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ABSTRACT

We propose a non-invasive approach for the studijusfiinated manuscripts based on the combination
of near-infrared reflectance imaging, X-Ray flu@m&sce mapping and Raman spectroscopy. Taking
advantage of the different absorption coefficiehth® characteristic X-ray emission lines of a $fec
element, we have implemented a differential mapmirgghod to distinguish the X-ray emissions from
two paint layers of a manuscript. This approach a@slied to a coat-of-arms of a precious illumidate
manuscript belonging to the Trivulziana library leotion and revealed specific patterns through the
mapping of the spatial distribution of lead in di#nt paint layers. Multivariate methods, including
principal component analysis and non-negative md#ctorization, applied to the X-Ray fluorescence
mapping dataset demonstrate the spatial correlabetween different elements. The use of
complementary Raman and X-ray fluorescence spedpyshas hence permitted the identification of the
pigments employed in the original and overpaintiagers found on the coat-of-arms. Through analyfsis,
was possible to identify the patron of the Salwiattributed to Fracesco dei librai, as"i5. bishop
Bernardo de’ Rossi.

1. Introduction

llluminated manuscripts are precious written docotmenriched by detailed decorations and miniature
illustrations. The termillumination’ originally denoted the embellishment of the teithvgold or, more
rarely, silver. In the Middle Ages they were comsel as status symbols for the owner, due to their
intricate details, the cost of constituent matsrad the complexity of the employed drawing teghes

(1). This work focuses on the analysis of a lat® €5 Renaissance manuscript from the Trivulziana
library collection based on the integration betw&sman spectroscopy and X-ray fluorescence (XRF)
spectroscopic mapping.



The attribution of a manuscript to a specific aris often hampered by the fact that illuminated
manuscripts are often unsigned or created in a shogk by multiple hands. Thus, for the purpose of
attribution and dating, philological, historicaldastylistic studies are often complemented witkesific
analysis, with the latter mainly devoted to pigmielgntification. Manuscripts are delicate and flagn
comparison with other types of artworks: hence,idgeghe fact that micro-sampling is generally
impossible, in-situ analysis is preferred with m&pto non-invasive laboratory methods to avoid the
transportation of precious books to environmentlouit climate control.

The use of scientific analysis on illuminated mamipts with a variety of spectroscopic techniquas h
been recently reviewed (2). A multi-analytical apgeh, based on in-situ elemental and molecular
spectroscopic techniques, XRF, Raman and fibecoggflectance spectroscopy (FORS), can reveal
pigment composition, even when materials are ptesenomplex mixtures (3) (4) (5) (6) (7) (8). Irder

to overcome the limitations of the analysis of s&d points, which may not be representative of a
complex palette, methods for the study of an emia@uscript page have been further proposed. Delane
et al (9) employed near-infrared multispectral imggcombined with multivariate analysis to map area
of an illuminated manuscript painted with differestlors. Pigment identification was than achieved
following XRF and FORS of selected points. The ab&XRF mapping (10), and its combination with
Raman point analyses (11), has been proposed tectag the spatial distribution of pigments in
illuminated manuscripts.

While much work has focused on the analysis of pigis, less attention has been paid to the study of
overpainting in illuminated manuscripts. In sonmases coats of arms or symbols may be repainted
following changes in property. Hence, during theestigations care must be paid to distinguish ciffie
painted layers in order to properly recover thédnjsof the manuscript. Within this context, we jpose

a novel approach based on the complementary infammprovided by XRF spectroscopic mapping and
remote Raman spectroscopy, aimed at identifyingnpigs and studying their spatial distribution in
different layers of an illuminated manuscript. Téygproach is based on two different considerations.
First, Raman and XRF spectroscopy are well receghia yield complementary information for pigment
identification, revealing the molecular structurelaghe elemental composition of pigments, respelstiv
(12). Effective applications of this combined aparo include the characterization of the colour thalef
paintings (13), manuscripts (14) (15) (16), anahed works (17). Second, the high penetration depth
X-rays makes XRF sensitive to elements presenifiarent sub-layers of a painted artwork. The uke o
XRF mapping devices for the visualization of undavdngs andpentimentihas already been reported,
providing valuable and impressive results (18) (E¥hough studies have been limited to paintings o
panels or canvas rather than on parchment or paper.

