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HIGHLIGHTS

e Micro-SORS reveals non-invasively hid-
den text/images in historical
documents.

e Raman signal, fluorescence and absorp-
tion aid in deciphering the obscured
features.

o Chemometric analysis enhances visuali-
zation of hidden text despite planar
challenges.

o Successfully reconstructed text in sealed
18th-century letters without opening
them.

e Micro-SORS complements other imaging
tools for cultural heritage conservation.
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ABSTRACT

The preservation of paper-based archival documents is crucial for safeguarding historical and cultural heritage.
Some records possess visually inaccessible text or images because of previous conservation measures, their
method of construction, or historic damage. Micro-spatially Offset Raman Spectroscopy (micro-SORS) has
emerged as a promising method for probing below or through opaque material substrates non-invasively. This
study explores the potential of micro-SORS to image hidden text and figures in paper-based archival documents,
utilizing Raman signals, fluorescence emissions, and overall spectral intensity reflecting also sample absorption.
We present case studies involving sealed letters and playing cards from historical collections, demonstrating the
efficacy of micro-SORS in identifying pigments and deciphering hidden ink writings. Results show the successful
mapping of vermilion pigment in playing cards and reconstruction of hidden iron gall ink text in sealed letters.
Chemometric analysis further enhances the visualization of hidden text. Despite challenges such as the absence of
Raman signal of the target materials, micro-SORS proves to be a valuable tool for accessing hidden information in
paper-based artifacts, aiding in preservation efforts and historical research.
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1. Introduction

The preservation of paper-based archival documents is an imperative
endeavour, ensuring the safeguarding of our historical and cultural
heritage for generations to come. Historical documents and books often
pose analytical challenges as they possess non-visible text or images,
which are inaccessible due to the nature of their construction, previous
conservation measures or historical damages; this may include sealed
documents or stuck pages due to deterioration of the materials. Over the
years, numerous non-invasive techniques have been developed to assess
the condition and content of these artifacts, for example through the use
of multispectral imaging and ultraviolet radiation to enhance the poor
readability of documents [1,2]. X-Ray Fluorescence (XRF) and Macro-
XRF (MA-XRF) imaging, with its important depth penetration (a few
micrometres down to several millimetres) have become techniques of
choice to probe and image hidden layers in paintings, books and works
on paper [3-7]. Reflectance imaging spectroscopy (RIS) has also been
used, mostly using the short wavelength infrared range (1000-2500 nm)
to highlight hidden features in paintings [8].

To date, access to hidden information in sealed, rolled or covered
documents and books has often made use of MA-XRF,[6,9] X-ray-based
micro-computed tomography (p-CT) [10-18] and terahertz time-gated
spectral imaging [19]. X-ray microtomography has also been applied
to the study of letterlocking but limited interest was directed to reading
the content of the letters [20].

However, most of these techniques lack the molecular specificity of
Raman spectroscopy, which allows for the characterization of pigments
[21,22] and synthetic organic pigments,[23-25] among others. How-
ever, while Raman spectroscopy has emerged as a powerful non-invasive
tool for the analysis of various materials, including paper, it is limited by
its inability to probe below the surface of the analysed material.

To merge the non-invasiveness and molecular specificity of Raman
spectroscopy with sub-layer analysis of opaque surfaces, spatially offset
Raman spectroscopy (SORS) was developed in the early 2000s [26,27].
While initially applied at the macroscale and often used for medical
[28], pharmaceutical [29,30], or security [31-33] purposes, its variant,
micro spatially offset Raman spectroscopy (micro-SORS) has garnered
increasing attention as a breakthrough approach for non-invasive, high-
resolution analysis of cultural heritage materials [34]. By adapting the
principles of SORS to the micro-scale, micro-SORS offers the unique
ability to interrogate subsurface layers of cultural heritage artifacts,
providing valuable insights into their composition and degradation
mechanisms. Despite the advantages offered by micro-SORS for the
study of hidden layers in artistic production, its application has often,
thus far, been limited to panel, canvas and mural paintings, [34-37]
painted statues [38] and other decorated objects such as ceramics
[34,39]. To date, except for the mock-up samples presented in [40,41],
micro-SORS has not been applied to works on paper despite the auspi-
cious results presented.

