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Abstract
This chapter provides an overview of some of the materials used to write and decorate different types of manuscripts, i.e. inks, 
pigments and dyes, and of the different scientific methods and techniques available for their analysis and characterisation. 
The target audience is not only made of scientists but also curators, conservators, students and practitioners who want to 
know more about the technical examination of manuscripts and wish to appreciate the context of the scientific analysis of 
this type of objects. The possible types of approach to the scientific investigation of manuscripts are discussed, and the most 
frequently used analytical techniques are grouped according to their level of invasiveness and destructiveness. The chapter 
also contains a quick guide to some of the main questions that may arise about manuscripts, and explains how scientists can 
help to address them. Finally, a general protocol for the scientific analysis of manuscripts is illustrated.
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Premise

This Topical Collection (TC) covers several topics in the 
field of study, in which ancient architecture, art history, 
archaeology and material analyses intersect. The chosen 
perspective is that of a multidisciplinary scenario, capable 
of combining, integrating and solving the research issues 
raised by the study of mortars, plasters and pigments (Gli-
ozzo et al. 2021).

The first group of contributions explains how mortars 
have been made and used through the ages (Arizzi and Cul-
trone 2021, Ergenç et al. 2021, Lancaster 2021, Vitti 2021). 
An insight into their production, transport and on-site organ-
isation is further provided by DeLaine (2021). Furthermore, 
several issues concerning the degradation and conservation 

of mortars and plasters are addressed from practical and 
technical standpoints (La Russa and Ruffolo 2021, Caroselli 
et al. 2021).

The second group of contributions is focused on pig-
ments, starting from a philological essay on terminology 
(Becker 2021). Three archaeological reviews on prehistoric 
(Domingo Sanz and Chieli 2021), Roman (Salvadori and 
Sbrolli 2021) and Medieval (Murat 2021) wall paintings 
clarify the archaeological and historical/cultural frame-
work. A series of archaeometric reviews illustrate the state 
of the art of the studies carried out on Fe-based red, yellow 
and brown ochres (Mastrotheodoros et al. 2021), Cu-based 
greens and blues (Švarcová et al. 2021), As-based yellows 
and reds (Gliozzo and Burgio 2021), Pb-based whites, 
reds, yellows and oranges (Gliozzo and Ionescu 2021), Hg-
based red and white (Gliozzo 2021) and organic pigments 
(Aceto 2021). An overview of the use of inks, pigments 
and dyes in manuscripts, their scientific examination and 
analysis protocol (this paper) as well as an overview of 
glass-based pigments (Cavallo and Riccardi 2021) are also 
presented. Furthermore, two papers on cosmetic (Pérez-
Arantegui 2021) and bioactive (antibacterial) pigments 
(Knapp et al. 2021) provide insights into the variety and 
different uses of these materials.

This article is part of the Topical Collection on Mortars, plasters 
and pigments: Research questions and answers
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Introduction

It is perfectly reasonable to think that manuscripts, or more 
generally works on pith, papyrus, paper or parchment, are 
fragile and easily damaged. And yet many have survived 
for centuries and even millennia, giving us testimony of 
peoples and ages long past. Scrolls, concertina manuscripts 
and bound volumes, both in their content and materiality, 
continue to represent a unique source of information about 
our history.

This chapter will provide an overview about some of the 
materials used to write and decorate these objects, i.e. inks, 
pigments and dyes, and about the different scientific methods 
and techniques available for their analysis and characterisa-
tion. Where possible, I will be citing publications and refer-
ence material that are easily retrievable (in public libraries 
or the web).

I will use the word ‘manuscript’ in its etymological 
meaning (‘written by hand’), encompassing various types 
of objects that serve a similar function, i.e. recording and 
preserving information in writing on a flexible, transportable 
substrate—including scrolls, codices, etc.

Manuscripts: a timeline

When was the first manuscript made and what did it look 
like? The earliest unearthed so far are papyri scrolls from 
the fourth dynasty in ancient Egypt, some 4600 years ago.1, 2 
Elsewhere, other civilisations were writing on different types 
of substrates, made by processing other plant-based materials, 
hemp, linen and cotton rags, and animal skins. Parchment, 
although it was not known with this name yet, was in use in 
Asia Minor in the fifth century BCE and was widely used in 
the western world for centuries. According to Szirmai (1999), 
the appearance of the codex can be traced back to the early 
centuries of our era, while according to Roberts and Skeat 
(1983), the earliest bound books originated from the Roman 
empire; their pages were usually made of papyrus, parchment 
or paper. An enduring concept, bound books have resisted 
well the test of time and are still a staple for the recording and 
dissemination of knowledge to this day.

Analysis approach: to damage 
or not to damage?

Over the past two decades, researchers have used many ana-
lytical techniques in order to characterise inks, pigments and 
dyes, and obtain from them additional information about 
each object as a whole, its societal, financial, technological 
and historical context (Manca et al. 2019).

It is helpful to divide them into groups depending on the 
type of information that they can provide: elemental infor-
mation (what elements from the periodic table—such as cop-
per, iron, lead, gold—are present?), molecular information 
(how are the elements arranged and what specific molecules 
are present?) and physical information (such as colour). A 
synopsis of the main scientific techniques, grouped accord-
ing to the type of information they can provide, is shown in 
Table 1.