In the definition of our in-situ protocol care Haesen taken in order to avoid possible damageslioatike
manuscripts. In recent years increasing attentambeen dedicated to study the radiation effecided

by spectroscopic techniques which employ intensiatian sources, including lasers or synchrotrons
(20). Although most of these techniques are consté be non-destructive, the interaction of isgen
electromagnetic fields may induce chemical or ptaisthanges in materials, which may be invisible by
the naked eye. It is well-known that care must deeh during Raman spectroscopic analysis of heat
sensitive pigments. This is particularly relevariew the material of interest is prepared in veny #nd
leanly bound paint layers, as is usual in illum@thimanuscripts. For this purpose, the in-situ Raman
device employed in this work is based on a remotéey rather than on a conventional micro probe. Ou
system uses a lower fluence on the surface in cosgpawith conventional micro-probes, because its
long-focal-length lens provides a spot on the samghich is a few hundred micrometers wide, large
enough to prevent overheating. Analysis on standantpbles has been carried out in order to valitate
use of the remote probe and has been followeddgnhlysis of spots on the manuscript.

2. Materialsand Methods
2.1 Painted model samples



Model samples made of a single painted layer, lhaen prepared by applying a pigment, dispersed in a
binding medium made of casein, glycerine and lidse#, on a canvas support with a lead white
preparation layer. The painted layer has a thickeésbout 500 — 700 pm. Pigments, binders andasanv
support were purchased from Kremer Pigments (Alietien, Germany). The full list of analysed samples
is provided in Table 1. Even though the materiahposition (pigments, binders and support) of the
prepared model samples is not typical of historitaminated manuscripts, spectroscopic analysis of
them has provided useful information for evaluating effectiveness of our approach.

2.2 Theilluminated manuscript

The manuscript, known as tBalterium(Triv.2161) (21), is a precious illuminated mamyst; belonging

to the Trivulziana library collection, with miniai illustration characteristic of the end of the"15
century, written in Greek and Latin by the samechd@he manuscript is on parchment and is 201 mm x
113 mm. Historical studies suggest that the maitsoome from the North of Italy (22)uch attention
has been paid to the decorative apparatus, whigk baen attributed mostly to an artist known as
Francesco dai librai (23), an Italian miniaturigtadived in Verona in the second half of thé"15, The
presence of some specific decorative elements, asichbishop’s mitre over each coat-of-arms wigh th
initials B R in gold, suggest that the work was ocaissioned by a prominent figure (23). In this wonk
report analyses which aimed at identifying the nsanipt patron. For the purpose, the coat-of-arms,
located on the bottom part of different pages efitlanuscript was analysed in detail (Figure.1d)th@
measurements have been performed in-situ in tlearels laboratory of the Trivulziana Library.

2.3 Near-infrared reflectance imaging

Preliminary near-infrared (NIR) reflectance imagihgs been performed for the rapid inspection of
hidden details and overpainting. The set-up useshlogen lamps (500 W), which uniformly illuminate
the field of view, and a low-noise Si-based cam@atiga 2000R, Qimaging) equipped with a fast
camera lens (focal length = 50 mm, F# = 1.2, Nikwmope). Infrared images of selected details of the
manuscript have been recorded by mounting a trassoni long-pass filter atjdm (FEL1000, Thorlabs
Inc.) in front of the camera sensor. The absolutntum efficiency of the camera beyongr, which is
close to 1 %, is nonetheless sufficient to deteeiges of hidden details with a good contrast enipipy
an acquisition time between 100 and 500 ms.

