correct order of the leaves, and hence the likely sequence in which the manuscript poems 

were inscribed, this study employed a codicological/paleographic analysis complemented 

by analytical (X-ray fluorescence, XRF) and statistical (Self Organizing Map, SOM) 

investigation. Specifically, point XRF analysis was carried out for each handwritten page 

of the Almanac, allowing identification of ink elemental compositions (iron-based ink) 

and successfully supporting the validity of historical hypotheses on the poems’ order of 

inscription. The statistical organization of XRF data by SOMs allowed easy bi-

dimensional visualization of the data set (54 points) and identification of ink similarities, 

once more validating the historical assessment.
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3.2 Introduction 

 

In 2020, the National Library of Ireland (NLI) acquired a volume of extreme 

rarity, the only known copy of a 1666 Dublin almanac compiled by Michael Harward and 

for convenience referred to as Harward’s Almanac.[113] Almanacs of the period were 

commonly sold with blank interleaves and additional blank leaves – at the end of the 

volume – meant for the purchaser’s notes and memoranda. In Harward’s Almanac, most 

of these blank leaves, along with the blank regions of some of the printed leaves, remained 

blank during 1666, but they were later used by an unknown scribe to transcribe nineteen 

manuscript poems. Although it is known that these poems were composed between 1674 

and 1711, it is less clear when they were copied into the Almanac.[114] When the 

Almanac was first reported in print in 1848, the handwritten poems were erroneously 

attributed to the Irish satirist Jonathan Swift (1667-1745). Although this attribution was 

later dismissed,[3, 4] the verse retains considerable interest. In fact, the manuscript 

writing preserves textually important English clandestine satire circulating anonymously 

in Dublin in the late 17th and early 18th century. Some of the most important poems are 

on Dublin topics, and three of them are not found in any other early manuscript or printed 

source (“The Gentlemen at Larges Litany,” “To the Tune of Chivie Chace,” and “The 

Picture of a Dublin Beau”). Much of the London verse centers on James II’s Catholicism 

and the succession crisis caused by the 1688 birth of his son James Francis Edward, later 

known as the Pretender. These pieces are of interest in their own right and demonstrate 

the collection and possibly the circulation of London satiric verse in Dublin. No other 

Dublin manuscript poetical miscellany from the late 17th century has come to light, and 

this stands as the only example.[117] The Almanac was privately acquired sometime in 

the early 19th century and remained in the same Dublin family until it was sold at auction 
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in 2020. As it was received at NLI, Harward’s Almanac was composed of 75 leaves (144 

x 86 mm) in a 19th-century leather binding. Several leaves were detached from the 

structure and obviously not in the correct order. Early handwritten page numberings also 

appeared incorrect.  

An extensive historical and codicological analysis was performed which 

established the original order of the Almanac leaves and thereby supported a plausible 

idea of the sequence of poem entries. During the 2021-22 conservation work performed 

by the NLI, the 19th-century binding was reused and, with minor exceptions, the leaves 

were restored in the possible order in which they were placed during the previous (19th-

century) rebinding. 

In parallel, X-ray fluorescence (XRF) analysis was performed to support the 

examination of the leaves and the reordering process. XRF analysis is a non-invasive 

method particularly useful in the examination of historical manuscripts and inks.[6, 7, 8] 

Among the diverse range of analytical methods used in heritage and conservation science, 

XRF stands out as a particularly valuable tool for the elemental characterization of 

materials. The technique offers numerous advantages, including its compatibility with 

portable instrumentation, which greatly facilitates in situ analysis. XRF requires minimal 

preparation of the material to be analyzed, making it an efficient and time-saving method. 

XRF permits qualitative analysis, providing valuable insights into the materials used in 

historical books and manuscripts. Furthermore, a semi-quantitative analysis of XRF data 

has been proven effective in uncovering ink patterns, as evidenced by previous studies 

that have successfully identified various writer contributions and manuscript 

corrections.[9, 10] The fundamental parameter (FP) is the preferred method for 

identifying the elemental concentration of heterogeneous samples in complex matrices, 

such as ink applications.[11, 12] The results obtained using FP quantification can be 

further analyzed using statistical methods, which can be highly valuable in identifying 

trends and correlations among samples. One such method is Self Organizing Map (SOM) 

clustering.[120] SOM mapping is a powerful technique for visualizing high-dimensional 

data and for clustering (grouping based on features’ similarity) samples in datasets. 

Without requiring prior knowledge or labeled samples, SOM leverages unsupervised 

learning to discover the underlying structure and relationships in the data, providing 

insights and facilitating further analysis. SOMs are based on the concept of neural 
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networks and are inspired by the organization of neurons in the brain. SOMs consist of 

an array of artificial neurons arranged in a grid-like topology, where each neuron 

represents the representative point of a group. A successful example of SOM use in 

heritage science is the work of Lee et al., who classified a large number of paintings into 

different genres based on image features, including colors and composition 

characteristics.[14, 15] 

In this paper we report the use of a transdisciplinary approach based on 

complementary historical, analytical, and statistical analyses to identify the possible order 

in which the poems were inscribed in Harward’s Almanac. Following historical and 

codicological research, a systematic analytical investigation of the Almanac’s 

handwritten poems was performed using point XRF and microscopy imaging. The ink 

and the paper support of every manuscript page were elementally characterized. This 

enabled the identification of calcium-based compounds and alum used for the preparation 

of the rag paper and iron-based inks for writing the poems. XRF semi-quantitative 

analysis of ink composition was performed and the resulting data were further analyzed 

by SOM, in order to identify relevant similarities associated with the stints of 

transcription. Following this novel approach, it was possible to confirm the historical 

hypotheses formulated during the Almanac’s conservation work related to the correct leaf 

sequence and order of poem transcription. This study highlights the usefulness, in the 

conservation and preservation of heritage manuscripts, of a transdisciplinary approach, 

which in this specific case sits at the intersection of analytic bibliography, Irish studies, 

manuscript conservation, heritage science, and computer science. 
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3.3 Results and discussion  

 

The initial phase of this analytical work involved conducting historical research 

on the printed Almanac. This was followed by a meticulous codicological observation 

during the 2021-22 conservation phase at the NLI. The disbound state of the volume 

during the conservation treatments provided access to typically concealed areas, including 

the spine sewing, the folding of the sheets, and the sewing holes. The combination of 

these two perspectives provided valuable information and laid the foundation for the 

complementary analytical and statistical investigation. 

 

Background information: what we know about the book from historical and 

codicological analyses 

The printed elements of the Almanac consisted of 48 unnumbered pages in three 

octavo (8-leaf) gatherings (A, B and C). Additionally, 14 blank interleaves plus an 

unknown number of appended blank leaves provided space for the purchaser’s notes and 

memoranda; 11 of these appended leaves survive today. The structure of the Almanac is 

shown in Figure 1. In this schematic depiction, the double lines represent blank leaves, 

solid lines represent printed leaves, and dashed lines represent leaves now missing. 

Leaves are identified by handwritten page numbers, and printed leaves are also identified 

by gathering and leaf number. The diagrams show gatherings as viewed from the book’s 

bottom edge with the book open. The base of the shallow “V” marks the fold or gutter 

through which the leaves would have been sewn when the volume was bound. In each 

gathering, the bottom leaf pair is outermost, the top pair innermost. So in the A gathering, 

p. 3 is the first, and the conjugate p. 34 is the last. Similarly, pp. 17-20 form the innermost 

pair of leaves or centerfold. Figure 1 shows that originally, each leaf in the volume was 
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one half of a bifolium. However, some leaves became detached and are at present non-

conjugate. Additional appended bifolia may have originally been present, and it is no 

longer possible to establish how many blank leaves were originally present at the end of 

the volume. 

 

 

Figure 0-20 Figure 3.1. Structure of the Almanac gatherings, showing leaf pairs. 

 

The book was sewn on three sewing supports. Five holes remaining in the spine 

folds (sewing stations) were recorded, evenly spaced and darker than the rest of the paper. 

It is likely that the three central ones were used for sewing the paper to the supports using 

linen thread and that the top and bottom holes were used for the kettle stitch. In addition, 
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on the leaf now numbered 94-93, remnants of stitching and leather marks from a previous 

cover supported the conclusion that there had been an earlier leather binding, predating 

the 19th-century one. 