Micro-SORS, similarly to many other non-invasive analytical tools in
the field of cultural heritage, i.e., XRF, reflectance spectroscopy and
conventional Raman spectroscopy, saw its development also into an
imaging technique for accessing hidden layers [39,40,42]. However,
despite Raman spectroscopy being a well-suited technique for the non-
invasive study of materials in works on paper [22,43-48], no applica-
tion was found in using micro-SORS to recover hidden text in case
studies. Part of the problem in applying micro-SORS to works on paper is
related to the thinness of the text or coloured layers, which poses
increased challenges regarding the acquisition of Raman photons at
depth. However, recent research on mock-up samples by Botteon et al.
showed that micro-SORS is well suited to image hidden texts and figures
using fluorescence emission and overall spectral intensity, in addition to
the Raman signal [41]. Contrast obtained using a difference in the
overall spectral intensity and fluorescence profile rather than only
monitoring any specific Raman bands were used to track the images
within the hidden layer reflecting also underlying sample scattering and
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absorption features. This novel micro-SORS approach opens new pros-
pects for the use of the technique for cultural heritage, with applications
on paper-based objects such as books and documents, prone to high
fluorescence emission of their substrates, thin colour or ink layers
potentially lacking characteristic Raman signatures but exhibiting
strong absorption patterns.

In response to the study by Botteon et al. [41], this paper further
explores the burgeoning field of micro-SORS and its application in the
realm of archival document analysis through the use of combined
Raman signal, fluorescence emission and overall spectral intensity to
image hidden text in historical documents. This paper delves into the
capabilities, advantages, and challenges associated with micro-SORS
probing and micro-SORS imaging as a cutting-edge analytical tool for
archival collections through a series of case studies demonstrating its
efficacy in identifying pigments through coloured paper pages and
deciphering hidden inks in historical sealed letters. Micro-SORS imaging
results were compared to the outcomes of conventional analytical
techniques such as multiband imaging and MA-XRF mapping demon-
strating technique’s complementarity through the provision of chemical
information.

2. Materials and methods
2.1. Letters

Three sealed letters from The National Archives Prize Papers
Collection (HCA 32/156/5/UU4, HCA 32/156/5/UU9, and HCA 32/
156/5/UU21, Fig. 1) were analysed in an attempt to access part of the
written content without opening them. The letters, dated 1745, were
seized from the ship L’Union de Bordeaux bound from Bordeaux to Le
Cap, Saint Domingue (modern day Cap-Haitien in Haiti) and Martinique.
The thickness of each paper page used to create the letters (the letter is
usually written on a single page that is folded and sealed with red wax)
was measured using a calliper by accessing a single page where the
paper would be slightly lifted on each side of the wax seal. Paper
thicknesses were measured to be ~ 90 um for letter UU4 and ~ 100 pm
for both letter UU9 and letter UU21.

2.2. Playing cards

The reverse (design side) of a playing card from the Board of Trade
(BT) Design Registers (BT43/420/48354, Fig. 2) was also analysed.
According to the BT ledgers, the cards were deposited in the design
register volume on December 20th, 1847, by James Boyd (Islington,
London, UK). The playing cards, for which the back design was regis-
tered, had their numeral or Court faces glued onto the page of the board
of trade volume, hence obstructing any observation of possible designs.
The board of trade page on which the cards are glued were measured to
have a thickness of ~ 180 um. The paper used to produce the playing
cards was ~ 460 pym in thickness. The measurements were done in the
unglued corners.

2.3. X ray fluorescence (XRF)

2.3.1. Point analysis

Qualitative XRF point analysis was carried out using a Niton XL3t
Ultra GOLDD + handheld XRF spectrometer. The built-in mining mode
(Cu/Zn) was used, changing filters for main (Ag, 40 kV, 50 uA, 60 s
acquisition time) and light elements (no filter, 15 kV, 100 pA, 60 s
acquisition time), with a 3 mm spot size. Niton Data Transfer Version
NDT _REL_8.2 Software was used for data processing.