2.4 XRF mapping

The novel XRF mapping device employed in the presardy is based on a portable commercial XRF
spectrometer (Elio, XGLAB Srl) coupled to a XYZ nidator stage. The XRF head employs a 25 mm
active area Silicon Drift Detector and a 50kV-4kWrag¢ tube generator based on a Rh anode. The
excitation X-ray beam is collimated to a 1.2 mm tsg@mameter on the sample surface at a working
distance of ~ 1.4 cm. The typical energy resolutibrihe spectrometer is below 135 eV and elements
from Na to Ur can be detected. Elemental 2D mappifighe sample surface is achieved through
automatic XY raster scanning. The translator stagecover a maximum area of 10 x 10°amith high
accuracy (30 um). With respect to other XRF mappmiegices (19) (24), the compact head and the
absence of any X-ray optics make it easily usatménf situ studies while providing good sensitivityen

to lighter elements. XRF spectra of model samptesb @&f selected points of the manuscript have been
acquired with experimental conditions optimizeddietect a good XRF emission from light elements:
tube voltage variable from 20 to 50kV, tube anoderent variable from 40 to 200uA, acquisition
time = 60 s. Mapping measurements on the illumohat@nuscript have been performed employing a
tube voltage of 50kV, a tube anode current of 8@nA an acquisition time of 1 s for each point. The
largest XRF map, 36 x 34 miwith a lateral step of 800 um, has been recordetbimins. During XRF
measurements the manuscript has been kept opénthgitpage of interest tilted to approximately 240
(Figure.1.b) to avoid the detection of the X-rayigsion from underlying pages.



The spatial distribution of specific emission liokan element is reconstructed by mapping the adlat
peak amplitude. In case of overlapping peaks, #ak ppf interest is fitted with a Gaussian curvehita
proper region of interest.

The retrieved elemental maps have been further-grosessed with multivariate analysis. Principal
Component Analysis (PCA) has been applied to teetadion matrix of a dataset of the most significa
elemental maps. Following this it is possible tttdreinvestigate the spatial correlation betweameints
belonging to the same pigment, or pigment mixtureich aids interpretation of the palette. In ortter
extract further information, which cannot be reted through analysis of elemental maps, a nhon-negat
matrix factorization (NMF) has been applied to thkole raw XRF dataset. NMF is a dimension-
reduction technique, which allows the approximataimna spectral dataseét (made ofn XRF spectra
described bym energy variables) into the linear compositionkohon-negative spectral components
weighted by proper non-negative weights. The deasitipn is obtained through the minimization of the
norm of the differenceX—W:H), where the&k columns of tha-by-k matrix W represent transformations
of the original variables iX and thek rows of thek-by-m matrixH represent the coefficients of the linear
combinations of the originah variables inX that produce the transformed variablesWn(25). The
advantage of using NMF on XRF data with respechéoe conventional multivariate methods (including
PCA (26) (27) relies on the fact that NMF guarastdes extraction of nonnegative components, which
respect the non-negativity of physical quantitiad allows the attribution of a physical meaninghe
factor decomposition.

2.5 Raman Spectr oscopy

Raman measurements have been performed with aedéesrribed elsewhere (28). The device works in
backscattering mode and employs a 785 nm CW lasgcs and a spectrometer (Acton SpectraPro2150,
Princeton Instruments), mounting two alternativatigigs (600 or 1200 grooves/mm), coupled to a cbole
CCD camera (iDUS DV401A, Andor Technology Ltd.)rémote-probe, connected to the excitation laser
and to the spectrometer through fibre optics, aldhe analysis of a point of interest of 0.5 mm in
diameter at a working distance of 30 cm (28). Aléively, a micro-probe, based on a 20x objectma t
allows analysis of a circular spot of pfh in diameter at a working distancel68 mm, can be employed.
Both the probes have been used for analysis gfahded model samples, whereas only the remoteeprob
has been used for in-situ measurements, avoidintacowith the analysed surface. Moreover, thaoks t
the larger spot size respect to the one achievéd twe conventional Raman micro-probe, the surface
receives a lower irradiance, reducing the riskadgible thermal damage.