The paper support used across the entire volume (the printed sheets, the 

interleaves, and the appended blank leaves) was hand-made from 17th-century rag paper, 

the only type of paper produced in the West at the time. Rag paper is primarily made of 

cotton, hemp, or linen fibers from recycled fabric and is recognizable for its pronounced 

texture along with the presence of laid lines and chain-lines left by the paper mold.[18, 

19]  

Being octavo in format, the pages had vertical chain-lines and the watermarks 

were quartered across the upper gutter and the upper edge of four leaves, making it 

difficult to reconstruct the full watermark. However, one watermark was shared by both 

a printed page (pp. 47-48) and several blank leaves (interleaves 23-44, 51-52, and 55-56; 

appended blank leaves 77-78 and 85-86), suggesting that at least in these cases, the same 

paper stock was used for both components. The watermark was reconstructed as a fleur-

de-lys above a post-horn bounded by a scroll, of a generic variety typified by Gravell 

§791.[125] 

The volume’s leaves seemed to have been reordered on at least two subsequent 

occasions. On the first, the pages were hand-numbered, presumably following a 

reordering, which implies that some leaves had already become detached from the 

structure. During a further reordering, possibly after the acquisition of the volume in the 

early 19th century, some of the earlier reordering was revised. The current (19th century) 

rebinding was seemingly assembled to protect the already damaged 17th century volume. 

The pages presented extensive damage with water stains, mold, tears, and losses (see 

Figure 2a, b, c, d). 
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Figure 0-21 Figure 3.2. Pre-conservation photographs of damaged pages: (a) p. 10, (b) p. 25, (c) p. 40, and (d) p. 93. 
Reproduction rights owned by the NLI. The same applies to all the following photographs. 

 

The sequence in which the poems were inscribed: historical analysis 

In the late 17th and early 18th century, 19 poems were transcribed onto the blank 

interleaves and appended blank leaves as well as onto the blank areas of some of the 

printed leaves (see Figures 3a, b). What remains a topic of debate is the exact point at 

which the leaves had become loose, allowing the scribe to write noticeably farther into 

the gutter than would normally be possible in a bound volume (Figure 3c, and Figure S1 

in the Supplementary Materials). 

 

 

Figure 0-22 Figure 3.3. (a) The manuscript on an interleaf, p. 23; (b) The manuscript on a printed page, p. 25; (c) p. 28 and p. 

29 before conservation. The black box shows the gutter with the writing running very close to the fold. 

 

Detailed observation of the pages allowed recording several characteristics about 

the prior reordering of the pages (see Supplementary Materials). From a paleographical 

investigation of the handwritten sections, it appeared likely that a single scribe wrote all 
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the poems. However, notable variations in handwriting size, spacing, and color of the 

writing ink were observed across pages, leading to the assumption that the poems were 

entered in successive stints under varied circumstances, as the variations in ink elemental 

composition (discussed later) also suggest.  

Based on the historical data regarding the poems’ composition and circulation 

dates (between 1674 and 1711), it appeared likely that the compiler gathered some of the 

poems towards the end of the 17th century, over a span of approximately 15 years, and 

added poems during the early years of the 18th century. Circulation dates, textual content, 

and codicological assessment suggested that the scribe began adding poems using several 

appended blank leaves that followed the C gathering of the printed Almanac (pp. 77-88). 

Once these blank leaves were filled with poems dated to the late seventies of the 17th 

century, the scribe continued writing on interleaves 7-10, 13-14, 17-20, and 23-24. The 

scribe then continued on the unprinted areas of the printed p. 25 (see Figure 3b), before 

proceeding onto interleaves 27-30 (partly shown in Figure 3c). These poems (pp. 7-30) 

are dated to the late eighties and nineties of the 17th century. The poems on pp. 89-92 

date from 1699 to 1709, while a poem dated to 1711 is found on pp. 39-51.  

What is puzzling is why the scribe, having reached the bottom of what is now p. 

88, then continued that poem at the top of p. 7. A possible explanation is that the scribe 

only then realized that there was far more material to copy into the book than the 

remaining appended leaves could accommodate and simply chose that moment to go to 

the early interleaves of the volume and continue writing there. For the belated use of pp. 

39-51, the readiest explanation is that no other such stretch of blank pages remained 

available as late as 1711.  

Based on the above historical assessment, an original sequence of poem insertion 

was proposed and it is shown in Table 1. This reconstructed sequence, as well as the open 

questions associated with the proposed order, established the basis for XRF and SOM 

analyses.  

 

Table 3.1. Proposed original order in which the poems were transcribed in the Almanac 

Page  Poem title Composition date 

77-78 Upon Nothing by y[e Earl o]f Ro[chester] 1678? 

79-82 The Catholique Ballad or An Invitation to Popery 1674 

83-87 Room for a Ballad, or A Ballad for Rome 1674 
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87-88 On Rome’s Pardons by the E. of R. 1675-80 

88 and 7 On the Composeing of a Prayer for the Unborne Prince of Wales 1688 

7-9 The Miracle 1687 

9-10 A Paper Put in the K’s Shoo 1687?  

10 A Paper Found on the K’s Twallite [toilette] 1685-88 

10, 13 To the P of Orange: A Pacquet of Advice 1688 

14, 17 The Pacquet Boat Returned 1688 

17-19 The Gentlemen at Larges Litany 1692-93? 

19-20, 23-24  To the Tune of Chivie Chace 1692-93 

24-25, 27 Mrs Butler to Mrs Bracegirdle 1692-93? 

27-30 The Duel between 2 Phisitians 1693 

30 A Pascall [pasquil] Lately Come from France 1696 

89-90 [The Picture of a Dublin Beau] 1699 

90-91 A Fable, yet a True Story 1700-01 

92 The Thanksgiving 1709? 

39-41, 43-44, 49-51 The Whiggs Lamentation. A Soar of Their Own Scratching 1711 

 

Elemental composition of the book: XRF analysis 

A total of 104 XRF spectra, comprising 37 of blank areas and 67 of handwritten 

inks, were taken during this study. XRF measurements were performed in the NLI 

laboratories, during the conservation of the Almanac, when the book was in a disbound 

state and access to areas otherwise not accessible was possible. XRF spectra were 

obtained for each handwritten page of the book. In cases where paleographical analysis 

suggested a change of poem or ink, multiple XRF spectra were captured per page. XRF 

analysis was also conducted on the blank areas of the paper to evaluate the elemental 

composition of the underlying support. 

The XRF spectra of blank paper support recorded across the volume showed 

similar elemental features, with only small variations in elemental peak intensities. A 

representative XRF spectrum of blank paper is shown in Figure 4a. It was characterized 

by the presence of silica (Si), phosphorus (P), sulfur (S), potassium (K), calcium (Ca), 

manganese (Mn), iron (Fe), copper (Cu), and zinc (Zn).  
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Figure 3.4. (a) XRF spectrum of blank paper taken at p. 79. Inset: microscopy image of the XRF illuminated area 

(bright spot) recorded with the internal camera of the XRF spectrometer; (b) photograph (detail) of the area where the 
XRF spectrum was taken, highlighted by the black box. 

 

The presence of Ca was attributed to calcium-based compounds known to be used 

for inducing fermentation of rags. These could include lime (calcium hydroxide, 

Ca(OH)2) or milk.[126] Considering the concomitant presence of S and Ca, gypsum 

(CaSO4 x H2O), a common ingredient used in paper making, could not be excluded. Ca 

could also be linked to the use of fillers such as calcium carbonate (CaCO3), commonly 

employed in paper production.[126] The presence of S and K, often detected at similar or 

higher intensities than Ca, suggested the possible use of alum (potassium/aluminum 

sulfate, KAl(SO4)2·12H2O) liquor in the sizing of the paper. Records from the early 17th 

century indicate the addition of alum to gelatin size, as a preservative and stabilizer of the 

viscosity of the sizing liquor.[127] Additionally, alum salts were used to reduce the 

absorbency of the paper, by depositing in the interstices of paper fibers, leading to better 

writing performance.[21] Interestingly, alum-treated papers are more susceptible to 

ageing, due to the increased acidity, which leads to the degradation of cellulose through 

acid-catalyzed hydrolysis.[128] Calcium-based compounds were used, among other 

reasons, to counteract and neutralize the acidity of alum-treated paper, thereby providing 

a protective effect.[129] Accordingly, the most degraded and brittle leaves of the 

Almanac showed higher intensities of K compared to calcium Ca, in agreement with the 

observations above. It is important to note that the fragility of the water-damaged leaves 

may be attributed to both the higher K concentration and to the water-induced dissolution 

of the gelatin size, which served as a protective layer from environmental agents. 

Therefore, the weakening of the paper could potentially be a result of these combined 
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factors. Fe was observed in all recorded spectra and could be attributed to the presence of 

iron alum (FeAl(SO4)2 x 12H2O). Si was consistently detected though the book. The 

presence of Si in rag paper is reported in literature to be associated with the presence of 

straw, high in silicon dioxide (SiO2).[130] Cu and Zn in minor concentrations were also 

identified in the XRF spectra. The presence of these elements could be related to the 

paper-production process, such as impurities from the water used for making the paper 

poultice or from contact with metallic tools – beater roll, mold, or press – employed 

during paper production.[126] Additionally, it is possible that these elements migrated 

from the printing and writing inks due to the extensive water damage observed.   

In parallel with blank spots, spectra of handwritten text were taken. A 

representative XRF spectrum of an ink used for the handwriting is shown in Figure 5a. 