In the past, only a restricted number of scientific meth-
ods was available, which not only provided relatively 
limited results but often relied on significant destructive 
sampling (Flieder 1968). Fortunately, non-invasive, non-
destructive techniques are now commonplace (Clark 2005; 
Miliani et al. 2010; Burgio 2011; Analytical Methods Com-
mittee 2015; Christiansen et al. 2017; Grazia et al. 2018) 

Table 1   Synopsis of a selection of scientific analysis techniques, 
grouped by the type of information they provide

Commonly used acronyms are provided where available
*Strictly speaking, X-ray diffraction should not be characterised as a 
molecular technique, but this simplification is adopted here for ease 
of reference

Name

Elemental Energy-dispersive X-ray analysis (EDX)
Laser-induced breakdown spectroscopy (LIBS)
Particle-induced X-ray spectroscopy (PIXE)
X-ray fluorescence spectroscopy (XRF)

Molecular Attenuated total reflection Fourier-transform infrared 
spectroscopy (ATR-FTIR)

Chromatography
Fibre-optic reflectance spectroscopy (FORS)
Fourier-transform infrared spectroscopy (FTIR)
Hyperspectral imaging (HIS)
Multispectral imaging (MSI)
Raman spectroscopy
Spectrofluorimetry
Surface-enhanced Raman spectroscopy (SERS)
Ultraviolet, visible, near-infrared spectroscopy (UV–

vis-NIR)
X-ray diffraction (XRD)*

Physical Computed and micro-computed tomography (CT and 
µCT)

Microfade testing
Scanning electron microscopy (SEM)
X-radiography

1  https://​www.​smith​sonia​nmag.​com/​histo​ry/​ancie​nt-​egypt-​shipp​ing-​
mining-​farmi​ng-​econo​my-​pyram​ids-​18095​6619/. Accessed 7 Decem-
ber 2020.
2  Please note that the earliest example of a papyrus roll is said to be 
the blank roll from the tomb of Hemaka at Saqqara, dating from the 
beginning of the third millennium BC, as reported on page 227 in 
Leach and Tait (2000).
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and they should be used preferentially before resorting 
to methods that involve sampling or in situ destructive 
interventions.

A clarification is needed here: there are methods that 
do not involve sampling, but are nonetheless invasive 
and/or destructive. All analytical techniques are effec-
tively on a spectrum from totally non-invasive and non-
destructive (preferable) to destructive and invasive on 
some scale. This will be discussed more in detail below. 
A simplified glossary is provided in Table 2 for ease of 
consultation.

Occasionally, there are times where samples are already 
available because they have naturally detached from the 
object due to damage or ageing (this is often referred to as 
‘self-sampling’). It is not uncommon to find pigment debris 
(both as dust and/or fragments) nested in the gutters between 
the pages of a manuscript or codex (Chaplin et al. 2005). 
Although it is not always possible to reconstruct where 
exactly on a page they have come from, these fragments 
do provide the opportunity for types of analysis that would 
not otherwise be considered because they are too intrusive. 
In other cases, a deliberate choice is made to remove and 
sacrifice a small sample in order to obtain valuable informa-
tion from it, which would otherwise be inaccessible (Melo 
et al. 2019).

A separate argument can be made about in situ mini-
mally invasive techniques, i.e. methods that do not require 
sampling, but nonetheless alter or damage the object under 
observation. Typical examples include surface-enhanced 
Raman spectroscopy (SERS, see Analytical Methods 
Committee 2017), laser-induced breakdown spectros-
copy (LIBS, see Analytical Methods Committee 2019), 
attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR, see Nodari and Ricciardi 2019) and 
microfading (Ford 2018; Pretzel 2021). Circumstances 
may justify adopting such techniques, depending on how 
crucial the questions being asked are, what the condition 
of the object is and how small the area affected is. An 
object may lend itself to minimal sampling because of 
its already poor condition. The choice of technique must 
always be weighed against the value of the information 

that might be gained by the analysis. It is good practice to 
document carefully any sampling; this may include macro- 
and micro-photographs to record the area being sampled 
or examined using minimally invasive techniques, before 
and after the analysis.

The past two decades have also seen the development of 
new portable equipment, which makes it possible for the 
analysis to take place without transporting the manuscript to 
a laboratory, thereby reducing the chances of damage to the 
object. In the early days, the performance of portable pieces 
of kit was not as efficient as that of bench-top equipment, 
which usually afforded better sensitivity and spectral and spa-
tial resolution; however, the newest generations of portable 
equipment show greater promise, and provide good quality 
results (Bersani et al. 2016; Brunetti et al. 2016; Nicholson 
et al. 2016; Nodari and Ricciardi 2019; Ricciardi et al. 2019; 
Crippa et al. 2020; Senesi et al. 2020). It must be clearly 
stated that portable equipment are still not comparable to 
bench-top instrumentation and they are best used for prelimi-
nary investigations or when no better alternative is available.

It is worth remembering that technological advancements 
occur all the time, and allow for new possibilities. What is 
impossible to do today with the means at our disposal, with-
out resorting to sampling or to destructive approaches, may 
become feasible tomorrow. New developments may reduce 
the size of the sample needed to carry out a specific type of 
investigation, or may allow us to perform the analysis non-
destructively and in situ.

Table 3 shows the most common analytical techniques 
grouped according to their invasiveness and destructive-
ness. Selecting the most appropriate ones can be daunting, 
and always depends on the specific research and conserva-
tion questions on the table. This in turn will determine the 
level of invasiveness/destructiveness chosen in each case.