In this work, Raman spectra have been collectethénspectral region from 150 to 3000 tmith a
spectral resolution of 20 ¢mand 10 crit with the remote- and the micro-probe, respectively
Measurements with the remote-probe have been daewith a variable acquisition time betweend5 t
40 s and irradiance on sample between 15 and 55%Raman measurements with the micro-probe
have been carried out with an acquisition time leetw5 to 20 s and a irradiance on sample betwe&n 20
and 1500 W/crh

Raman spectra are shown following spectral calitmaand baseline correction. The identification of
pigments was made through comparison with Ramaa fiain published databases (29) (30) (31) and
literature (32) (33) (34) (35).

3. Results and discussion

3.1 Analysisof painted model samples

Results of Raman and XRF analysis of model sangileseported in Table 1. By employing the remote-
probe with maximum irradiance of 55 W/tmil the painted samples, except the standard cgbeén,
have at least one clearly detectable Raman mdrkegrms of energy fluence induced on samples, df i
interest to remark that with the remote-probe passible to record meaningful Raman spectra enmgoy
fluence values lower by a variable factor betwe¢a Z00 respect to the micro probe. An exampléef t
different performance of the Raman remote and njcobe is seen in the analysis of the orpiment
pigment (Figure 2). The remote-probe detects thmdRaspectrum with a more intense baseline, which
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gives rise to a lower signal-to-noise ratio. Ifusther evident that close Raman spectral line$ (282
cm’) can be detected only with the micro-probe thaiukits better spectral resolution. Nevertheless,
these shortcomings do not hamper the identificatioime pigment with the remote-probe, since thatmo
intense vibrations are still visible.

Results from analysis of model samples corrobothte need for complementary XRF data when
employing the Raman remote-probe. The effectivermésthe combined approach is reported for the
analysis of Cobalt blue: whereas the Raman specstumvs the presence of only a partially visible
Raman signals related to the pigment (Table 1)d#tection of Co and Al greatly increases the l®fel
confidence for pigment identification. ConversdRaman spectroscopy is crucial for the identifiaatd
other blue pigments, Cu-Phthalocyanine blue (gai{gNg) and azurite (2CuC{LCu(OH)}). The two
materials are characterized by similar XRF spdatitacan be discriminated and identified on the dasi
their Raman spectra.

As mentioned above, the high penetration depth @hys makes the XRF spectroscopy technique
sensitive to elements distributed in different p#iyers. This feature, which can be considereemgth

of the X-ray-based spectroscopic method, beconssiaus drawback when analysing data recorded on
unknown stratified samples. Indeed, in the XRF speaf model samples lead is often observed, wisich
actually related to the preparation layer (whitadleand not to the superficial pigment. Here the
integration of information provided by Raman spestopy (which is sensitive to surface layers) is of
great importance for correctly separating the camepts of each painted layer.

3.2 Analysisof theilluminated manuscript

NIR reflectance imaging from the bottom part of @ay.3 (Figure.la) suggests the presence of aefigur
of a lion under the blue coat-of-arms, which is wistble to the naked eye (Figure 3). The hiddeurie
can be related to the emblem of the original patmotentionally masked and overpainted following a
change in ownership of the book. Close examinatiothe NIR reflectance image demonstrates that the
blue overpainting is not homogeneous and appeamsethor even absent in an area close to the left
borders of the coat-of-arms.

Results of XRF mapping in reconstructed elementgbsnof specific elements of the coat-of-arms are
shown in Figure 4. The results of Raman analysisaebected points from the coat of arms are reponted
Table 2.

The elemental maps of Al, Si, S, Ca and K are @itetated with the dark blue upper layer, wheréas t
spatial map of the Pb-éMemission line closely resembles the spatial featwf the red chevron (in
heraldry reproduced as a wide inverted V) on therpainted coat-of-arms. Bands in Raman spectra
acquired from blue point on the centre of the afaedrms and on a red point of the chevron arebaitieid

to Ultramarine Blue ((Na,CgAISiO4)s(SO,,S,Cl))s) and Red Lead (RO, (Figure 5). Regarding the
former, the presence of elements extraneous tpigment composition, including Ca and K, suggest th
use of a natural ultramarine blue pigment in therpsainted coat-of-arms, with Ca related to a
contamination from other minerals (36) and K touke of potassium carbonate in the traditional pigim
manufacturing process.