 

 

Figure 0-23 Figure 3.5. (a) XRF spectrum of an inked area, p. 82. Inset shows a microscopy picture of where the XRF spectrum 

was taken; (b) Photograph of p. 82. Black box shows the area of analysis. 

 

The spectrum revealed the presence of several elements, including Si, P, K, Ca, 

Mn, Fe, Cu, and Zn. Si, P, and Mn were found at similar intensities in both the ink spectra 

and the paper spectra, suggesting that they were not diagnostic of the ink under analysis. 

On the other hand, S, K, Ca, Fe, Cu, and Zn exhibited higher peak intensities compared 

to the blank paper, indicating their association with the ink applications. The combination 

of S, Fe, Cu, and Zn suggests the presence of vitriol, a mixture of hydrated metal (Fe, Cu, 

and Zn) sulfates, associated with iron-based inks, one of the standard ink formulation 

extensively used in Europe between the 5th and 19th century.[26, 27, 28] These inks were 

obtained by combining vitriol with polyphenolic compounds such as tannic acid or gallic 
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acid. The reaction resulted in the formation of dark iron-polyphenol complexes, 

contributing to the distinctive dark color of iron-based ink.[119] The presence of K was 

attributed to the presence of gum arabic, commonly used in inks to improve viscosity and 

reduce bleeding.[80] It is worth noting that the presence of K may also be attributed to 

the presence of iron sulfate, as reported in studies on the chemical composition of iron-

based inks.[30, 31] It was not possible to explain the increased Ca intensity in all the 

inked areas analysed. Further research and investigation is required to understand the 

reasons behind the increased Ca intensity in those particular areas. 

 

The sequence in which the poems were inscribed: XRF analysis of three case studies 

Following the general classification of writing inks as iron-based inks, a 

comprehensive qualitative elemental analysis was conducted on the spectra. The primary 

objective of this analysis was to explore the various composition of the writing inks, with 

a particular focus on the vitriol constituent elements. This examination aimed to find out 

whether evidence supports the order of poem insertion suggested by the historical 

analysis. Notably, previous studies have highlighted the significance of observing 

variations in content of Mn, Cu, and Zn (relative to Fe) in XRF spectra of inks. These 

ratios are specific to each vitriol source or extraction method,[80] which allows for the 

identification and classification of different inks.[32, 33. 34] Three case studies further 

illustrate these findings. 

The first case study focused on the proposed starting point of the transcribed text, 

where the scribe filled pp. 77-88 and continued writing on interleaf p. 7. On p. 88 (Figure 

6a), it was discernible that a horizontal line marked the conclusion of the poem “On 

Rome's Pardons by the E. of R.,” which circulated between 1675 and 1680, followed by 

the commencement of “On the Composeing of a Prayer for the Unborne Prince of Wales” 

(1688). XRF spectra collected for these two segments exhibited similar compositions 

(Figures 6b, c), particularly the ratio of Cu K and Zn K intensities (ICu/IZn), which was 

found to be ~1.2 for both spectra. This was observed also for all the previous pages (pp. 

77-88), and suggested that these areas were likely penned using the same ink or inks of 

very similar composition.  
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The ICu/IZn of these spectra closely resembled the ratio obtained from the upper 

section of p. 7 (Figure 6e). This consistency in elemental composition of ink between 

page 88 and 7 supported historical and codicological data.  

When examining p. 7 (Figure 6d), several differences between the text in the first 

and second half of the page became apparent. These differences included variations in 

color, thickness of the ink line, and size of writing. By comparing the elemental 

composition of these two sections (Figure 6e, f), a noticeable disparity was observed. The 

beginning of the poem “The Miracle” in the second half of p. 7 presented a ICu/IZn ratio 

of ~4.0, which is different from ~1.2 found in the previous sections (discussed above). 

These discrepancies strongly indicates that two different inks were used to write the first 

and second half of p. 7.  

 

 

Figure 0-24 Figure 3.6. (a) Photograph of p. 88; (b) XRF spectrum of ink in poem “On Rome’s Pardons by the E. of 

R.” (1675-80) on p. 88; (c) XRF spectrum of ink in poem “On the Composeing of a Prayer for the Unborne Prince of 
Wales” (1688), p. 88; (d) Photograph of p. 7; (e) XRF spectrum of ink in poem “On the Composeing of a Prayer for 

the Unborne Prince of Wales” (1688), p. 7; (f) XRF spectrum of ink in poem “The Miracle” (1687), p. 7. In the 

photographs, the yellow line shows the break between the two different poems and the black boxes show where the 
XRF analysis was performed. The inset in the XRF spectra show a magnified image of the analyzed area. 

  

The second case study was related to the phase of inscription spanning pp. 7 to 

31. The codicological assessment did not uncover discernible features that would indicate 

a disruption or break in the writing process. However, XRF analysis revealed a 



113 

 

discontinuous elemental composition within the writing ink (see Figure 7). All these 

leaves presented a constant trace of Zn; therefore that element was not considered 

indicative of the ink applications. Figure 7b exhibits an XRF spectrum taken from the 

upper section of p. 17 (Figure 7a), demarcated by a horizontal line, following the 

conclusion of the poem “The Pacquet Boat Returned” (1688). The ink used for writing 

this poem contained ink diagnostic peaks corresponding to Fe, and Cu. In contrast, the 

XRF spectrum taken in the lower section of page 17 (Figure 7c), below the horizontal 

line, and featuring the poem titled “The Gentlemen at Larges Litany” (1692-93), was 

characterized by S and Fe only, indicating that a different ink was used for penning this 

section. What is apparently the same ink continued to be used until the completion of the 

poem titled “To the Tune of Chivie Chace" (1692-93) (first half of p. 24, see Figure 7e). 

In contrast, a new ink composition, featuring S, Fe and Cu, was observed in the second 

half of p. 24 in the “Mrs Butler to Mrs Bracegirdle” poem (from 1692-93, Figure 7f). 

 

 

Figure 0-25 Figure 3.7. (a) Photograph of p. 17; (b) XRF spectrum of ink in poem “The Pacquet Boat Returned” 

(1688), p. 17; (c) XRF spectrum of ink in poem “The Gentlemen at Larges Litany”, (1692-93), p. 17; (d) Photograph 
of p. 24; (e) XRF spectrum of ink in poem “To the Tune of Chivie Chace” (1692-93), p. 24; (f) XRF spectrum of ink 

in the poem “Mrs Butler to Mrs Bracegirdle” (1692-93), p. 24. In the photographs, the yellow line shows the break 

between the two different poems and the black boxes show where the XRF analysis was performed. The inset in the 
XRF spectra show a magnified image of the analyzed area. 
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The third case study focused on the analysis of the most recent additions to the 

Almanac, dating from the end of the 17th to the early years of the 18th century. 

Specifically, the following poems were analyzed: “The Whiggs Lamentation. A Soar of 

Their Own Scratching”, dated 1711, pp. 39-51 (p. 41 in Figure 8a); “The Picture of a 

Dublin Beau”, from 1699, pp. 89-90 (p. 90 in Figure 8b); “A Fable, yet a True Story,” 

from 1700-01, pp. 90-91; “The Thanksgiving,” probably from 1709, p. 92 (Figure 8c). 

In terms of ink composition, the XRF analysis of the ink on p. 41 (Figure 8d), 

which represents the inked areas of “The Whiggs Lamentation. A Soar of Their Own 

Scratching”, revealed the presence of only S and Fe. The high concentration of Zn was 

also detected in the XRF spectra of the unwritten paper, making it difficult to solely 

attribute it to the ink. Nonetheless, the consistency in ink composition throughout the 

poem on pp. 35-51 supports the findings of previous case studies, indicating that the 

writer likely used the same ink for each individual poem or small groups of these. 

Pp. 89-90-91, compared with pp. 39-51, show variations in color, thickness of the ink 

line, and size of writing. No noticeable differences were observed in their ink elemental 

fingerprint. Once again, the ink in that section (pp. 89-90-91) was characterized by the 

presence of S and Fe, with Zn being ascribable to the paper content (see representative 

XRF spectrum in Figure 8f). However, it is important to note that the chemical 

composition of the ink in p. 92 (Figure 8g) has shown discontinuity from the previous 

short poems in pp. 89-90-91, displaying traces of Cu and lead (Pb). This suggests that a 

different ink may have been used for the poem “The Thanksgiving.” 

In summary, the performed XRF analysis showed that different types of inks were 

used to compile the poems. Based on the available information, it is likely that all these 

short poems were written sequentially, roughly adhering to a chronological order. 

