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Reading the content of hidden texts from ancient manuscripts has become an increasingly important
endeavor thanks to the variety of non-destructive analytical tools and image processing routines avail-
able for this task. In this study, portable macro X-Ray Fluorescence (MA-XRF-tube), Visible Hyperspectral
Imaging (HSI) together with Synchrotron based macro X-Ray Fluorescence (MA-XRF-SR) are combined
with signal processing methods to reveal the biography of a degraded manuscript recycled as binding
material for a 16th century printed edition of Hesiod's Works and Days. The analytical techniques allow
visualizing the hidden text, revealing passages from the Institutes Justinian, a 6th century A.D codification
of the Roman Law, with further marginal comments on medieval Canon Law. In addition, the identifi-
cation of the materials (e.g. pigments, inks) part of the original manuscript together with their sequence
of use are revealed: i) the preparation of the parchment using a Ca-based preparation layer, ii) drawing of
ruled guide lines, using a Pb-based pen or ink, iii) writing of the main text using a rich Fe-gall ink with
modulating color pigments (Hg-, Cu- and Pb- based) and iv) addition of two types of comments to the
main text, one of the ink used for the comments being a Fe-gall ink rich in Cu.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The way manuscripts were preserved and treated through time
can affect their legibility by partially or fully occluding the original
text. Several factors related to their manufacture, storage, use or
aging can lead to physical, chemical or biological degradation of the
text support, and ink that constrain and limit our full reading of the
information [1,2].

Recycling of parchment and paper has been one of the primary
agents of damage for written texts throughout the history of
bookbinding. During recycling the original information is volun-
tarily hidden or removed, as the parchment is formed into other
objects, such as cartonnage [3], or made into a new manuscript
support, such as a palimpsest [4]. Physical modification of the
support by washing or scraping off the original text, folding, gluing,
etc., together with natural degradation processes, may result in a
brittle and fragile structure which could be damaged if one at-
tempts to physically access the remaining written information.
Moreover, even if accessible, the remaining text can be further
occluded by additional writing, painting or staining of the surface
related to its new use. Thus, reading the primary text on these
compromised parchments often requires enhancing the legibility of
their content.

In this study, a parchment repurposed as the binding material
for the book “Hesiodou tou Askraiou Erga kai Hemerai” - the Greek
poet Hesiod's Works and Days - has been examined. This version of
Works and Days, now housed in Charles Deering McCormick Li-
brary of Special Collections at Northwestern University Libraries,
was printed in Venice in the early 16th century and is of particular
interest for its employment of a slotted parchment binding [5],
named for the slots cut into the parchment sheath following exactly
the shape of the book spine as illustrated in Fig. 1a. For this specific
binding, the parchment cover was usually attached to the book
board using animal glue. In combination with the alum-tawed skin
patches used to protect the raised supports of the book, this
particular structure provided a refined and easily flexible cover
with a unique durability. These advantages resulted in the slotted
parchment binding being a common choice for book bindings made
in Venice from 1490 to 1670, where it represented an alternative to
Fig. 1. a) Visible pictures of the original binding and of a facsimile following Venetian book
book cover (size: 21.4 cm H x 15.6 cm W x 2.3 cm D) e (1) and (2) refer to area analyzed b
dotted line shapes highlight the presence of written areas defined by preliminary visual ob
leather-based bindings which involved heavy gluing or stretching
steps.

Among slotted parchment bindings, the recycling of earlier
manuscript parchments was a common practice, typically borne
out of frugality. Inmore than half of the recycled parchment, the ink
of the text was removed from the outside surface to provide a
uniform color as well as an elegant, albeit plain appearance [5].
However, the ink of the writing present on the inside surface of the
parchment was not removed, and, with time became partially
visible as illustrated in Fig. 1b. This effect, also called “burn-
through”, is commonly attributed to the use of iron gall ink, the
writing ink of choice for documentation from the Middle Ages to
the twentieth century. Produced by the reaction of gallic acid with
an iron salt, the initially colorless solution oxidizes when applied to
paper and exposed to air forming black-colored ferric gallate
complexes. With time, the acidity of the ink and the presence of
soluble and mobile iron ions accelerates the oxidative breakdown
of the parchment surface [6]. While the deterioration caused by the
iron gall ink on the binding of the Northwestern Hesiod allows for a
visual demarcation of the written area, individual words or letters
cannot be read.

For the recovery of this textual information a number of imaging
and image processing modalities were explored (e.g. X-ray imaging,
multi-spectral imaging in the UV, infrared and visible domains,
reflectance transformation imaging and terahertz time domain
spectroscopic imaging). These imaging techniques have previously
offered enhanced legibility of hidden texts together with additional
information about the physical characteristics and condition of the
document [1,2,7e13]. Building on these previous studies, two non-
destructive and non-invasive analytical techniques were chosen to
recover the hidden writing from the Northwestern Hesiod:
Hyperspectral Imaging (HSI) and X-ray Fluorescence (XRF) Imaging.