The combined use of XRF mapping and Raman anahdisates the use of Cinnabar pigment (HgS) for
the red border of the emblem, identified through Hg-Ma X-line emission and Raman bands at 253,
282 and 343 cth(Figure 5). The spatial distribution of Hg in theat-of-arm (figure 4.d), reveals two
spots, not visible with the naked eye in the coimage of the miniature (Figure 4.a, arrowed), piab
related to the claws of the paws of the hidden figure.

The background of the lion figure is spatially edated with the distribution of Cu, indicating thtae
original background was painted with a copper-bagigginent. The identification of the pigment is
provided by Raman spectroscopy: the spectrum daetemt a point of the coat-of-arms close to the left
border, where the blue overpainting layer seemsrapmdicates the use of Azurite (Figure 5).

PCA performed on a dataset of the most relevamai¢éal maps provides additional information. Here,
the first two PCs account for the 99.6 % of thaaraze of the dataset; Figure 6, where originalaldés
(XRF detected elements) are shown as vectors, givesaphical representation of how each variable

5



contributes to the two PCs: it can be observedrengtspatial correlation of Al, Si, Na, K and Ca
confirms the presence of natural Ultramarine Blia,Ca}(AlISiO,)s(SO,,S,Cl)); instead, the other
which elements are spatially uncorrelated and healzed to different pigments. It is of interest t
observe that the emission from the two differenédi of Pb (- and -Mx) are not strongly correlated,
and the reason for this will be addressed below.

The hidden figure of the lion detected by NIR refiance imaging is visible in the elemental maphef t
Pb-La emission line, indicating the use of a Pb-basgdhpnt for this hidden decoration. Indeed, in this
map the spatial features of the chevron are visiiile chevron is painted with Red Lead, which pyti
masks the underlying lion figure. In order to separthe two layers, both painted with lead-based
pigments, we have exploited the difference in theayabsorption coefficients of different emisslores

of lead, as already proposed by others (37) (38). (B our case, we have considered the different
absorption coefficients of the Phtland -Mx lines. The energetic emission from Piine (10.3 keV),
being poorly attenuated, is related to lead elemprésent in the whole stratigraphy of the minigtan

the other hand the detected emission from Rblike (2.38 keV) is related to surface layers osilyce
photons emitted in underlying layers are strongpigcabed by upper layers.

In order to quantify this effect in the analysistbé coat of arms, we have assumed a simple bi-laye
model made of an upper ultramarine layer, of thadah, over a semi-infinite lead layer. The probability

of detecting a photon generated within the leaérday given bye'”ph, wherep is the mass attenuation
coefficient (at a certain energy line) of a topdawf densityp. The upper layer has been modelled as a
homogeneous dispersion of ultramarine blue in watt@0 % wt, which yields a density1.3 g/cni and

an attenuation coefficiepip at the Pb-ku and -Mx lines of 29 crif and 1.13x1dcmi’, respectively (40).
With this model, after 50 um the emission from Pb-ihe is completely attenuated (Figure 7), whereas
photons from Pb-& line are attenuated only by 15%.

The differential map of the PbeLand Pb-M. emission lines has been calculated by taking actmunt
the different detector efficiency at the two enerjyes of lead: APb= Pb-loa - kPb-Ma. The
normalization factok has been estimated from a point of the scanned@esumably made of a single
painting layer and is close to 4. The retrievd®b map (Figure.8) clearly reveals the figure oftifdelen
lion, painted with a lead-based pigment, whose wotannot be resolved on the basis of the present
elemental analysis.