Inks, pigments and dyes

There are many schools of thought about the terminology 
to use when describing and discussing artists’ materials, 
and often confusion ensues when addressing a diverse, 

Table 2   Simplified glossary of terms pertaining to the type of analytical technique and analysis approach

Definition Explanation

In situ (Latin) On the object itself
Non-invasive No sampling is required, and no contact between the object and the instrument is involved
Invasive Sampling from or contact with the object is required
Minimally invasive The consequences of sampling from and/or contact with the object are effectively invis-

ible from a macroscopic perspective
Destructive The area under analysis is destroyed or used up
Non-destructive The area under observation remains intact and can be used for additional investigations
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multidisciplinary audience. In the common parlance, it is 
not unusual to see the word ‘ink’ being used to cover any-
thing that can be used to decorate or write on a manuscript; 
‘pigment’ and ‘dye’ are also often used indifferently and 
arbitrarily to indicate anything that can be used to paint or 
colour; more often, the word ‘pigment’ is used as a substitute 
of ‘inorganic colouring material’, while ‘dye’ is a stand-in 
for ‘organic colouring material’.

While there are many official definitions,3, 4 in this chap-
ter I will assume the following (with caveats highlighted 
when necessary):

1.	 Ink—any relatively dark material used to write text
2.	 Pigment—essentially insoluble material, often but not 

exclusively inorganic in origin
3.	 Dye—essentially soluble material, often but not exclu-

sively organic and of natural origin

In this section, I will briefly mention specific analytical 
techniques in the context of the material designations, but 
will also go into further details later on, within the sections 
that deal more specifically with typical questions asked con-
cerning manuscripts.

Inks

The earliest inks were made using easily obtainable materi-
als, mostly carbon-based (Winter and West FitzHugh 2007): 
soot from lamps (‘lamp black’), charcoal from charred wood 

and other vegetable matter, or graphitic materials found in 
nature.5 Eventually, bone black and ivory black,6, 7 obtained 
from the charring of bones and ivory, were also used, as was 
iron gall ink (iron gallotannate, traditionally obtained from 
oak galls and documented in vague terms by Pliny the Elder 
in the first century CE), the ink of choice in the West from 
the late Roman empire until the twentieth century.8

In the first instance, it would be tempting to identify these 
inks by eye: iron gall inks tend to have a more brownish hue 
than carbon-based blacks. But there are numerous excep-
tions to this and it is safer to rely on techniques that do not 
leave room for interpretation. Raman spectroscopy provides 
a relatively straightforward, non-destructive route to identi-
fication, and can record a distinctive fingerprint from both 
carbon-based materials and iron gall inks (Lee et al. 2006; 
Burgio et al. 2010; Edwards 2018).

Other non-destructive techniques include FTIR (Diaz 
Hidalgo et al. 2018), XRF and particle-induced X-ray emis-
sion (PIXE), which can suggest an identification based on 
the presence of minor components such as iron and other 
metals (Budnar et al. 2006; Aceto et al. 2008). Multispectral 
imaging can also help (Striova et al. 2014; Kogou et al. 2015; 
Manca et al. 2019)—carbon-based materials are still visible 
in infrared light, while iron gall inks become transparent and 
therefore disappear in the resulting image (see Fig. 1 and 
Burgio 2019). Combinations of analytical methods can also 
be used, e.g. macro-XRF and hyperspectral imaging (Pouyet 
et al. 2017; Corregidor et al. 2019; Tournié et al. 2019).

Carbon black has been found on examples of Egyptian 
papyri (Burgio and Clark 2000; Olsson et al. 2001), medieval 
manuscripts (Aceto et al. 2008; Burgio et al., 2010; Grazia 
et al. 2018), more recent manuscripts (Lee et al. 2008) and 
Japanese woodblock prints (Vermeulen et al. 2020). Iron gall 
inks were identified on manuscripts as early as the first part 
of the eighth century (Burgio et al. 2013), and on later manu-
scripts (Lee et al. 2006; Burgio et al. 2010), musical scores, 
handwritten compositions (Del Carmine et al. 1996, Hahn 
2010; Manca et al. 2019), etc.

Researchers have recently hypothesised the possibility to 
date manuscripts through the analysis of the inks in them 
(Goler et al. 2019).

Sometimes mixtures were used, when carbon black was 
added to iron gall ink to improve its colour. Various types of 
carbon blacks were also used as black pigments in their own 
right, and in very few cases, iron gall ink was also identified 

Table 3   Synopsis of the most commonly used analytical techniques 
for the analysis of inks, pigments and dyes, grouped by their invasive-
ness and destructiveness

Asterisks mark where the techniques are meant to be used in situ in 
order to be classified as non-invasive or minimally invasive

Non-destructive Micro-destructive

Non-invasive Raman
FTIR
UV–vis-NIR and FORS
Spectrofluorimetry
XRF
PIXE
XRD*
MSI and HSI
CT and µCT
SEM*

Minimally invasive SERS*
ATR-FTIR*

LIBS
Microfading

Invasive SEM (on samples) Chromatography

3  https://​colour-​index.​com/​defin​itions-​of-a-​dye-​and-a-​pigme​nt. 
Accessed 7 December 2020.
4  https://​www.​winso​rnewt​on.​com/​row/​artic​les/​colou​rs/​spotl​ight-​on-​
colou​rants-​dyes-​pigme​nts/. Accessed 7 December 2020.