2.3.2. MA-XRF

MA-XRF was carried out with a Bruker Elio energy dispersive X-ray
fluorescence analyser, with a high-resolution, large area Silicon Drift
Detector with 130 eV at manganese (Mn) Ko with 10 keps input photon
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Fig. 1. Visible light images of the front and back of the 3 sealed letters investigated: (a) HCA 32/156/5/UU4, (b) HCA 32/156/5/UU9, and (c) HCA 32/156/5/UU21.

Photo credit: The National Archives.

Fig. 2. Visible light image of playing cards glued onto the blue page of the Board of Trade volume showing the four basic geometric back design patterns being
trademarked. From left to right: BT43/420/48352, BT43/420/48353, BT43/420/48354, BT43/420/48355. Photo credit: The National Archives.

rate (high resolution mode), 170 eV at Mn Ka with 200 keps input
photon rate (fast mode). The system is equipped with changeable filters,
and a rhodium (Rh) transmission target with 50 kV maximum voltage
and 4 W maximum power. The size of the analysed spot is ca. 1 mm in
diameter. Elemental 2D mapping of the surface was achieved through
automatic XY raster scanning with 1 mm spot size and 2.5 mm step size
(exploratory scan), with a dwell time of 1 s/pixel, acquiring a scanned
area of 65 x 85 mm (24 row and 36 columns) for the playing card and
with 1 mm spot size and 0.5 mm step size (oversampling), with a dwell
time of 1 s/pixel, acquiring a scanned area of 20 x 10 mm (40 row and
20 columns) for the sealed letter. The tube was operated at 50 kV and 80
pA. The maps were acquired using the Elio software and elaborated
using PyMCA software suite [49].

2.4. Micro Raman spectrometer

Spectra were acquired with a HORIBA XploRA Plus Confocal Raman
spectrometer, equipped with an Olympus 20x objective and a charge-
coupled device (CCD) detector. The Raman spectrometer is equipped
with an XY sample stage and a software-enabled Z focus control,
permitting both automated mapping and micro-SORS measurements in
defocusing mode [50]. The spectra were recorded with a near-infrared
785 nm laser in the spectral range 100-1300 cm ™! (playing card, area
1), 100-2300 cm~! (playing card, area 2) and 500-1600 cm ! (sealed

letters) at 10 % of the maximum laser power (5 mW) when working in
focus and 100 % of the laser power (50 mW) when working in defo-
cusing mode. A 1200 gr/mm grating, a 50 um slit and 500 ym pinhole
were used for most accumulations, except for area 2 of the playing card,
for which a 600 gr/mm grating was used to capture the extended range
in a single accumulation.

In order to understand the optimum defocusing distance prior to
imaging, the relative band intensity change of the pigments/paper was
studied by acquiring sequences of Raman spectra at the image level
(focus) and every 100 pym until a 1 mm defocusing was reached. The
intensity ratio of Raman bands between target and top layers was then
plotted against the defocusing distance to visualize the optimum defo-
cusing distance, i.e., the sample distance at which the maximum ratio
value is obtained. In the case of the letters, due to the overall lack of
Raman signal for the ink, the optimized parameter was obtained by
mapping small areas at different defocusing distances and checking the
quality of reconstructed letters. In all the cases, the optimum distance
was measured to be ~ 900 um, which was then used for mapping on the
playing cards and sealed letters.

The areas imaged, step size and acquisition times for each of the
analysed areas were selected as follows, providing sufficiently clear
images.
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L. Playing card, area 1: 15.4 x 12.8 mm, 800 um, and 2x8 sec, total

acquisition time: 1h35min.