A clear visualization of the two layers in termsetémental composition is provided by combininggeno
elemental maps in two false colour RGB maps (Fguareand 9.b): in addition to preliminary NIR
reflectance imaging, which has allowed the simpglentification of the hidden figure of a lion, the
combined elemental and molecular spectroscopy apprbas permitted the identification of the pigment
composition of the coat-of-arms at two differerydes: Cinnabar, Azurite and a lead-based pigmetitan
original coat-of-arms, natural Ultramarine Blue aRdd Lead in the overpainting. With the proposed
colour distribution of the hidden decoration andhe light of previous historical studies (Sectd),

the coat-of-arms can be identified as that of theRbssi family (Figure.9c), a white lion on a red-
bordered blue background, allowing the attributidrthe original owner of the manuscript to Bernardo
de’'Rossi (who was Bishop of Belluno from 1488 am@viso from 1499). On the basis of this final
finding, we hypothesise that the lion figure ha@rm@ainted with a lead-based white pigment, prgbabl
Lead White. Interestingly, the pigments used fer tpper layer, which were commonly used in European
manuscripts and miniatures, suggests that the aigig is not a modern one.

Considering the high-level of dimensionality anc tredundancy of information of the raw dataset
retrieved through XRF mapping, we finally tested #ifectiveness of NMF decomposition for mapping
pigments. The method has been applied to the la@s mapping dataset recorded in the present
research, which comprises the coat-of-arms, th®gnding angels and the mitre (made of 45 x 43lpixe
and 4095 energy variables). The dataset is decadpaosthe linear combination of 5 energy dispersed
spectra multiplied by the maps that show the spditi#ribution of the corresponding weights (FigLog

The first two energy dispersed spectra include mahe emission lines of Pb and Cu, respectivelye T
other energy dispersed spectra are a combinatiaiiffefent elements (i.e. Pb + Ca, Au + Pb and Hg +



Ca in spectra 3, 4 and 5 respectively) and theteglamaps give insight on their co-localization.
Specifically, spectrum 4 maps the features of thgebs’ hair, of a detail of the mitre and of the
inscription in the upper part of the XRF map, sigdigg the presence of Pb together with Au in detail
where gilding has been applied.

4. Conclusion
In this work we have shown how XRF mapping helpgamtifying the distribution of pigments in both
surface and hidden layers of an illuminated marpisdndeed, the difference in the X-ray absorption
coefficients of different emission lines of a spiecelement, already considered by other autho? (3
(38), can be used to differentiate X-ray emissioos different layers of a painted artwork. Nevel#ss,
the attribution of a specific element to a cerfaiyer of a painting is not straightforward whenfpemed
with a point-like device and often requires the akeroper theoretical model of X-rays propagatom
Monte Carlo simulations (41). Conversely, here hawshow the approach is particularly effective when
applied with a mapping or imaging device, sinceghmvided spatial information is essential for détey
the morphology of different painted layers. Statadtmethods based on non-negative matrix facttoza
for the analysis of data from XRF mapping are pdwdor the separation of contributions from diert
pigments in complex images. The integration of deden XRF and Raman spectroscopies is of great
value not only for the identification of a pigmebyt also for the correct attribution of a pigmémta
superficial or to a hidden layer. Finally, the ppepd remote-Raman device allows the use of a lower
irradiance on sample surface respect to conventmiwo-probe, without limiting the capability ofi¢
technique for pigment identification, a particwadritical feature for the analysis of fragile aarks in
light of recent studies of mitigation strategies fadiation damage in the analysis of ancient aedipus
works (20).
The spatial resolution of the XRF mapping appraadimited with respect to the level of detail réga
for the full understanding of the hidden paint l@ye and for this reason other imaging approaches
including NIR are required. Alternative approacties XRF imaging based on the use of full field
detectors combined with a pin hole would allow leighmesolution spectral images (42). Further, the
remote-Raman probe (28) also includes a 2D scargénwge, which has not been used in the present
study due to time constraints. Nevertheless, #asure could be exploited to achieve a vibrationap of
the area of interest that would highly complemeRiFXmapping data. The combination of elemental and
vibrational mapping would further increase the @ifgeness of the proposed approach for the in-situ
study of illuminated manuscripts and paintings.
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Tab.1 — List of the analyzed painted model samples asdlts of analysis provided by XRF
spectroscopy (in terms of elements detected) amiBRapectroscopy (in terms of Raman vibrations
detected) employing both the remote- and the npecaie with the related experimental conditions.
Elements detected by XRF spectroscopy shown irkbta@re attributed to the lead white preparation

layer. Raman bands are indicated as very strongdtveng (s), medium (m) and weak (w).