5  http://​cameo.​mfa.​org/​wiki/​Carbon_​black. Accessed 7 December 
2020.
6  http://​cameo.​mfa.​org/​wiki/​Bone_​black. Accessed 7 December 
2020.
7  http://​cameo.​mfa.​org/​wiki/​Ivory_​black. Accessed 7 December 
2020.
8  http://​cameo.​mfa.​org/​wiki/​Iron_​gall_​ink. Accessed 7 December 
2020.
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in its use as a colouring pigment rather than a writing mate-
rial (Burgio et al. 2010; Aceto and Calà 2017).

Pigments

Many publications and resources have been dedicated to the 
use of pigments through the ages (Harley 1982; Feller 1986; 
Roy 1993; West FitzHugh 1997; Berrie 2007; Eastaugh et al. 
2007; Douma 2008; Cameo Materials Database n.d.); there-
fore, this topic will be discussed only in general terms here.

Going back to the earliest surviving manuscripts, i.e. 
Egyptian papyri, the range of available pigments was lim-
ited, and mostly included a variety of naturally available 
materials such as iron-based earths and common minerals, 
but eventually synthetic materials such as Egyptian blue, 
Egyptian green and cobalt-based blues started to emerge 
(Di Stefano and Fuchs 2011; Scott 2016; Siddall 2018). 
The Egyptians had other artists’ materials available, such 
as lapis lazuli and lead antimonate, but they were used for 
other decorative purposes and were not usually ground to a 
powder for application to papyri as painting materials.

Over the centuries, more and more materials became 
available, through discovery and exploitation of natu-
ral resources; observation of degradation processes that 
involved everyday objects (e.g. the corrosion of metallic 
lead and metallic copper when exposed to vinegar, and the 
consequent formation of lead white (Gettens et al. 1993a) 

and verdigris (Kühn 1993), respectively); chemical experi-
mentation (synthetic vermilion, see Gettens et al. 1993b); 
cross-pollination from other artistic disciplines, for exam-
ple, the use of ground by-products of the glass and ceram-
ics industries, as discussed by Berrie and Matthew (2005), 
such as lead antimonate (Wainwright et al. 1986) and smalt 
(Mühlethaler and Thyssen 1993); introduction of materials 
used in other crafts, such as metallic bismuth (Burgio et al. 
2009a; Trentelman and Turner 2009); as well as via sheer 
serendipitous discovery (e.g. Prussian blue, see Berrie 1997, 
and mauveine, see Cañamares et al. 2014).

The modern era saw an explosion of new synthetic mate-
rials, many of which were enthusiastically embraced by art-
ists (Craddock 2009). Some of these vibrant pigments and 
dyes were used on contemporary manuscripts and paper-
based objects (Cesaratto et al. 2017), although their presence 
on older manuscripts usually indicates a recently retouched 
object or an outright forgery (Burgio and Clark 2000; Durán 
et al. 2011).

Dyes

The use of dyes throughout history has already been covered 
by several authors (Harley 1982; Feller 1986; Roy 1993; 
West FitzHugh 1997; Berrie 2007; Eastaugh et al. 2007; 
Douma 2008; Abel 2012; Cameo Materials Database n.d.), 
and will not be discussed in detail here.

Fig. 1   Leman design 21 (V&A 
accession number E.1861:21–
1991) analysed by Vis–NIR 
multispectral imaging: colour 
image (A), and reflectograms 
centred at 415 nm (B), 630 nm 
(C) and 2550 nm (D). The 
handwriting at the top of the 
page, coming through from the 
verso (A), is traced with iron 
gall ink: it is still discernible 
in the reflectograms acquired 
in the visible spectra range 
(B and C), while it becomes 
invisible under infrared light 
(D). In contrast, the grid and 
the underdrawing are traced 
with a carbon-based material, 
and remain visible. Experi-
ments made in the framework 
of Iperion-CH grant n. 654,028, 
see Manca et al. 2019 for the 
experimental details
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Dyes were originally extracted from natural sources 
(plants, roots, insects, etc.), and their use is documented 
since antiquity (especially woad and indigo, kermes, lac, 
madder, Tyrian purple and orchil—see Lucas 1962; Cardon 
2007; Melo 2009).

A sudden influx of modern synthetic dyes was seen in the 
second half of the nineteenth century, when William Henry 
Perkin, during his attempt to synthesise the antimalarial 
drug quinine, stumbled instead on what would soon after 
be known as mauveine: aniline dyes were born, and many 
other new classes of synthetic dyes would follow in the early 
twentieth century.