However, they were likely transcribed in several stints, a new stint sometimes entailing a 

different ink. This suggests a pattern of writing and compilation that deviates from a 

continuous, uninterrupted flow, and rather follows a periodic grouping approach with a 

variety of inks over time. 
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Figure 0-26 Figure 3.8. Photograph of (a) p. 41, (b) p. 90, and (c) p. 92; (d) XRF spectrum of ink in “The Whiggs 

Lamentation. A Soar of Their Own Scratching”, p.41; (e) XRF spectrum of ink in “The Picture of a Dublin Beau”, p 

90; (f) XRF spectrum of ink in “The Thanksgiving.”. The black boxes in the photographs show where the XRF 
analysis was performed. The inset in the XRF spectra show a magnified image of the analyzed area. 
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XRF quantification and statistical analysis 

The quantification of elements present in the XRF spectra of both blank paper and 

inked areas was obtained using the FP algorithm integrated in the PyMca software.[64] 

This approach facilitated the extraction of quantitative values for the identified elements 

(Si, P, Cl, S, K, Ca, Mn, Fe, Cu, and Zn) in each recorded spectrum. To account for the 

inherent variability resulting from the heterogeneity of ink applications and paper 

substrate, and to enable easier comparison between spectra, it was decided to express 

elemental concentrations relative to Fe.  

Compared to other popular clustering techniques, such as K-means,[136] SOM 

was selected for its ability to identify non-linear relationships between the samples, as it 

uses a neural network approach that can capture and represent complex data structures in 

a lower-dimensional space while preserving the main features of the original data. This 

capability was well-suited for the three case studies, as the variability of elemental peak 

intensities, relative to each other in various analysis spots, is influenced by multiple 

factors including composition, acquisition geometry, and thickness of the analysed ink.  

In the context of XRF data analysis, SOM maps took the form of a 2D grid-like 

structure consisting of neurons. Each neuron represented a specific location in the map, 

and its weight vector corresponded to the elemental composition associated with that 

neuron. The statistical analysis pipeline began with feature extraction using Principal 

Component Analysis (PCA) on a dataset of 54 selected XRF spots, which identified Cu 

and Zn as the main chemical elements explaining the majority of the variance. This result 

was expected, as these two elements were already used in prior qualitative analysis as 

representatives of the vitriol sources. The elemental concentrations of Cu and Zn were 

then used to iteratively adjust the weights of the neurons during the training phase, which 

employed the Kohonen algorithm. This adjustment process involved computing the 

similarity of concentrations (WCu/WFe and WZn/WFe) to the weight vectors associated with 

each neuron, with the goal of capturing and organizing the elemental composition patterns 

of the samples.  

The clustering in Figure 9 depicts four groupings, indicated by different colors, 

broadly representing four classes of inks. The green dots represent inks with a medium 

content of Cu and a high concentration of Zn (WZn/WFe > WCu/WFe), while the purple dots 

represent inks with a high content of Cu and medium content of Zn (WCu/WFe  > WZn/WFe). 
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The solid-line circle encompasses these two clusters as they make up the majority of the 

analyzed inks in the poems written during the early stage of the transcription. These satiric 

verses date from 1674 to 1692-93 (pp. 77-88, 7-17, 24-31, previously approached in case 

study 1). On the other hand, the dash-line circle groups the majority of analyzed areas 

from poems written from 1699 to 1711 (pp. 39-51 and pp. 89-92; case study 3). Within 

this area, the algorithm recognized two groups: one comprising inked areas with low 

concentration of both Cu and Zn (WCu/WFe  ≈ WZn/WFe, represented by red dots), and 

another group with low content of Cu and high concentration of Zn (WCu/WFe  < WZn/WFe, 

represented by blue dots). Interestingly, the spots representing the ink analyzed in case 

study 2 (pp. 17-24) were scattered outside the outlined circles. The findings from the 

analysis provided evidence supporting the reliability of SOM maps as a robust method 

for the initial categorization of data on elemental concentration of inks. It is important to 

note that when a larger amount of data is incorporated into the SOM maps, they are even 

more dependable for effectively organizing and categorizing complex datasets. While this 

approach was applied to Harward’s Almanac only, it is expected to be tested on larger 

datasets which comprise thousands of XRF spectra of ink.  

 

Figure 0-27 Figure 3.9. 2x2 SOM-based clustering showing the date of composition of the poems. 
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3.4 Conclusion  

 

We have presented a transdisciplinary approach to the investigation of Harward’s 

Almanac, an Irish almanac of extreme rarity preserving important and, in some cases, 

unique texts of late 17th-century Irish poems. The investigation was conducted while the 

book was in a disbound state during conservation. This allowed historians to gain unique 

insight into the book’s manufacture, its subsequent binding and rebinding, and the 

reordering of the leaves as well as to formulate a hypothesis on the original order of the 

poems’ entry. The complementary XRF analysis performed on each handwritten page 

was key to confirming the validity of the historical hypotheses on the poems’ inscription 

and dating based on codicological and paleographic investigation. Finally, statistical 

analysis of all XRF data allowed the identification of four classes of iron-based inks, 

based on variable quantities of Cu and Zn. The statistical clustering allowed easy bi-

dimensional visualization of all collected XRF data and provided further insights into ink 

similarities, which could be associated with date of circulation. 
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3.5 Experimental 

 

X-ray fluorescence spectroscopy (XRF) 

XRF was performed with a portable, energy-dispersive XRF ELIO (XGLab, srl). 

The spectrometer was equipped with a Peltier-cooled Silicon Drift Detector with a 

resolution of 135 eV at the manganese (Mn) K line (5.9 keV). The excitation source was 

a low-power (4 W, 50 kV), transmission X-ray tube with a Rh anode. Measurements were 

performed with no filter, under air atmosphere in a range 1 – 25 kV. The tube current was 

kept at 160 A. A collimator, allowing a ~1 mm diameter focused spot size on the surface 

of the pages, was used to acquire XRF spectra. The distance from the folio was ~1 cm 

and the acquisition time was 120 sec. A semi-quantitative approach to the XRF data was 

performed using the open-source software PyMca. The so-applied fundamental parameter 

method (FPM) allowed estimating elements’ concentration based on observed peak 

intensities. The elemental concentrations of the blank paper areas were subtracted from 

the ones in inked areas. 

 

Semi-quantitative XRF analysis using fundamental parameter (FP) 

In order to discriminate writing inks and identify manuscript passages containing 

inks of similar elemental composition, a standardless semi-quantitative approach was 

applied to the XRF spectra. The conversion of peak intensities to elemental concentration 

was obtained by applying a FP approach to spectral analysis using the open-source 

software PyMca. The XRF spectrometer was fully characterized elsewhere, and a 

configuration file for data processing via PyMca was provided to the authors.[64] The fit 

parameters were tailored based on the experimental parameters. After having ensured 

proper fitting for every spectrum, the “batch fitting” and the “RGB correlator” tools were 



120 

 

used in order to batch fit the spectra and to find relative ratios of elements. For better 

comparison, all XRF data were normalized with respect to Fe K (not separating Kα and 

K lines). 

 

SOM-based clustering 

In the analysis, all the characteristic elements in inked areas were subjected to 

initial analysis using SOM clustering. However, for the final clustering, only the relative 

concentrations (in relation to Fe) of trace elements Cu and Zn were considered, as these 

were considered significant to obtain ink distinction. The analysis was conducted using 

Google Colab with Python 3.10. The Pandas package was utilized for data handling and 

pre-processing, while Scikit-learn was employed for machine learning and data reduction 

implementations. The SOM clustering algorithm was implemented using the MiniSom 

package, and visualizations were generated using Matplotlib. To ensure reproducibility, 

the code used in the analysis has been made freely available.[137] 
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3.7 Supporting information 

 

Details of the reordering of the pages from codicological studies 

Detailed observation of the pages enabled the recording of several characteristics 

about the prior reordering of the pages. An interleaf, formerly conjugate with pp. 43-44, 

is missing (apparently torn out), though its spine fold, along with some handwriting, was 

visible when the volume was disbound for conservation. The poem on pp. 39-51 (with 

catchword on p. 44 leading to p. 49) is complete. When the pages were hand-numbered, 

the part-title to the second printed section, entitled “A Prognostication for the Year of Our 

Lord God 1666,” was mistakenly numbered 1-2 and evidently placed ahead of the actual 

title page, which is numbered 3-4. Leaf C1, evidently loose, was turned the wrong way 

and numbered 60-59. Leaf C7 was mislocated and numbered 63-64. These errors were 

corrected in the 19th-century rebinding. By that time, or perhaps later, leaf C8 was lost. 

The catchword “From” leading to C8 remains at the foot of leaf C7v. This lost leaf, which 

almost certainly ended the Almanac, was the conclusion of the section entitled “The High-

Wayes of Ireland.” The interleaf bifolium consisting of pp. 7-8 and 29-30 once stood 

between pp. 4-5 and 32-33 (as shown in Figure S3), that is, not in its 19th-century position 

between A2-3 and A6-7 but between A1-2 and A7-8. Evidence of this is of two kinds. 