Remote-probe Micro-probe XRF
Name/ Energy density Energy density
. 2 2
Chemical Raman bands [JemT] Raman bands [J/iem’] (Power Detected
formula (cm™) (Power density (cm™) density elements
[W/cm?]* acquisition [W/cm?]* acquisition
time[s]) time[s])

Cerulean blue / 160 495m; 532s; " Co, Sn, Zn,
CoOnSno, 532w, 674vw (16*10) 674vs 1100 (220*5) Cr, (Pb)
Cobalt blue / .
C00.ALO; 512 w, (2%?0) 208s, 512vs 4711 (673*7) Xf(){r)sr(]bg)l'
CoOnSnG ’

Ultramarine blue / 250 . Na, Si, S,
N[l Sic0xS, 548s (25'10) 548s,1096wW 2750 (550*5) (Pb)
256m, 482s,
599m,
Phtalocyanine blue 4(?7255 ?Zg? 160 679vs,746vs,
/ : ' N 951m, 1142w, 2700 (1350%2) Cu, (Pb)
CaHieN 1142w,1337vs, (16*10) 1190w 1337vs
32018778 1440w,1523v y ’
1440m,
1523vs
Azurite / 500 250m; 403vs; .
2CuUCQ, Cu(OH) 401m (25%20) 1098m; 5500 (550*10) Cu, (Pb)
Cobalt chromite .
. 480 987w, 717s, Co, Cr, Ti,
green/ No signal (16*30) 527m, 488(b)m, 9750 (975*10) Ni, Zn, (Pb)
CoCr0O,
122s; 149m; 122vs; 149m;
ReF‘,’bs'gad / 223w: 313w: (31()5,%) 223w: 313w: 2800 (1400%2) Pb
4 390w; 548s 390w; 548vs
Cinabar / 252vs; N 252vs; .
HgS 282w(sh); 343m 45 (9%5) 282w(sh); 343m| 1100 (1100%1) Hg, S, (PD)
136w; 154s;
Orpiment / 154s; 202w; 18 181vw; 202w;
As,S; 309m; 353s (18*1) 292m; 309s; 1700 (1700*1) As, S, (Pb)
353vs; 381w
Lead tin yelllow 129vs; 196m; 140 27152)\?\,\(/;);,1299613\;\,,
type L/ 275w(br); 379w; og* 379w: y ! 8500 (1700*5) Pb, Sn
PBSNO, 457 (28*5) 79w; 457m;
525w
140vs, 292s,
Naples yellow / 140s 550 346m, 467s, 11900 (1700%7) Pb, Sb,
Ph,Sk,0, (55*10) 1052vw

21



Tab.2 — List of the Raman bands identified in selecteihs of the illuminated manuscript (see figure 3)

employing a power density of 20 W/€mind an acquisition time of 30 s per point.
Point of Color Raman shift Identified Pigment / Chemical
analysis (cm™) formula
1 Red 252vs; 282w Cinnabar / HgS
(sh); 343m
2 Red 223w, 390w; | Red lead / P¥©,
480vw; 548vs
3 Blue 250m; Azurite / 2CuCQ.Cu(OH),
403vs, 1098m,;
4 Blue 548vs; 1096m Ultramarine / NacAl 6Sig024S;.4
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Figure 1. (a) Color image of page 7 (c. 3v) of tBalteriummanuscript, cod. Triv. 2161, c.3v
(Milano, Archivio Storico Civico e Biblioteca© Come di Milano). All rights reserved with the
coat-of-arms examined in the present study; thearedl black squares point out the two areas
analysed by XRF mapping. (b) Colour picture of XiRF-head during mapping measurements
on the manuscript.