II. Playing card, area 2: 7.7 x 7.3 mm, 800 um, and 2x8 sec, total
acquisition time: 31 min.

III. Sealed letter UU4: 27.4 x 8.7 mm, 400 um, and 1x12 sec, total
acquisition time: 5h35min.

IV. Sealed letter UU9, area 1: 15.2 x 9.3 mm, 400 pm, and 1x7 sec,
total acquisition time: 1h56min.

V. Sealed letter UU9, area 2: 34.8 x 7.2 mm, 300 um, and 1x7 sec,
total acquisition time: 5h14min.

VI. Sealed letter UU21: 8.6 x 4 mm, 250 um, and 2x7 sec, total
acquisition time: 3h21min.

All the spectra were acquired using the HORIBA LabSpec 6 Spec-
troscopy Suite Software and the built-in MVA Plus software add-on was
used for unsupervised multivariate processing of the acquired data.
Principal component analysis (PCA), hierarchical clustering analysis
(HCA), multivariate curve resolution (MCR) and K-mean clustering
(KMC), were selected to process the acquired data. Details about each
data processing approach are given below:

- PCA: decomposition method based on the calculation of eigenspectra
of the mapped area, 3 components, data normalisation per area, no
baseline correction, 32 iterations.

HCA: clustering method based on calculation of similarities between
each spectrum and the average spectrum of each class, 3 compo-
nents, data normalisation per area, no baseline correction, 1
iteration.

MCR: decomposition method with non-negativity constraint result-
ing in reference spectra that can be directly used for identification, 3
components, data normalisation per area, no baseline correction, 32
iterations.

KMC: clustering method based on calculation of similarities between
each spectrum and the average spectrum of each class, 3 compo-
nents, data normalisation per area, no baseline correction, 32
iterations.

2.5. Multiband imaging

A Microbox X150 multiband imaging system was used to image the
documents: a full-frame 150-megapixel colour camera (CMOS), two
broadband LED illumination units (UV, VIS, IR) and software filter for
multiband analysis (instead of mechanical lens filters). The pixel values
of the sensor are evaluated on an analogue basis as native voltage values.
Only the values of the desired spectral range were analysed and com-
bined into one image.

Visible, transmitted light, as well as infrared reflected (IRR) and
infrared false colour (IRFC) were acquired and compared. Fiji open-
source software was used for image processing.

3. Results and discussion

Prior to analysis with micro-SORS, the material components of the
sealed letter and playing cards were assessed. These include the paper,
the ink, and potential pigments/colourants used in the paper.

3.1. Paper, ink, and pigments/colorants

XRF of the ink from the various letters yielded a slightly increased
signal for iron (Fe) compared to the signal observed for the paper sup-
port (Fig. Sla—c). Based on the time period (mid-18th century) and the
dark brown colour of the writing, this is likely to indicate the use of iron
gall ink. Other elements including potassium (K), sulphur (S) calcium
(Ca), silicon (Si) and phosphorous (P), were also observed in both paper
and inks. Based on the increased signals for K and S in the ink of letters
UU4 and UU9 (Fig. Sla and Fig. S1b), these elements are likely
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associated with the iron gall ink [51] while the limited increase in Fe and
S in UU21 (Fig. Slc) may indicate a different iron gall ink composition.
Multiband imaging in the infrared range (Fig. S2) shows variations in
the absorption of the ink. However, the lack of additional spectral fea-
tures between paper substrate and pure iron gall ink references in the
infrared range (Fig. S3) tends to indicate that the variations observed in
the case of these letters may come from a slight difference in ink com-
positions, such as the addition of carbon black, a material known for
absorbing in the infrared. This is illustrated by the contemporary letter
numbering carried out graphite, which appears dark in all three in-
stances (Fig. S2). If carbon black would have been mixed with iron gall
ink, one would expect to see the ink absorbing more in the infrared than
if used alone. This may have been the case and may explain the varia-
tions observed, with HCA 32/156/5/UU9 possibly having a larger car-
bon content than HCA 32/156/5/UU4 or HCA 32/156/5/UU21, though
the carbon remains undetected with XRF analysis.