First, the lines of “The Duel between 2 Phisitians” are in the wrong order when the 29-30 

interleaf is misplaced in its 19th-century position but in the correct order if it is moved to 

follow p. 32, as is readily seen from comparison of the Almanac text with that published 

in The Counter-Scuffle (Dublin: E. Waters for M. Gunne, 1708), sig. B7r-v (copy in 

Boston College library). Second, when the interleaf is moved to the correct position, ink 

from the interleaf is mirrored in offset on facing pages of the printed Almanac. For 

example, Figure S1a,b shows photos of pp. 6 and 9 side by side. It can be noticed that 
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several ink spots in the inner margin of p. 6 are offset from areas of heavy ink on the 

facing manuscript interleaf, p. 9 on the printed page (see detail in Figure S1c). In order 

for the ink spots on p. 6 to mirror the accumulated ink on p. 9, there would have to have 

been some give in the binding, or the page may have been loose, allowing the interleaf to 

slip up and down relative to the printed leaf. Such looseness may explain why the edges 

of leaves in the book are often tattered. The structure was simply not securely held 

together with thread, even as early as the inscription of p. 9. 

 

 

Figure 0-28 Figure B1. (a-b) Pre-conservation photographs of pp. 6 and 9; white box represents the location of the detail in (c); 

(c) Detail of the inner margins of pp. 6 and 9, side by side, showing the slight offset of the ink stains from the 

manuscript (p. 9, right) onto the printed page (p. 6, left). Yellow arrows indicates areas of ink offset. 

 

Placing photos of pp. 32 and 29 side by side appears to reveal several small 

instances of ink offset from 29 onto 32 (see Figure S2). In the gutter of 32 opposite the 

lines for 21 and 26 May, there are spots of brown ink that appear to match the excess ink 

on the capital F of “For,” 6 lines from the bottom of p. 29, and the excess ink of the capital 

T of “Tother,” 3 lines from the bottom of 29. A small spot of brown ink in the outer 

margin of 32 against 30 May probably is a vestige of the completion of the last word on 

29, the last letter or letters of which are now lost (“sh—t” or “sh—te”). In order for the 

ink spot between lines 6 and 7 of p. 32 to mirror the accumulated ink on the “d” of “passd” 

on p. 29, there would have to have been some play in the binding, allowing the interleaf 

to slip up and down relative to the printed leaf. In the 19th-century rebinding, the last leaf 
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(pp. 94, 93) was turned over, reversing the original numberer’s sense of which side came 

first. An undetermined number of the final blank leaves following the last printed leaf C8 

have disappeared, along with the missing C8. 

 

 

Figure 0-29 Figure B2. (a) Photograph of p. 32; (b) photograph of p. 29. Yellow arrows indicates areas of ink offset. 

 

Structure of the book, with leaves in their pre-19th-century order 

Table B1. The sometimes incorrect hand-numbering of the pages perhaps occurred in the 

late 18th or early 19th century. That mistaken ordering of the pages was the 

understandable consequence of wear and tear, loose and failing stitching, and the 

detaching and faulty relocation of several leaves or bifolia. Some of the mistakes were 

corrected for the 19th-century rebinding. In the table below, two additional ordering 

revisions are noted on the basis of the present investigation: 

• the pages erroneously numbered 7-8 are correctly placed between pp. 4 and 5; and 

• the pages erroneously numbered 29-30 are correctly placed between pp. 32 and 

33. 
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The printed elements of the Almanac form three gatherings: the first (notionally A) is 

unsigned, the second signed “B,” and the third “C.” Page numbers use the handwritten 

pagination. Cells containing handwriting are highlighted in light gray. 

 

Table 2 Table BI Structure of the book, with leaves in their pre-19th-century order 

 

Leaf Page Topic or title (portions on blank leaves are in italics) 

A1 3 

4 

[Title page]  

Woodcut relating parts of the body to signs of the Zodiac 

 7 

7-8 

On Rome’s Pardons by the E. of R. (1675-80) [continued from p.88] 

The Miracle (1687) 

A2 5 

6 

A Note to Know When the Four [law] Terms Begin and End 

Tide-Table for the Bar of Dublin 

 9 

9-10 

10 

10 

The Miracle [continued from p. 8] 

A Paper Put in the K’s Shoo (1687?)  

A Paper Found on the K’s Twallite [toilette] (1685-88) 

To the P of Orange: A Pacquet of Advice (1688) 

A3 11 

12 

A Table Whereby to Know the Age of the Moon 

January hath xxxi days 

 13 

14 

To the P of Orange: A Pacquet of Advice [continued from p. 10] 

The Pacquet Boat Returned (1688) 

A4 15 

16 

Observations on January 

February hath xxvii days 

 17 

17-19 

The Pacquet Boat Returned (1688) [continued from p. 14] 

The Gentlemen at Larges Litany (1692-93?) 

 19-20 To the Tune of Chivie Chace (1692-93) 

A5 21 

22 

Observations on February 

March hath xxxi days 

 23-24 

24-25 

To the Tune of Chivie Chace [continued from p. 20] 

Mrs Butler to Mrs Bracegirdle (1692-93?) 

A6 25 

26 

Observations on March 

April hath xxx days 

 27 

27-28 

Mrs Butler to Mrs Bracegirdle [continued from p. 25] 

The Duel between 2 Phisitians  (1693) 

A7 31 

32 

Observations on April 

May hath xxxi days 

 29-30 

30 

The Duel between 2 Phisitians [continued from p. 28] 

A Pascall [pasquil] Lately Come from France (1696) 

A8 33 

34 

Observations on May 

June hath xxx days 
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B1 35 

36 

Observations on June 

July hath xxxi days 

B2 37 

38 

Observations on July 

August hath xxxi days 

 39-40 The Whiggs Lamentation. A Soar of Their Own Scratching (1711) 

B3 41 

41 

42 

The Whiggs Lamentation [continued from p. 40] 

Observations on August 

September hath xxx days 

 43-44 The Whiggs Lamentation [continued from p. 41] 

 -- [interleaf deleted before pages were numbered] 

B4 45 

46 

Observations on September 

October hath xxxi days 

B5 47 

48 

Observations on October 

November hath xxx days 

 49-51 

52 

The Whiggs Lamentation [continued from p. 44] 

[blank] 

B6 53 

54 

Observations on November 

December hath xxxi days 

 55-56 [blank interleaf] 

B7 57 

58 

Observations on December 

Upon the Year, 1666 [poem] 

B8 1 

2 

Part title to “A Prognostication for the Year of Our Lord God 1666” 

Of the Four Quarters of the Year (catchword to C1) 

C1 “60” [59] 

“59” [60] 

Of the Eclipses this presen[t] year 1666 (catchword to C1v) 

The Principal Fairs of Ireland 

C2 61-62 The Principal Fairs of Ireland [continued] 

C3 65-66 The Principal Fairs of Ireland [continued] 

C4 67-68 The Principal Fairs of Ireland [continued] 

C5 69-70 Fairs That Are upon Moveable Feasts 

C6 71-72 The High-Wayes of Ireland 

C7 63-64 The High-Wayes of Ireland [continued]; formerly placed after C2. C7v 

catchword (“From”) to C8, which is missing 

C8  [missing; presumably C8 was the final printed leaf of the Almanac] 

 73-74 [financial jottings] 

 75-76 [financial jottings + blank] 

 77-78 Upon Nothing by y[e Earl o]f Ro[chester] (1678) 

 79-82 The Catholique Ballad or An Invitation to Popery (1674) 

 83-87 Room for a Ballad, or A Ballad for Rome (1675-80) 

 87-88 

88 

On Rome’s Pardons by the E. of R. (1675-80) 

On ye Composeing of a Prayer for ye Unborne Prince of Wales 

[continuing to p.7] 

 89-90 [The Picture of a Dublin Beau] (1699), title and first two lines lost 
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90-91 A Fable, yet a True Story (1700-01) 

 92 The Thanksgiving (1709?) 

 -- [leaf or leaves missing before pages were numbered]  

 “94” [93] 

“93” [94] 

[financial jottings] 

List of “those he stood sponser for” (“he” presumably being the 

compiler)  
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4. X-Ray Fluorescence analysis of three late medieval silver chalices 

associated with Ireland 
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4.1 Abstract 

 

This paper presents the results of the first X-ray fluorescence (XRF) investigation 

conducted on three late medieval chalices associated with Ireland: the Ó Learghusa 

chalice, auctioned as medieval Irish in 2021, does not have a confirmed provenance; the 

de Burgo-O'Malley chalice, dated 1494, and the TP-IEP chalice, dated 1589, both of Irish 

provenance. The analysis revealed that both the Ó Learghusa and de Burgo-O'Malley 

chalices were crafted from a silver-copper alloy and adorned using a fire-gilding 

technique. The blue and green enamels on the de Burgo-O'Malley chalice were found to 

be constituted by cobalt and iron/copper glasses, respectively. In contrast, the TP-IEP 

chalice exhibited a more intricate structure, being a composite object with partial silver 

gilt and with the bowl and base made of a ternary silver-copper-gold alloy. The TP-IEP 

chalice’s knop displayed glass, simulating gems with transparent, blue, and purple 

colorations. XRF analysis allowed identification of lead-potash glass, while the red glass 

displayed a rich iron content and was identified as soda-lime glass. The analysis allowed 

concluding that the de Burgo-O'Malley chalice had retained its original condition, 

including its original gilding and enamels, while the Ó Learghusa and TP-IEP chalices 

appeared to have undergone refurbishment. These significant discoveries contribute to a 

deeper understanding of the historical context and artistic craftsmanship behind these late 

medieval chalices, shedding light on their unique stories within Irish art and history. 
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4.2 Introduction 