Until relatively recently, the analysis and characterisa-
tion of dyes on manuscripts were perceived as difficult, 
and all but impossible if a non-destructive approach was 
chosen. Only a very small number of dyes could be identi-
fied non-destructively and in situ: under UV light, madder 
usually exhibits a very distinctive fluorescence (Schweppe 
and Winter 1997), which can be used to infer the presence 
of this dye. Indigo easily gives a very recognisable Raman 
spectrum; it was first reported on textiles by Coupry et al. 
in 1997, but had been routinely identified on medieval man-
uscripts since at least 1996 (Burgio 2000). Berberine and 
gamboge also give a recognisable Raman spectrum (Bur-
gio and Clark 2001).9 However, most dyes of natural origin 
(but also the modern, synthetic ‘Perkin dyes’) are difficult to 
identify by Raman microscopy, unless its minimally invasive 
incarnation, surface-enhanced Raman spectroscopy (SERS), 
can be used (Melo et al. 2016; Manca et al. 2019). FORS 
and UV–Vis reflection and emission spectroscopy (Leona 
and Winter 2001; Miliani et al. 2010; Doherty et al. 2013; 
Aceto et al. 2014) can suggest what type of dye is present, 
but often doubts remain. And while SERS can help with 
the identification of manuscript dyes in situ, until recently 
it involved the direct contact of the painted surface with a 
small amount of wet reagents (Whitney et al. 2006; Pozzi 
et al. 2013; Castro et al. 2014; Melo et al. 2016; Analyti-
cal Methods Committee 2017; Manca et al. 2019), which 
is not always permitted. However, changes to the surface 
of the object after SERS are not usually noticeable to the 
naked eye, and recent developments to the technique, by the 
introduction of a doped gelatine nanocomposite, have meant 
that even under the microscope, it is impossible to notice 
any visual modification to the area that has been analysed 
(Doherty et al. 2011, 2014).

Good results were recently obtained by using fluores-
cence spectroscopy. This technique, which is also called 
spectrofluorimetry, has proven to be able to discriminate and 
identify a number of natural organic dyes and their lakes 
(Melo 2016; Aceto et al. 2017; Nabais et al. 2018).

Dyes can usually be fully characterised only if a sample 
can be taken for chromatographic analysis and destroyed 
in the process (Analytical Methods Committee, AMCTB 
No. 101 2021). This is frequently done for textile objects, 
which often contain sacrificial, loose threads (Burgio 2018; 
Tamburini 2019; Shahid et al. 2019), but can in principle be 
extended to manuscripts.

How to tackle the analysis of inks, pigments 
and dyes: typical questions

There are countless ways to approach the scientific 
investigation of a manuscript. Some are surprisingly low 
tech (a UV torch, a stereomicroscope); others can be 
bewilderingly complex and involve high-tech equipment 
and expertise. A separate mention can be made about 
highly specialised set-ups that are only available in 
a handful of locations in each country: synchrotron 
radiation sources allow access to high-energy X-rays with 
specifications exceeding those provided by conventional 
instrumentation, and have enhanced the capabilities of 
many analytical techniques (Cotte et al. 2018). However, 
the objects have to go to the synchrotron’s location for 
analysis, which is not always feasible.

Much depends on the questions that are being asked; 
this section will discuss a selection of common issues 
and queries, and suggest ways to address them where 
possible.

Health and safety: are there any toxic elements?

This is one of the issues that arise very frequently. Many 
traditional pigments contain toxic elements, such as 
mercury, arsenic or lead, and new health and safety rules 
demand that a record of such elements is kept in objects’ 
documentation. The fastest, non-destructive way of 
establishing the presence of hazardous elements is to use 
an X-ray fluorescence (XRF) spectrometer (Delbey et al. 
2019). There are different types of XRF equipment, but all 
can be used for this purpose: hand-held or portable units, 
micro-XRF instruments and scanning spectrometers. All 
but the last one can be used in a point-and-shoot mode: you 
choose which spot or which pigment on the page you want 
to investigate, and within seconds, you get a reading that 
reveals the elements detected there.

Micro-XRF spectrometers have the best spatial resolu-
tion: the more sophisticated equipment can analyse areas 
that are less than 50 μm across (that is, less than a twentieth 
of a millimetre); hand-held and portable XRF spectrometers 
usually have a spot size range of 1–10 mm.

Analyses done with scanning XRF spectrometers 
are more time-consuming, but provide a map with the 

9  http://​cameo.​mfa.​org/​wiki/​Berbe​ris_​dye. Accessed 7 December 
2020.
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distribution of the elements on the whole page—or a portion 
of the page if this is too large, as in a medieval lectionary. 
At a glance, you can infer which poisonous pigments may 
be present and how abundant they are.

Figure 2 shows a design for woven silk created in the 
early eighteenth century, a small portion of which was ana-
lysed by scanning XRF. The resulting elemental maps show 
the distribution of mercury, lead and arsenic, which appear 
to be the main constituents of the pigments used on the 
design. This information can be used, among many other 
purposes, to inform decisions on the safe handling and stor-
age of the design.

XRF only provides elemental analysis, but does not tell 
you exactly which particular molecule is present. However, 
much can be extrapolated using the evidence, i.e. the colour 
of the area analysed and the elements detected in it, bearing 
in mind that in many cases, multiple possibilities and pig-
ment/dye combinations can be valid.

If more precise information is needed about the species 
present in these areas, then other techniques providing 
molecular identification need to be used, as mentioned 
in the “Analysis approach: to damage or not to damage?” 
section.

Spotting modifications

It is not unusual to be able to see pentimenti, retouchings 
or later interventions with the naked eye or under a micro-
scope. However, sometimes, these additions are executed so 
sympathetically that they are difficult to spot. Simple tech-
niques, which are also easily available, can be used first: an 
ultraviolet lamp and examination by raking light can help to 
identify areas which may have been reworked (Kimbriel and 
Ricciardi 2020). Please note that the use of UV lamps needs 
specific health and safety precautions, for example, the use 
of safety goggles to protect the eyes of any people present.