The Board of Trade page on which the cards are glued contains cobalt
(Co), arsenic (As), bismuth (Bi), potassium (K), and silicon (Si), indic-
ative of the use of smalt (Fig. S1d). Smalt was a common pigment used in
the production of blue paper in the 18th and 19th century but was later
replaced by Prussian blue and synthetic ultramarine in more modern
blue paper [52]. Other elements such as calcium (Ca), iron (Fe) and
copper (Cu) are likely associated with the paper production process
rather than the blue colourant. The point XRF of the design from the
back of the cards (Fig. S4) highlighted the presence of a mercury (Hg)-
based red, likely to be vermilion in the red design (Fig. S4a) and lead
(Pb)-, chromium (Cr)-, and iron (Fe)-based green (Fig. S4b), likely to be
a mixture of chrome yellow and Prussian blue, also often referred to as
chrome green.

As common practice in cultural heritage studies, the letters and the
playing cards were partially measured using XRF imaging. The
elemental maps obtained are presented in Fig. 3 and Fig. S5 for the
playing cards (BT43/420/48354) and a section of the sealed letter HCA
32/156/5/UU4, respectively.

For HCA 32/156/5/UU4, the elemental map for Fe suggests the use
of an iron gall ink. Presence of Cu may indicate an ink production using
copper sulphates [53]. However, the actual writing cannot be deci-
phered despite oversampling with a 500 pm step size. The presence of Fe
throughout the scan also suggests the use of Fe in the paper itself, which
may also prevent adequate visualisation of the iron-containing text.
Instrumentation offering better lateral resolution may have yielded
better results but was not available at the time of analysis. Cu was not
observed in the point analysis because it may also not be evenly
distributed across the text.

The imaging of the playing card BT43/420/48354 yielded satisfac-
tory elemental maps. The elements highlighted include Fe, Pb, Cr, Hg
and Ca. Contrary to the MA-XRF scanning of the sealed letters, the
elemental maps obtained on the playing card allow for the visualization
of the hidden design. Here, they reveal a standard single-ended English
pattern court card of the queen of diamonds. All highlighted elements
can be associated with a variety of pigments which remain unknown due
to the lack of molecular specificity of the technique and their presence in
many inorganic pigments. Only Hg in the red areas of the design can
univocally be associated with the use of vermilion [54].

3.2. Micro-SORS imaging

3.2.1. Letters

The conventional Raman spectra collected on the inks used in the top
layer of the three letters showed an intense fluorescence, obscuring all
the Raman bands that could be used to track the ink distribution in the
sublayers (Fig. S6). In this case, the reconstruction of the spatial distri-
bution of hidden text, likely created using iron gall ink, was still
achievable using difference in the overall spectral intensity and fluo-
rescence profiles, as demonstrated earlier by Botteon et al. on mock-up
samples [41]. Applying this approach to a section of letter HCA 32/
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Fig. 3. Micro-XRF imaging elemental maps obtained for the playing card BT43/420/48354. The green squares in the Hg map indicate the two areas analysed with

micro-SORS.

156/5/UU4 allowed to recreate words (Fig. 4) that were present not
only on the reverse of the page analysed (partially visible in Fig. 4a), but
also on an internal page. Here, the reconstruction of the hidden word
was independent of the Raman shift used, as suggested by the same map
observed for the three wavenumbers selected, 535, 895, and 1480 em™!
(Fig. 4b,c and d, respectively). The darker appearance of the words
compared to the brighter surrounding areas illustrates well the varia-
tions of spectral overall intensity, with the iron gall ink words (darker)
being more absorbing when compared to the cream colour paper, phe-
nomenon already discussed by Botteon et al. [41]. In-focus analysis,
subsets of SORS-scanned areas as suggested by green dashed lines
around the inserts in Fig. 4, shows that the visualization of the hidden
words would not be possible in conventional Raman modalities, with
and without changes in brightness and contrast sometimes helping with
enhancing slight variations in Raman intensities. This illustrates the
great value of micro-SORS for revealing the content of sealed letters
without opening them, despite the lack of molecular information often
associated with this analytical method.