Figure 2. Raman spectra of the Oripiment-based model sareptagded with the remote (black
line) and the micro-probe (gray line). For bett@rity, each spectrum has been normalized to its
maximum value and shifted in intensity. Asteriskghlight the Raman bands used for pigment
identification.

Figure 3. NIR reflectance image of the coat-of-arms. Thegengeveals an underpainted layer
depicting the figure of a lion. Black filled cirdeutline the points analyzed using Raman
spectroscopy for the study of the blue and red pigs The red closed line indicates an area of
the background sublayer not completely coveredbyowerpainting blue layer.

Figure 4. (a) Color image of the detail of the coat-of-aratmnned with the XRF mapping
device(see figure la, black square); (b)-(f) eletmlemaps reconstructed on the basis of XRF
data recorded in the smaller area (14 x 24 nsampled with a lateral step of 500 um). The red
arrow underlines the presence of two spots in tgerklap, probably related to the claws on the
paws of the hidden lion figure.

Figure 5. Raman spectra recorded on four points on theafeatm shown in figure 3. For better
clarity, each spectrum has been normalized to iéximum value and shifted in intensity.
Asterisks highlight the detected Raman bands mkledehe presence of Cinnabar (spectrum 1),
Red Lead (spectrum 2), Azurite (spectrum 3) andadiarine Blue (spectrum 4).

Figure 6. Results of PCA performed on a dataset made &fRP maps (Al-Ki, Au-La, Ca-Ko,
Cu-Ka, Hg-Lo, K-Ka, Na-Ka, Pb-La, Pb-Mu) reconstructed on the coat-of-arms (see figure 1a,
black square): graphical representation of theimaigvariables (detected elements, displayed as
vectors) plotted as coefficients of the first tw@€< In the inset, a zoomed view of the plot is
given.

Figure 7. Reconstructed probability of detecting a photonittexh in a lead sub-layer, versus the
thickness of an ultramarine blue upper layer f& Bb-lo (10.3 keV — solid black curve) and
Pb-Ma emission energies (2.38 keV — dash dot black guSnulations have been performed
assuming a semi-infinite lead sub-layer, which doasgive rise to any absorption effect, and an
upper layer, of variable thickness, painted witB0& dispersion of ultramarine blue pigment
(density = 1.3 g/crl) in water.

Figure 8. Differential map APb) obtained by properly subtracting the Pb-Blemental map
from the Pb-lu one.

Figure 9. (a) Reconstructed RGB image of the superficialeuplayer of the coat-of-arms,

created by combining the PbeMred channel) and SieK(blue channel) elemental maps with
the green channel set to 0; (b) reconstructed R@&yje of the hidden layer of the coat-of-arms
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created by combining the Hgtl(red channel)APb (green channel) and CutKblue channel)
elemental maps; (c) detail of the cover of thenattrbf Bernardo de’ Rossi Allegory of Virtue

and Vicé (Oil on panel, 1505, Washington, National GallefyArt), containing the family coat-
of-arms with a white lion on a blue background.

Figure 10. Results of NMF analysis on the XRF mapping datakthe coat-of-arms (see Figure

1(a), red square) (36 x 34 rfiim size, lateral step = 800 um) following specttatomposition
in 5 non-negative components; (a)-(e) score mdp§) felated energy dispersed spectra.
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Highlights

We propose a non-invasive approach to study illabeid manuscripts.

We have implemented a differential mapping mettodistinguish the X-ray emissions
from different layers.

We avoid possible damage thanks to a novel Ramanelbased on a remote probe.
The combined use of Raman and X-ray fluorescensgéanitted the identification of
the pigments.

We could identify the patron of the manuscript, wias a prominent bishop belonging
to a 15" century clergy family.
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