Infrared imaging and infrared reflectography can also be 
used. Both techniques can reveal the presence of pentimenti 
and retouchings, and can also uncover underdrawings by 
penetrating through the layers of pigments and dyes (Ric-
ciardi et al. 2013). Interestingly, these techniques can also 
show if the underdrawing was traced with a dry medium, 
such a graphite pencil, or a liquid one, as is the case with 
traditional Chinese underdrawings (Kogou et al. 2015).

However, it is also helpful to have additional tools that 
delineate the full extent of any modifications on a page or 
surface. XRF mapping, described in the previous section, 

As

Pb

HgA

B

C

Fig. 2   How XRF mapping can show the distribution of potentially 
hazardous materials on a surface: Leman design 89, V&A acces-
sion number E.1861:89–1991 (A); detail chosen for elemental map-
ping (B); and combination of mercury (green), lead (red) and arsenic 

(blue) maps (C). The three maps in black and white show the indi-
vidual distribution of each of the three elements. Experiments made 
in the framework of Iperion-CH grant n. 654,028, see Manca et  al. 
(2019) for the experimental details
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can be such a tool, if the materials that have been used for the 
additional intervention are different from the original ones. It can 
also complement infrared imaging and multispectral imaging 
by visualising underdrawings. Underdrawings made with 
iron‐gall ink, metalpoint and pigmented inks can therefore be 
revealed (Turner et al. 2019). An even better tool is hyperspectral 
imaging (Melessanaki et al. 2001; Fischer and Kakoulli 2006; 
Cucci et al. 2016), which has a higher spectral resolution and 
simultaneously records spectral and spatial information from 
an object. This information can be displayed in such a way that 
it shows at a glance the distribution of different materials on a 
surface, thereby highlighting most alterations. This is the case 
of the experiments performed on the Leman Album, a group 
of watercolour designs for woven silk belonging to the V&A 
collections (Fig. 3, see also Burgio 2017a; Manca et al. 2019).

The characterisation of the modified areas and the iden-
tification of the materials in them can be tackled with other 
techniques, such as Raman microscopy and FTIR. Micro 
X-ray diffraction (µXRD) is also available, and has been 
recently used on the non-destructive, in situ analysis of 
manuscripts (Duran et al. 2009, 2014).

What type of ink?

As mentioned in a previous section, it is not always 
straightforward to establish at a glance the composition of 
writing inks. It is true that iron gall inks are usually browner 
than carbon-based ones, but on occasions the two types of ink 
can be visually indistinguishable. Studies under way at Yale 
show that the amounts of iron, copper and zinc in the ink has a 
connection with the visual appearance of the ink – the higher 
the concentration of those elements, the blacker the ink.10

Techniques such as Raman microscopy can fingerprint 
and unambiguously identify these two inks, with the bonus 
of being able to detect any additional pigments that may 
have been included in the ink mixture (for example, Prussian 
blue in the nineteenth century – this was detected in some of 
Charles Dickens’ autographic manuscripts currently in the 
V&A collections, see Burgio 2010). FTIR can easily identify 
iron gall inks (Miliani et al. 2012). Multispectral imaging 
can also discriminate between the two types of ink, which 
behave very differently when exposed to infrared radiation: 
iron gall ink is transparent, carbon-based inks (or pencils) 
are not, as discussed earlier. This different behaviour is par-
ticularly useful when both types of material are present on 
a page, as shown in Fig. 1: Anything traced with a carbon-
based material (the numbers, the grid) is still visible in the 
infrared, but the iron gall ink handwriting coming through 
the other side of the page becomes invisible.

What binding media?

It is normally assumed that the binding media on manu-
scripts are water based, most commonly gum Arabic, animal 
glue and occasionally egg (Thompson 1956). Until recently, 
their non-destructive, in situ identification was deemed to 
be virtually impossible. However, recent advances have 
shown that FORS can be used to categorise binding media 
broadly (Analytical Methods Committee AMCTB No. 75 
2016), NIR reflectance imaging spectroscopy can be used to 
map binders (Dooley et al. 2013), and FTIR can successfully 
discriminate gum Arabic from egg-based binders (Ricciardi 
et al. 2012), although there are cases where the pigment 
present in the mixture may hinder the analysis (Nodari and 
Ricciardi 2019).

Where minimal sampling is permitted, there are tech-
niques such as matrix-assisted laser desorption/ionization 

Fig. 3   (A) Design 73 from the 
V&A Leman album (accession 
number E.1861:73–1991) and 
images created after hyper-
spectral imaging experiments, 
emphasising which areas of 
later interventions have been 
painted with lead white (B) and 
where a dark ink has been used 
to outline some of the details 
(C, marked by red arrows). 
Experiments made in the 
framework of Iperion-CH grant 
n. 654,028, see Manca et al. 
(2019) for the experimental 
details

A B C

10  Hark RR, personal communication, 2020.
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time-of-flight mass spectrometry (MALDI-TOF–MS) that 
allow to investigate the degradation processes of binders 
(Romero-Pastor et  al. 2012). Minimal sampling is also 
sufficient for sophisticated methods such as peptide mass 
fingerprinting, which can also reliably identify the source 
of animal protein (both for the investigation of binders and 
parchment substrates, see Calà et al. 2019; Fiddyment et al. 
2015).