To avoid any biased selection of the spectral area of interest, various
chemometric approaches were used to reconstruct hidden words based
on the Raman signal over the complete spectral range. Results are pre-
sented on Fig. 5. In this case, both multivariate curve resolution (MCR)
and principal component analysis (PCA) allowed to visualise hidden
text, identical to what was observed using the overall spectra intensity at
selected wavenumbers (Fig. 4-b,c,d). For similar results, the straight-
forwardness of the overall intensity at selected wavenumber approach
would appear as the easiest approach to reconstruct the hidden text.
However, the multivariate analysis approach provides additional in-
formation through the associated loading score plots, showing that, in
this case, spectral intensity and overall fluorescence profile is the best
parameter to reconstruct the text, based in the overall lack of Raman
bands and small variations across the entire measured area. Areas of text
appear darker against a brighter background corresponding to the more
intense signal of the paper background (Fig. 5-MCR-1, MCR-2 and PCA-

1). Small but distinctive changes in the background signals observed in
the 700-1400 cm ™! range (Fig. S6) between the areas of text (ink) and
paper allow for the positive imaging of the areas of text with PCA (Fig. 5-
PCA-2), as suggested by the positive loadings in this particular range.
Areas for which the signal mostly correspond to the paper signal (Raman
bands included between 1000-1200 and 1300-1400 cm ™) does not
provide any information on the hidden layer due to its presence in both
the top and hidden layers (Fig. 5-PCA-3).

Both the overall spectral intensity and multivariate analysis methods
have also been successfully applied to other sealed letters. They have
highlighted a complex partial signature in HCA 32/156/5/UU9 (Fig. S7)
and have indicated the presence of some text in HCA 32/156/5/UU21
(Fig. S8). However, for the latter, the use of the overall spectral intensity
at selected wavenumber did not allow for the elucidation of the hidden
letters while the multivariate approaches allowed for the identification
of letters that seem to be “g” and “a”. For all multivariate approaches,
based on the associated loading plots, except for the 1100 cm™! Raman
band associated with the paper (Fig. 5-PCA-3, Fig. S7-PCA-2, Fig. S8-
PCA-3), all the letter extractions appear to be based on small overall
changes in intensity and background fluorescence signal.

Aside from the moderately long scanning times, one of the main
limitations of the technique remains the necessity for planarity across
the imaged area. When extending the area scanned for HCA 32/156/5/
UU9 beyond the analysed area presented in Fig. S7, the technique was
not as successful at reconstructing hidden text (Fig. S9) and was not even
able to reconstruct the partial signature observed before. This is due to
the area being slightly raised on the right hand-side, consequently
changing the overall defocusing and the optimum distance to enhance
the contrast between the upper and hidden layers. One possible
approach to bypass this technical problem would be to work with an
automatic focus at each measured point. This would, however, drasti-
cally increase the overall measuring time. A second option would be to
employ the point-like micro-SORS approach as described by Botteon et
al. [41]; however, this technique is not yet available within The National
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focus l14g0

Fig. 4. (a) Visible light image of the measured section of sealed letter HCA 32/156,/5/UU4 and (b, ¢ and d) micro-SORS imaging using the overall spectra intensity at
(b) 535 cm’l, (c) 895 cm ™! and (d) 1480 cm™!. The dotted areas in b, c and d correspond to the mapping of selected areas measured in focus mode respectively
presented in (e, f, and g). The latest images were mapped with spectra intensity at 535 cm ™}, 895 cm ™! and 1480 cm™?, respectively.

Archives laboratory.

Nonetheless, even if spatially limited, the access to hidden infor-
mation is an appropriate first step in a long decision-making process
often associated with opening historical sealed letters. The identification
of a signature or some key words may be instrumental as the required
proof whether these invaluable objects should be opened for access to
their complete content.

3.2.2. Playing card

Based on previous XRF analyses (point and imaging), most of the
pigments used to create the hidden design of the playing card could be
inferred, with vermilion used in the red areas, chrome yellow likely to be
used in the yellow areas, lead white for the white areas, and Prussian
blue likely used in the blue areas. Nevertheless, this playing card was
used to better understand the potential and limitations of micro-SORS
for the characterisation and spatial imaging of hidden pigmented
layers in works on paper, as, until now, most micro-SORS imaging on
works on paper has been carried on mock-up samples.