 

Chalices played a key role in medieval liturgy and were requisites for the 

celebration of the Eucharist, as they contained consecrated wine, which together with the 

host, represented the real presence of Christ’s blood and body on the altar.[138] Early 

Christian chalices were made of various materials, including glass and bronze. However, 

by the late eighth century, the western Church stipulated that sacred liturgical objects be 

made of gold (Au) and silver (Ag), because Christ’s blood and body should only be 

contained within objects created of the most precious materials.[139] These liturgical 

objects were often composed of a copper–silver (Cu-Ag) alloy as base metal. Cu was 

added to Ag for increasing the strength and wear resistance of the alloy.[140] For aesthetic 

reasons, and to add preciousness, chalices’ metal surface was overlaid with an Au layer, 

a process called gilding. Among various procedures, fire-gilding was the most popular 

technique in the middle ages. It consisted in the application of a paste of Au powder in 

liquid mercury (Hg), followed by firing of the artifact at high temperature to induce the 

evaporation of Hg and leaving a solid layer of Au behind.[141], [142] As the choice of 

chalice materials changed over the centuries – from glass to precious metals – so did the 

shape of these objects. Early medieval chalices with a wide bowl, a short stem and a 

circular foot gave way to later medieval chalices with a narrower bowl, a slender stem, a 

bulbous knop and a polygonal foot, usually hexagonal or octagonal.[143]  

XRF has been extensively applied to the characterization and investigation of 

historical metal alloys, whereby it was shown of key importance to support hypotheses 

regarding manufacturing techniques, contemporaneity of the production of various 

components within the object, later additions, and conservation interventions.[86], [144]–

[147] Advantages of XRF include speed of analysis, no requirements for sample 
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preparation, non-invasiveness, capability to return a precise elemental composition with 

an approximation of the relative concentrations of constituent elements, also in 

traces.[91], [148]  

To date, no chalice of proven Irish provenance and date has been subjected to XRF 

analysis. As a result, no data regarding the elemental composition of liturgical artifacts 

produced in late medieval Ireland is available. The absence of such information severely 

limits the understanding of the materials and techniques employed in crafting chalices 

during that historical period in Ireland. The primary objective of the presented work was 

to fill this gap by the investigation of three chalices performed through a complementary 

approach which combined stylistic and historical information with an in-depth study of 

materials and manufacturing techniques. Therefore, following historical analysis, the 

composition of the chalices metal alloy, the gilding layer, and the enamels and glass 

(where present), were investigated by XRF. The qualitative examination of XRF data lead 

to highly valuable insights into the choice and use of materials and manufacturing 

techniques. For instance, the analysis of minor and trace elements of the chalices provided 

insights into the specific raw materials employed in the alloying process. These elements 

served as indicators of the sources of ore used.[147] 

 

  



136 

 

 

 

 

 

 

 

 

4.3 Results and discussion  

 

Comparative stylistic analysis of analyzed chalices 

Figure 1 shows photographs of the three chalices analyzed in this work. The Ó 

Learghusa chalice (1a), named as such for the purpose of this paper to reflect the family 

connection of its last owner. This chalice, auctioned in 2021 by Duke’s Auctioneers in 

Dorchester, was described in the auction catalog as “an exceptionally rare Irish silver gilt 

chalice, circa 1480”. The absence of any inscriptions or hallmarks posed a challenge in 

assigning a specific provenance or date. The de Burgo-O’Malley chalice (1b), is a gilded 

chalice with enamels, securely dated to the late fifteenth century. It was probably 

produced in Galway for the Dominican priory at Burrishoole, Co. Mayo.[149] The 

inscription at the base identified Thomas de Burgo and Grainne O’Malley as its donors 

and provides the date of 1494.[150] The third chalice analyzed was the Irish TP-IEP 

chalice dated by the inscription to 1589 (1c). It was a gilded chalice embellished with 

colored glass on the knop. Its donors may be identified as Thomas Purcell and his wife 

Joanna Fitzpatrick.[151] One facet of the foot beard the image of the Paschal Lamb with 

a cross.[150] 

 

The Ó Learghusa, the de Burgo, and the TP-IEP chalices have been chosen for 

this study for the similarity of some of their stylistic features. For instance, lozenge 

designs, one of the common features of Gothic chalices, appear on all three chalices 

analyzed (see detailed descriptions in SI). Such designs also featured on late medieval 

chalices made across continental Europe, for example, in Germany, the Low Countries 

and Poland, and were present on pre-Reformation English chalices. In Ireland, the lozenge 

motif continued well into the early modern period where, despite the arrival of a new 
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Baroque style, many Irish silversmiths continued to employ conservative medieval styles 

in liturgical ware.[1] Such is the case of the TP-IEP chalice, dated 1589 but still executed 

in Gothic style. Similar to lozenges, the lancet window design was another international 

motif, featuring on liturgical objects created in Ireland and elsewhere in medieval Europe 

and observed in the Ó Learghusa’s knop and in the de Burgo-O’Malley’s stem.   

 

 

Figure 0-30 Figure 4.1. Photographs of analyzed chalices: (a) Ó Learghusa; (b) de Burgo-O’Malley; (c) TP-IEP. 

 

Elemental analysis of the chalices 

The elemental composition of the Ó Learghusa chalice gilding layer 

(representative spectrum in Figure 2a) was found consistent across the three parts of the 

chalice (base, knop and bowl). It was characterized by high concentration of Au and 

relatively high intensities of Hg, confirming the amalgam method of gilding.[152] The 

presence of Ag and Cu in all the spectra strongly indicated the presence of an Ag/Cu 

binary alloy, composing the base of the chalice. Despite the inability to quantify the XRF 

spectra, the interpretation of the peak areas provided valuable and interesting information. 

When comparing various spots of analysis, the intensities of Au were inversely 

proportional to those of Ag and Cu. This observation confirmed that Ag and Cu were 

localized to the subsurface layer, underneath the gilding layer, and suggested the presence 

of different thickness gilding layers on different parts of the chalice. 
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Figure 2b displays three representative XRF spectra of non-gilded areas. The knop and 

the base were characterized by the presence of Cu, Ag, Au, Hg, and Pb, whereas the bowl 

exhibited Cu, Ag, Au, Hg, and traces of zinc (Zn) but no detectable Pb. Au and Hg are 

either remnants of the now worn-out gilding layer or detected from adjacent gilded areas. 

The detection of Pb in the knop and base can be interpreted as an impurity within Ag, as 

it was never detected in the gilding layer, arising from Ag extraction through 

cupellation.[147] This observation suggested that different raw materials were used for 

the manufacturing of the bowl compared to the knop and the base. Figure 2c displays a 

comparison of the XRF spectra of gilded (orange line) and non-gilded areas (black line) 

of the knop. A significant variation in the ratio between Au and Hg was evident. The 

gilded region predominantly consisted of Au, while non-gilded areas (resulting from 

abrasion of the gilding layer) exhibited a higher concentration of Hg compared to Au. 

This finding indicates an enrichment of Hg at the interface of fire-gilded silver substrates, 

attributed to the process of amalgam/Hg diffusion into the silver substrate.[142] 

 

 

Figure 0-31 Figure 4.2. (a) Representative XRF spectrum of gilded areas (taken on the knop); (b) Representative XRF 
spectrum of non-gilded areas of the knop, the base, and the bowl of the chalice; (c) Comparison of XRF spectra from 
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gilded (orange line) and non-gilded (black line) areas. Au peaks have been cut for highlighting trace elements in the 

region of interest; (d) Photographic detail of the deterioration of the gilding layer. 

 

Upon closer visual examination, it was observed that both the bowl and the base 

of the chalice exhibited small imperfections on the gilding layer, as depicted in Figure 2d. 

These imperfections, taking the form of cavities of varying sizes and shapes, were less 

present in the knop. Notably, these cavities were observed to be filled with a dark reddish-

brown corrosion material ascribable to cuprite (Cu2O). The presence of corrosion 

products formed within the Ag-Cu alloy potentially caused eruptions through the gilding 

layer at various locations, leading to displacement or deformation of the gilded 

surface.[153] Another form of deterioration, characterized by a dark corrosion layer on 

the gilding, was also extensively present. This dark layer indicates the formation of silver 

and copper sulfides (chalcocite, Cu2S; acanthite, Ag2S), which deposit on the surface of 

the gilding layer contributing to its tarnishing.[154], [155] This particular appearance is 

in line with literature and results from the interaction of environmental gases, primarily 

hydrogen sulfide (H2S) and carbonyl sulfide (COS), with the Ag-Cu alloy. 