Dating and authenticating

It is essential to state that, on its own, the characterisation 
of pigments and dyes alone cannot date or authenticate an 
object. The analysis of the support and of the other materials 
constituting the object may also help. Crucially, any scien-
tific analysis needs to be supported by technical, curatorial 
and art historical expertise to evaluate not only the material-
ity of an object but also its execution and context.

With this premise, the presence of specific materials on a 
manuscript can be used to infer the date and/or authenticity 
of the object (Burgio 2012; Nesměrák and Němcová 2012). 
Many synthetic pigments and dyes introduced from the early 
eighteenth century have a known first date of manufacture. 
We are also aware of the geographical origin and approxi-
mate time of invention of many older synthetic materials, 
although in this case we must keep an open mind and be 
mindful that new evidence may change what we think we 
know. For example, zinc oxide has traditionally been associ-
ated with works from the early nineteenth century onward, 
but recent evidence has shown that some artists were using it 
routinely a few decades earlier (Kühn 1986; Houston 2011).

Materials such as Prussian blue can provide a good litmus 
test: Prussian blue was first discovered in 1704, and became 
widely available commercially from the 1720s (Berrie 1997). 
Finding it on a Renaissance illumination may signify that some-
one has retouched the manuscript after the early eighteenth cen-
tury, or that the illumination is not from the Renaissance period 
and is a later imitation (fraudulent or otherwise). A similar argu-
ment was made for supposedly medieval miniatures, which were 
found to contain typically nineteenth-century pigments such as 
chrome yellow, synthetic ultramarine and emerald green (Burgio 
et al. 2009b) and purportedly thirteenth-century BCE papyri, 
whose pigments included twentieth-century materials such as 
phthalocyanine blue and green, Hansa yellow, titanium white 
and β-naphthol red (Burgio and Clark 2000). In both cases, the 
scientific analysis evidence, together with the knowledge and 
connoisseurship of many specialists, clearly indicated that these 
objects were not authentic.

A special mention has to be made of modern pigments 
the composition of which is effectively identical to that of 
traditional materials used since antiquity: their presence on 
manuscripts has to be evaluated carefully. Two examples 

are synthetic haematite (red iron oxide) and synthetic ultra-
marine blue: chemically speaking, they are effectively 
indistinguishable from their natural counterparts. However, 
the morphology and colour distribution of the individual 
pigment particles—assessed under a high-magnification 
microscope—does not match that of the natural materials. 
Synthetic pigment particles tend to be much more uniform 
in shape, size and hue, and the particle size is usually much 
smaller than that of the corresponding natural materials. The 
latter also tend to be accompanied by traces of other sub-
stances, with which they occur in nature (Aru et al. 2014): 
natural ultramarine blue may contain trace amounts of cal-
cite, pyrites and other minerals, while its synthetic version 
is usually pure, unless it has been deliberately mixed with 
other materials.

There is a scientific method that can be used for the direct 
dating of iron gall inks: scanning Auger microscopy (SAM) 
determines the time elapsed since ink was deposited on the 
substrate (McNeil 1984; Nesměrák and Němcová 2012). 
However, there are very few occasions where this capabil-
ity has been put to good use.

Linking the dots

The analysis of artists’ materials can occasionally help in making 
connections between different objects, and provide information 
about their wider context and even their provenance.

Trade routes and commercial relationships can be 
revealed (Burgio et al. 2009a, b; Bailey 2012; Liang et al. 
2014; Kogou et al. 2015), and the geological origin of some 
of the mineral pigments can be surmised (Schmidt et al. 
2009; Smith and Klinshaw 2009; Gambardella et al. 2016), 
although some of the scientific methods used for this type 
of investigation may not easily lend themselves to the rou-
tine analysis of manuscripts. However, the mapping of trace 
elements and impurities in naturally sourced pigments for 
provenancing purposes is still in its infancy and will need to 
be developed further (Aru et al. 2014; Smieska et al. 2017).

Analysis protocol

Extracting as much information as possible from a manu-
script can be a daunting task: there are so many questions 
that can be asked and so many different analytical techniques 
at our disposal to answer them. There is no single technique 
that can address all questions and a combination of com-
plementary methods and a range of professional skills are 
often needed. It is also easy to become entangled in endless 
analyses and to lose track of the overall picture.

Much has been written on the scientific analysis of manu-
scripts, but most of the literature available tends to focus on 
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case studies. There have been reviews and protocol suggestions, 
although they are usually aimed at specialist audiences (Aceto 
et al. 2012; Pessanha et al. 2012; Ricciardi et al. 2013; Tonazzini 
et al. 2019). An exception is the 2001 review by Mark Clarke on 
the scientific methods available for the analysis of manuscripts 
(Clarke 2001), as well as the soon-to-be-published overview by 
Ricciardi and Schmidt Patterson (2020).

This section outlines a general analysis protocol for the 
analysis of manuscripts, not fully exhaustive but covering a 
range of questions and issues. The protocol can be adapted 
and modified according to individual needs and circum-
stances (e.g. the type of object under observation, its spe-
cific characteristics and issues, the questions raised about it 
and the scientific equipment and expertise available), and 
is made of three main sequential steps that go from a three-
dimensional overview of the object as a whole to specific 
methodologies targeted at a single point or even an indi-
vidual pigment particle on the object (Fig. 4).