The use of the Raman specific bands at 253 and 343 cm ™ (as visible
in extracted spectra presented in Fig. S10) allowed to confirm the use of
vermilion and to visualize its distribution in both areas 1 and 2 (Fig. 6a-
c). For area 2, only the band at 253 cm~! was used to confirm and
visualize the use of vermilion due to the lack of clear band at 343 cm™?
(Fig. S10).

When mapping the distribution of the Raman bands of interest, one

can decide to either use a local baseline to subtract the background or
not for the relevant signal. In the case of areas 1 and 2, both approaches
allow for the visualization of the pigmented area (Fig. 6a-f). However,
for the Raman bands with the strongest signals (bands at 253 cm ™), the
use of a local baseline offered a better contrast (Fig. 6a vs Fig. 6d) and
appeared the only way to back-map the band in the case of high fluo-
rescence, likely due to the paper (Fig. 6¢ vs Fig. 6f; Fig. S10). For area 1,
the use of the local baseline (Fig. 6a-b) also highlights variation within
the design itself, with a stronger signal on the right-hand side. This may
be associated with variation in pigment thickness or in sample flatness,
which is difficult to assess non-invasively. Similar features can be
observed when using the various multivariate analysis approaches,
especially K-Means clustering or multivariate curve resolution
(Fig. S11). These methods all allowed for the mapping of the red dia-
mond based on the vermilion spectrum, according to the associated
loading plots (HCA-1&2, KMC-1, MCR-1&2 and PC-1 in Fig. S11).
However, the techniques also allowed to recreate the diamond-like
shape using the Raman bands of cellulose at 1095, and 1121 cm™! as
main component of the spectrum (PC-3 in Fig. S11), in the absence of
any of the vermilion bands. In this case, areas of paper appear brighter
and the diamond area darker. These observations parallel those made by
Botteon et al. in their recent article [41].

While not successful in reconstructing the vermilion band in area 2
(Fig. 6f), the back mapping of the band intensity without a local baseline
was successful for both the 253 and 343 cm™! Raman bands in area 1



M. Vermeulen et al.
1

10000

MCR

PCA

—— MCR - 1 (51.5%)
- —— MCR - 2 (25.9%)

ool ~—— MCR - 3 (11.8%)

9000 ",

70004
6000
5000

4000

Intensity (Arbitr. Units)

3000

2000

1000 T T T T T T T T T
600 800 1000 1200 1400
Raman shift (cm-1)

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 329 (2025) 125591

2 3

. 0.05-
p2]
c
)
=
£
—_
< 0.004
2
B
c
9
£
-0.05]
T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600

Raman shift (cm-1)

Fig. 5. Micro-SORS images (score plots) obtained through the application of multivariate analysis methods: multivariate curve resolution (MCR) and principal
component analysis (PCA) and their associated loading plots (components 1, 2 and 3).

(Fig. 6d-e). While the contrast is not as good as that observed when using
the local baseline (especially for the stronger band at 253 cm™), this
approach shows that the overall fluorescence from the paper substrate
can be an issue and mask the weaker Raman band intensities, hindering
the identification and/or visualization of a pigment distribution. This
issue can be bypassed using the whole spectrum with all characteristic
bands (rather than a single band) as illustrated by the multivariate
approach results, especially HCA-1&2, KMC-1, MCR-1&2 and PCA-1
(Fig. S11), all using the full spectrum of vermilion to visualise its
distribution.

The mapping in focus mode did not yield satisfactory results (Fig. 6g)
showing that micro-SORS imaging, with or without a local baseline, was
the preferred method to non-invasively identify and locate the distri-
bution of the pigment, despite a 180 pm thick smalt-containing paper
layer covering the coloured area. While identifying vermilion using a
Raman-based technique is not surprising due to its good Raman scat-
tering properties, its identification with micro-SORS through an almost
200 pm thick layer is very encouraging and extends further the capa-
bilities of the technique proving its feasibility for paper-based materials.
One could also expect that results may be even better when using full
micro-SORS, rather than defocussing micro-SORS, based on its higher
surface/subsurface contrast as demonstrated by Botteon et al. [41].