Figure 3 summarizes the elemental characterization of the de Burgo-O'Malley 

chalice. The elemental composition of both the gilding and base alloy in the base, knop, 

and bowl of this chalice were similar to each other, suggesting that these components 

were produced using similar techniques and materials. The XRF spectra of the gilded 

areas (represented by the orange line in Figure 3a) confirmed the presence of Au and Hg, 

indicative of the Hg/amalgam technique utilized for gilding the artifact. Additionally, the 

presence of Ag and Cu indicated the use of an Ag-Cu alloy for the base, with inclusion 

of Pb impurities likely originating from the extraction ore (represented by the black line 

in Figure 3a), similar to the findings in the Ó Learghusa chalice, where cupellation was 

used for extracting Ag from argentiferous lead. 
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Figure 0-32 Figure 4.3. (a) Comparison of the XRF spectra from gilded (orange line) and non-gilded (black line) areas. Au 
peaks have been cut for highlighting trace elements in the region of interest; (b) Photographic detail of the chalice 

knop; (c) XRF spectrum of green enamel; (d) XRF spectrum of blue enamel. Insets in (c) and (d) show the analyzed 

areas. 

 

The chalice’s enamels underwent elemental investigation. The technique of 

decorating metals using enamels is a sophisticated craft, and in the case of this silverware, 

either the champlevé or the basse-taille.[156], [157] technique was used. This was 

observed through the marks left by the enchasing tool on the metal that remained 

uncovered after the loss of the enamel layer. The enamels were damaged to the extent that 

it was not possible to determine if they were originally meant to be transparent or opaque. 

Figure 3c displays the XRF spectrum of green enamels, revealing the detection of silica 

(Si), potassium (K), calcium (Ca), manganese (Mn), iron (Fe), and Cu. Although the Si 

content is dominant in enamels, representing their matrix made from aluminosilicate, Si 

peak intensity is very low as the XRF analysis was performed in air. The high 

concentration of Ag in the background of the analysis area posed a challenge in assessing 

K, because of the proximity of Ag L lines with K Kα line in the spectrum. However, a 

semi-quantitative approach using PyMca software allowed to detect K despite the 

interference, and its presence was attributed to the use of potash in the glass production. 
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The presence of Ca, Mn, and Fe, along with K, were suggestive of the use of various 

fluxing agents to lower the melting point of the siliceous matrix.[158], [159] Cu, detected 

at higher intensities than the Ag-Cu alloy in background, suggested the use of Cu-based 

colorant for obtaining the green color of the glass. Considering the high intensity for Fe, 

it cannot be excluded that a Fe-based mineral was also use for imparting a green color to 

the glass.[160] Cu alone may impart a bluish hue, and the addition of Fe compound(s), 

yellow in color, may serve to shift the overall color towards a greener shade. Figure 3d 

displays an XRF spectrum taken on blue enamel. Si, K, Ca, Mn, and Fe, detected at 

different relative ratios compared to the green enamel, were ascribed to the ingredients 

composing the glass matrix. Cobalt (Co), detected at relative high intensity, is known to 

have been used since antiquity as blue colorant in historical glasses.[161] Nickel (Ni) – 

detected at a similar intensity compared to Co – was interpreted as impurity in the source 

of Co. The contemporary presence of Co and Ni suggests the use of smalt for the blue 

coloring of this enamel. Studies highlighted that presence of traces elements, alone or in 

combination, associated to Co may suggest a provenance of the mineral.[162] For 

example, it is known that Co from European ores contains arsenic (As). The absence of 

Arsenic (As) detection excluded the use of such mineral.[163] However, more data would 

be needed to ascertain the exact mining sites. Pb, detected at a relatively high intensity, 

strongly suggested the use of a Pb-based material as an opacifier and/or for lowering 

down the melting point of the flux (PbO?). Evaluating the concentration of tin (Sn) was 

challenging due to the interference of intense peaks from Ag Kβ lines (detected from the 

background alloy). Nevertheless, traces of Sn were observed through a weakly intense 

peak at ~28.48 KeV, corresponding to Sn Kβ.  

During visual assessment of the TP-IEP chalice, it was noticed that the typical 

porous surface texture commonly associated with fire-gilding, caused by the evaporation 

of Hg, was absent. Additionally, the same uniform texture of the surface was observed on 

the bottom of the base, which also appeared to have a golden color (see Figure 4a). This 

was intriguing, as areas usually hidden from view were typically not embellished with 

precious and expensive gold. This observation led to the suggestion that a different 

manufacturing technique or alloy might have been used for the TP-IEP chalice, setting it 

apart from the Ó Learghusa and the de Burgo-O'Malley chalices. In contrast, it was 

observed that the color of the alloy beneath the gilding of the knop was instead silver-
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gray (visible in the photographic detail in Figure 4b), indicating that Au was applied on 

top of the surface and not mixed within the alloy. These findings supported the theory 

that the chalice had its base and bowl refurbished, possibly along with the colored 

decorative glass mounted in the lozenges of the knop (as observed in Figure 4a-d). 

The elemental analysis of the base and the bowl (Figure 4e) revealed the presence 

of Ni, Cu, Zn, Au, Pb, and Ag. Considering the intensity ratio of these elements, the 

absence of Hg in the spectra, the uniform surface texture, and the color of the metal, it 

was concluded that the TP-IEP chalice was crafted using a ternary Ag-Cu-Au alloy with 

impurities of Ni, Zn, and Pb. Interestingly, the upper part of the base of the chalice was 

fire-gilded, possibly in an attempt to uniform its color to the knop. Figure 4f displays the 

XRF spectra of the gilding of the upper part of the base and the knop. It is visible that 

both spectra show the presence of Au and Hg, suggesting the detection of Hg/amalgam 

in both areas. However, the intensity ratios of Au vs Hg in these two parts of the chalice 

were found to be different suggesting a different manufacturing process. In addition, the 

gilding of the knop did not contain traces of Ni, Zn, and Pb (possibly from the background 

alloy). Unfortunately, it was not possible to access areas of the knop without gilding, 

therefore the composition of the base alloy is still unknown.  

The decorative transparent glass, along with the blue and the violet glasses 

(represented by the blue, black, and orange line in Figure 4g, respectively), were 

characterized by the presence of major concentrations of Pb, Si, K, Ca, Mn, Fe, and Ni. 

Pb, Si, and K suggest the general composition of lead glasses, which were not produced 

before 1674,[164] are composed mainly by silica, lead oxide, and potash. The presence 

of Ni, found in constant concentration in all three samples, was considered a trace element 

of potash within the glass matrix.[165] Ca was attributed to the use of CaO as a stabilizing 

component of the flux.[166] Fe was present in minor concentration in all samples. The 

main difference among the samples lied in the content of Mn, which was found in discrete 

concentration in both the transparent and purple glass and was absent in the blue glass. It 

is known that Mn was used to achieve different effects, serving as a decoloring agent in 

small amounts or providing a purplish color when used in higher quantities.[167] Ag, Cu, 

and Au in transparent glass were interpreted as interference for the surrounding area 

(gilded silver).  
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Figure 0-33 Figure 4.4. (a) Photographic detail of the TP-IEP chalice, view form below; (b) Detail of the knop with the silver-

gray alloy visible, as well as the blue glass; (c) Detail of the purple glass; (d) Detail of the red glass; (e) Comparison 
of the XRF spectra from the bowl alloy (bottom orange line) and base alloy (top black line). (f) Comparison of the 

XRF spectra from the knop gilding (bottom orange line) and base gilding (top black line); (g) Comparison of the XRF 
spectra from the transparent glass (top blue line), blue glass (middle black line) and purple glass (bottom orange line); 

(h) XRF spectrum of red glass. Pb and Fe peaks in (g) and (h) were cut for highlighting traces elements in the region 

of interest. 
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4.4 Conclusions 

 

This study presents the pioneering XRF investigation of three significant late medieval 

chalices associated with Ireland. Both the Ó Learghusa and de Burgo-O'Malley chalices 

were found to be crafted from a silver-copper alloy and decorated using the fire-gilding 

technique. In contrast, the TP-IEP chalice showcased a more complex construction, 

featuring both silver gilding and a ternary alloy composition. The analysis also extended 

to examining the blue and green enamels on the de Burgo-O'Malley, revealing their 

composition based on Co and Fe/Cu glass. The analysis of the TP-IEP chalice colored 

glass allowed identification of lead-potash glass. Transparent, blue, and purple 

colorations were likely achieved by using different concentrations of Mn. The red glass 

showed a notable presence of iron. These groundbreaking findings shed light on the 

diverse manufacturing methods employed in creating historically significant chalices, 

offering valuable insights into the artistic craftsmanship of medieval Ireland.  
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4.5 Experimental 

 

Optical microscopy was carried out with a Zeiss Stemi 508 (Carl Zeiss 

MicroscopyGmbH, Jena, Germany) stereo-microscope equipped with an Axiocam 208 

digital camera with 8 Megapixel resolution. The instrument was equipped with visible 

LED ring illuminator lights. 