If an overview of the manuscript as a whole is needed, 
techniques that provide us with three-dimensional infor-
mation should be used first: computed tomography (or 
even better, micro-computed tomography, which has 
higher spatial resolution) is the ideal technique to inves-
tigate the structure of a manuscript, and identify any 
hidden features, such as nails, screws, inserts, internal 
cracks and so on (see Analytical Methods Committee, 
AMCTB No. 98 2020). Computed tomography has also 
proven invaluable when the object cannot be opened or 
unrolled without risking its integrity, as is the case of 
ancient scrolls, which can now be unrolled virtually, 
revealing some of their content (Seales et al. 2011; Rosin 
et al. 2018; Stromer et al. 2018). However, this is not 
an easily accessible technique, and very often the most 

straightforward, practical option is to turn to conven-
tional X-radiography instead. Although X-radiography is 
capable of retrieving information from a manuscript as a 
whole object, this information is somewhat ‘flattened’, 
and the interpretation of it can turn out to be limited. 
However, recently developed volumetric radiography sys-
tems (e.g. Digitome) can utilise conventional X-ray capa-
bilities and specialised software to create 3D images.11

The second step involves the assessment of individual 
surfaces (a folio, a portion of a scroll). Again, it is a good 
idea to evaluate the whole surface at a glance, and there are 
several imaging techniques that can be of use: from low-tech 
ones such as examination under different types of visible 
light, as well as infrared and ultraviolet light, to more com-
plex ones such as multispectral and hyperspectral imaging 
(Liang 2011), and other types of spectroscopic mapping. 
As explained above, these methods provide evidence about 
the distribution of specific materials and their mixtures on a 
page, can help to identify areas that were modified and pro-
vide the necessary, preliminary information to select spots 
that will need to be investigated further. When used within 
the wider context of connoisseurship and art history, these 
imaging techniques can also provide information that can 
assist in the dating, authentication, provenancing and attri-
bution of the objects.

The final step often stems from the second: evidence 
acquired during the imaging of the object may trigger the 
investigation of specific areas or individual points of the 
object. When used in this mode, techniques such as Raman 
microscopy, FORS and FTIR can answer specific questions 

Fig. 4   Outline of protocol for 
the scientific analysis of manu-
scripts. *Please see the main 
text for additional clarifications 
on X-radiography

3D informa�on

2D informa�on

Point analysis

• Computed and micro-computed tomography
• X-radiography*

• Visible, IR and UV imaging
• Mul�spectral and hyperspectral imaging
• XRF mapping
• Raman and FTIR mapping

• FTIR and ATR-FTIR
• UV-vis-NIR and FORS
• Raman and SERS
• Spectrofluorimetry
• XRF
• XRD
• LIBS

11  http://​licen​sedig​itome.​weebly.​com/. Accessed 7 December 2020.
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about the object, such as the identity of the pigments and 
binders in specific areas.

Recently, techniques that were conventionally used on 
small, individual spots have been used in mapping (or imag-
ing) mode, collecting spectral data over larger areas and 
providing information on the distribution and abundance of 
specific materials (Ropret et al. 2010; Delaney et al. 2014; 
Mosca et al. 2016). Examples include FTIR mapping and 
XRF mapping, which can be used to identify at a glance all 
the areas that contain hazardous materials such as lead or 
arsenic; FORS, which can be used to map the distribution 
of binding media on a folio; and Raman mapping, which 
can map the distribution of a specific degradation product.

Whether planning a quick test on single objects or a wider 
analysis campaign, it is important to clarify in advance what 
the purpose of the study is, and what the main questions are. 
This will inform the selection and sequence of the relevant 
protocol steps. Efficiency and economy in the use of the 
available resources (staff time as well as equipment) should 
always be considered. There is no point in embarking in a 
lengthy sequence of complex analyses when a quick, simple 
series of tests can provide the required answers. It is also 
crucial to recognise that, while the actual analysis may take 
a few minutes or hours only, the evaluation of the data may 
take significantly longer and raise additional questions, pav-
ing the way for more analyses and more techniques. It is not 
unusual that, during perfectly routine and supposedly pre-
dictable analyses, researchers may come across unexpected 
scientific evidence, which in turns leads to new discoveries, 
as it happened in the case of a number of illuminations by 
Jean Bourdichon. Two research groups independently dis-
covered that Bourdichon had consistently used an unusual 
material, metallic bismuth, not only as a paint pigment, but 
also as a ‘pencil’ to trace the underdrawing of his miniatures 
(Trentelman and Turner 2009; Burgio et al. 2009a; Burgio 
2017b). This in turn revealed details about medieval trade 
routes, and paved the way for future attribution and authen-
tication studies.

While the general structure of the analysis protocol may 
be fixed, the details and the exact sequence of the individual 
analyses may change, case by case.

Conclusion

There is no fixed, rigid pathway for the analysis of the mate-
rials used on manuscripts. A general protocol can be fol-
lowed, but this must be adapted to the specific cases and 
to the questions that are asked about a manuscript or group 
of manuscripts. While non-invasive, non-destructive tech-
niques are usually preferred, there may be occasions when 
a more invasive and/or destructive approach is warranted 
and justifiable. The quality of the data should always be 

paramount: quickly gathered but inaccurate data should not 
be preferred to results stemming from longer, more accurate 
investigations. The involvement of knowledgeable, expert 
scientists is essential in any investigation of manuscripts, 
but the contribution from conservators, curators and other 
specialists is paramount for a truly holistic evaluation of the 
objects and their materiality, meaning and context.
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