According to the exploratory MA-XRF scan presented in Fig. 3, the
crown area (area 2) should also contain other pigments, potentially
chrome yellow (PbCrO4) and Prussian blue (Fe[Fe3+Fe2+(CN)6] 3), both
good Raman scatters with well-defined and well-known Raman bands
[21]. However, the mapping of the band intensity at 841 cm ™! (chrome
yellow, Fig. 6h) and 2154 cm ™! (Prussian blue, Fig. 6i) did not yield any
maps that would indicate the use of such pigments, independently of the
use of local baseline, which provided good results in the case of
vermilion. Additional micro-SORS analysis in the areas of the crown,
where these pigments were expected, did not yield any Raman bands

that could be associated with the pigments, despite both pigments
having been identified through the use of micro-SORS in painted sur-
faces [38]. The reason behind this inability of the technique to identify
(and subsequently map) both chrome yellow and Prussian blue in this
case is difficult to explain. There could be several reasons behind this,
including i) a substrate layer (paper) being too thick to allow the iden-
tification of the pigments, ii) a weak Raman signal being covered by the
overwhelming fluorescence from the paper layer, or iii) a matrix ab-
sorption effect. While all of these are worthy of further investigation,
they are beyond the scope of this article. Despite not being able to
identify and visualize their distribution within the selected area of the
playing card using defocusing micro-SORS, the use of point-like micro-
SORS could address the limitation observed here as it provides a higher
degree of surface/subsurface contrast [41].

4. Conclusions

Micro-Spatially Offset Raman Spectroscopy presents a ground-
breaking approach for the non-invasive analysis of paper-based archival
documents. Case studies involving 18th century sealed letters and 19th
century playing cards revealed the potential of micro-SORS to provide
valuable insight into the composition and hidden content of paper-based
materials. The use of distinct Raman bands allowed for molecular
identification of the materials in the playing cards, though it was not
possible to identify the inks in the sealed letters. Nevertheless, despite
the inability to molecularly characterize certain materials, micro-SORS
imaging of the sealed letters enabled the reconstruction of text
obscured by overlapping paper layers using alternative phenomena such
as photons absorption and fluorescence emission. Chemometric analysis
further enhanced the visualization of hidden text, despite challenges
such as surface planarity. The findings of this study highlight the
immense potential of micro-SORS as a non-destructive and informative
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Fig. 6. Intensity maps obtained at characteristic Raman shifts for the two areas analysed: (a) area 1, intensity at 253 cm?, local baseline, (b) area 1, intensity at 343

cm ™Y, local baseline, (c) area 2, intensity at 253 cm ™Y, local baseline, (d) area 1, intensity at 253 cm

~1, no local baseline, (e) area 1, intensity at 343 em ™}, no local

baseline, (f) area 2, intensity at 253 cm ™, no local baseline, (g) area 1, optical image with indication (red dotted line) of the red diamond location, and intensity at
253 cm ! in focus mode, local baseline, (h) area 2, intensity at 840 em™}, local baseline, and (i) intensity at 2154 cm™ !, local baseline.

technique for accessing hidden information in cultural heritage objects,
contributing to preservation efforts and historical research. The consis-
tent reconstruction of sections of hidden text in sealed letters proves that
this non-invasive approach is a good alternative to the opening of letters
to access their content. The time required for the analysis, which is
partially a consequence of the necessity for high spatial resolution to
recover hidden, hand-written text, as well as the necessity for plane
extended areas, represent the main limitations of the technique for a
large-scale use. However, the technique can be considered as an addi-
tional tool to non-invasively explore and assess the content of a letter

prior to its potential opening or consideration of deploying other im-
aging tools such as X-Ray tomography, terahertz imaging or even
invasive analyses. Further advancements in instrumentation and meth-
odology are warranted to address the technical limitations and expand
the applicability of micro-SORS in the field of heritage conservation and
analysis, but this study represents a breakthrough in the application of
micro-SORS to cultural heritage studies.
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