X-ray fluorescence spectroscopy was performed with a portable, energy-

dispersive XRF ELIO (XGLab, srl). The spectrometer was equipped with a Peltier-cooled 

Silicon Drift Detector with a resolution f 135 eV at the manganese (Mn) K line (5.9 keV). 

The excitation source was a low-power (4W, 50 kV) transmission X-ray tube with a Rh 

anode. Measurements were performed with no filter under an air atmosphere in a range 

of 1–50 kV with a tube current of 10 A. A collimator, allowing a ~1 mm-diameter focused 

spot size on the surface of the metal, was used to acquire XRF spectra. The distance from 

the analyzed areas was ~1 cm, and the acquisition time was 90 secs for all spectra. The 

elemental characterization of the chalices encompassed both gilded and non-gilded areas 

of the base, knop, and bowl of each chalice. Colored enamels and glass were also 

characterized. For each point of analysis various measurements were taken (10 for the Ó 

Learghusa, 3 for the de Burgo-O’Malley, and 3 for the TP-IEP). This approach was 

chosen for averaging the spectra of each area to obtain a more accurate approximation of 

the concentration of constituent elements. XRF analysis was performed without any 

sample treatment (usually abrasion of the area of analysis). 
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4.7 Supplementary material 

 

Description of the chalices. 

The Ó Learghusa chalice is relatively small, standing at 16cm in height, with its 

bowl being 10.3cm in diameter and its foot 12.2cm in diameter. The stem with the knop 

is the most ornate part of the chalice. Around the middle part of the knop there are twelve 

lozenges (rhombus shapes) filled with plant motifs, which intersect to form the x shape; 

one of the lozenges bears the sign of the cross. Above and below the lozenges there are 

twelve lobes (six on either side of lozenges), each decorated with a leaf design. Between 

the lobes there are designs that look like elongated Gothic lancet windows. The foot of 

the chalice is circular with a flattened rim: three small holes and a rivet suggest that the 

foot bore a figure of Christ crucified or the cross, a typical representation for the liturgical 

plate at that time. The absence of any inscriptions or hallmarks on the chalice posed a 

challenge in assigning a specific provenance or date to the artifact. The foot is circular, 

where typically a polygonal shape (hexagonal or octagonal) is a feature in chalices dating 

from the later medieval period. These non-typical shapes of the bowl and the foot suggest 

that the Ó Learghusa chalice may be a composite object. 

The de Burgo-O’Malley chalice measures 20.3cm in height, its wide bowl is 

10.5cm in diameter and its foot is 16.2cm wide. The chalice has an octagonal stem with 

chased decoration and a knop with eight projecting lozenges, each with translucent 

enamel. The stem is engraved with different designs: four undecorated walls of the stem 

above the knop alternate with four panels decorated with lancet window designs; below 

the knop four stem panels display lancet window designs that alternate with plant motifs. 

The foot is octagonal with incurved angle and base lines. The foot is engraved with the 
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sacred monogram (IHC) and the Latin inscription that reads “Thomas de Burgo et Grania 

Ni Malle me fieri fecerunt Anno Domini MCCCCLXXXXIIII”.  

The TP-IEP chalice measures 15cm in height, the bowl is 9.6cm in diameter and 

the foot is 11.9cm wide. The bowl of the chalice is wide and splayed. A plain stem is 

hexagonal in section with a flattened knop. The knop is embellished with openwork 

designs and six projecting lozenges, each filled with color glass. The foot is a flattened 

hexagonal pyramidoid with incurved angle and base lines. It is inscribed with the words: 

‘TP ET IEP ME FIERI FECERVT QVORVM ANIMABVS MISERIATVR 

OMNIPOTENS 1589’. One facet of the foot bears the image of the Paschal Lamb with a 

cross. The gilding on the bowl and on portions of the stem appear paler than the knop and 

the foot suggesting that these parts may be later replacements. 
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Conclusion and Recommendations 

 

 

 

 

 

 

 

 

The Inks & Skins project (I&S) has played a pivotal role in shaping the foundation 

and direction of this thesis. Through its interdisciplinary approach, merging the fields of 

humanities and scientific research, I&S aimed to unlock the mysteries concealed within 

medieval Irish Gaelic books written on animal skin. The primary objective was achieved 

through a comprehensive investigation that combined codicological studies, advanced 

analytical techniques, and collaborative efforts across multiple fields. 

The preliminary examination of the Book of Uí Mhaine, conducted with state-of-

the-art scientific methodologies, led to a deeper understanding of the materiality and 

composition of the manuscript. This analytical approach not only supported the 

conjectures formulated during the visual and codicological assessment but also provided 

valuable insights into the availability, origins of materials, and the techniques employed 

by scribes in their creation. 

Through the exploration of this target manuscript, insights were gained into the Gaelic 

manuscript tradition. This offered a tool for conducting comparative analyses of medieval 

manuscripts in the same tradition, as well as manuscripts belonging to other medieval 

Irish traditions. This newfound understanding provides a solid foundation for conducting 

further comparative analyses. 

To advance this research, it is recommended to expand the array of Irish 

manuscripts, a path already initiated during the course of this thesis. This entailed 

subjecting to scientific analysis 27 other medieval Irish manuscripts written on animal 

skin. 

The scope of the study should encompass the parallel Irish traditions of making 

manuscripts: the Ecclesiastical tradition within monastery settings and the Municipal 
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tradition in administrative contexts, such as the books produced in cities under English 

administration. By applying the examination protocol exemplified in the published article 

on the Book of Uí Mhaine to a comprehensive selection of manuscripts, the potential for 

drawing broader conclusions regarding shared materials and technologies in distinct 

temporal, political, and geographical contexts will become evident. The integration of 

statistical methodologies could further enhance the accuracy and depth of these 

conclusions, thereby enriching our understanding of the intricate fabric of Ireland's 

manuscript heritage. 

The fusion of analytical methods with humanities was an essential ingredient in 

the successful unraveling of historical narratives. I&S project exemplified this 

integration, showcasing the importance of collaborative efforts from fields like material 

science, analytical bibliography, paleography, conservation, and codicology in forming 

accurate conclusions. Collaborations with institutions and libraries, enriched the project 

and underlined the significance of interdisciplinary teamwork. 

As evidenced by the exploration of the Harward's Almanac and the late medieval 

Irish chalices, this thesis has further demonstrated the advantages of multifaceted 

approaches. A holistic research approach that combined material analysis, historical 

context, and visual assessment yielded more comprehensive and accurate results. 

Therefore, future researchers should place emphasis on gathering a diverse range of data 

sources and integrating them to form a complete picture of Irish books on paper, as well 

as medieval artefacts made of metals. 

Similarly to what was suggested for continuing the research on Irish manuscript 

traditions, the possibility of studying a larger sample set is pivotal for having an accurate 

representation of the artistic production and metallurgical methodologies employed in 

medieval Ireland. This principle of broadened analysis is equally relevant when 

examining Irish books produced on paper during later epochs. 

In all cases, researchers should invest significant effort in data treatment, 

interpretation, and contextualization. Historical research provides crucial insights into the 

provenance, production techniques, and aging processes of materials, while visual 

assessment and scientific analysis aid in identifying patterns and anomalies. By delving 

into historical context, conservation reports, and comparable artworks, scholars lay the 

foundation for a robust scientific protocol, which is strongly driven by their research 
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questions. Neglecting these crucial elements can lead to misleading analytical data and 

misguided interpretations. 

 Future researchers should prioritize open access publications and knowledge 

dissemination. Sharing research findings, methodologies, and datasets with the scholarly 

community and the public contributes to the advancement of knowledge and encourages 

broader engagement. 

The preservation of cultural heritage artifacts is a shared responsibility. 

Institutions, researchers, scientists, and conservators should collaborate to develop and 

implement effective long-term preservation strategies. This includes proper storage 

conditions, conservation treatments, and ongoing monitoring to safeguard the integrity of 

artifacts for future generations. All these are informed by the deep knowledge of the 

materials to preserve, again, underscoring the importance of material studies.  

 

In conclusion, the recommendations outlined above serve as guiding principles 

for future research endeavors in the intersection of humanities and scientific investigation. 

The lessons learned from I&S project and the collaborative efforts undertaken in this 

thesis provide a roadmap for researchers seeking to unlock the secrets of the past and 

reshape our understanding of Irish cultural heritage. By embracing interdisciplinary 

collaboration, advanced analytical techniques, and a holistic research approach, scientists 

and scholars can continue to push the boundaries of knowledge and contribute to the 

preservation and interpretation of our shared history. 

 