Visible HSI imaging allows the cover to be examined using
diffusely reflected light. The overall acquisition time necessary for
scanning areas with high spatial resolution is relatively short [14],
and is thus suitable for the study of large object. This technique has
proven successful in enhancing the hidden and damaged writing in
other historic documents [4,15e20] based on the light absorption
properties of the materials being imaged. In particular, the increase
binding tradition (image credit: Scott W. Devine); b) Visible picture of front side of the
y MA-XRF portable instrument and HSI, the results of which are presented below; the
servations.
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of the parchment reflectance at longer wavelengths can be used to
provide greater contrast of text in the visible-IR and IR domains
when iron-gall ink is used for the writing [10].

XRF techniques provide complementary information on the
elemental composition of the different type of inks and pigments
used for the writing, and on supplementary materials used for the
preparation of the parchment. Moreover, the penetrating power of
the X-Rays together with its elemental selectivity provides a con-
trasting image of hiddenwriting whenmetal-based ink is used (the
parchment presenting mostly light elements not detectable by
conventional XRF instruments) [21,22].

These analytical methods are typically used by themselves to
reveal hidden texts. Of interest to this current work, a compre-
hensive assessment of how these techniques perform in combi-
nation for this task has yet to be realized.

The elemental and molecular information provided by the
combination of both techniques represent a fast, in-situ approach
for pigment and ink characterization that has been increasingly
used in book studies in the context of illuminated manuscript in
order to characterize artist's palettes. Whereas HSI is performed as
an imaging technique, XRF is usually limited to point analyses
[23e25]. The scanning time of portable MA-XRF imaging is indeed
considered as its main limitation, even for state of the art instru-
ment, preventing large areas such as bookbinding from being
imaged, let alone multiple texts within a collection [22]. In order to
face this limitation, this study benefits from two advanced strate-
gies: i) using synchrotron-based MA-XRF to supplement and
enhance the information obtained from our portable MA-XRF
system, and ii) using X-Ray tube-based source analyses combined
with signal processing methods.

SR-based MA-XRF generally allows a higher incident flux and
flux-density than with a lab-based source. Additionally, use of the
Maia detector results in higher solid angle e approximately 15% of
4p steradians e than typically obtained with other setups. This
state-of-the-art set-up has been successfully applied to elemental
mapping of large works of art such as paintings [26e28]. It resulted
in high density images obtained in comparatively little time and
with comparatively lower dose than with most other MA-XRF
configurations. Besides, the conventional X-ray source capabilities
are extended by fusing with other high resolution modalities. In
particular in this study the fusion between a low resolution fast XRF
acquisition and a high resolution HSI datasets has been explored,
offering a new way of performing MA-XRF using any portable low-
cost scanning equipment on large surface area, with enhanced
contrast and spatial resolution, and reduced acquisition time.

By providing and extending the capabilities of the different
analytical methods carried out, both in terms of imaging and
spectroscopic information, this work provides methodological
guidelines that can be further implemented on culturally relevant
objects, and books/manuscripts in particular.

2. Experimental

2.1. The Book

The object analyzed is a printed copy of “Hesiodou tou Askraiou
Erga kai Hemerai”, the Greek Works and Days poem, composed in
the 8th century B.C., the earliest manuscript of which had been
copied since the 4th century B.C. The specific text of the North-
western Hesiod was copied from a 15th century Greek manuscript
currently held by the Biblioteca Marciana in Venice, and edited by
Bartolomeo Zanetti in 1537. The thoroughness of Zanetti's work and
his clarification and organization of the glossae (i.e. explanations
added to a passage of text) made this edition of Hesiod the standard
for nearly 400 years. The Northwestern Hesiod was purchased by
University trustees in 1870 and was one of the constituent volumes
around which the University Library was assembled.

Amongst the more than thirty imprints of the book still in ex-
istence, the Northwestern version is the only one retaining its
original slotted parchment binding. This binding features a recycled
manuscript applied flesh side (smoother and whiter than the hair
side) out. Close visual study of the parchment suggests that the
writing on this outer surface was removed, likely through washing
or scraping. The inner surface of the parchment that was glued
directly to the book board retains writing organized into two cen-
tral separated columns, surrounded on both sides by possible
glossae, or marginal comments, as illustrated in Fig.1b. Two pilcrow
marks, marking the beginning of a paragraph, are also observed in
the regions of glossae.

2.2. Analytical methods and data processing

HSI and XRF mapping were performed on the surface of both
sides of the book to image and characterize the text written on the
Hesiod's parchment cover. The macro XGLab's ELIO XRF imaging
spectrometer system (MA-XRF-tube) used for this study is equip-
ped with a transmission Rh anode X-Ray tube, the polychromatic
beam presenting an incoming angle of 63.5� prior to the sample
plane. A collimator allowing a 1 mm diameter focused spot size at
the surface of the object was used to acquire XRF maps at the
surface of the book. Two laser pointers mounted in a such way that
their intersection point coincides with the cross-point of the inci-
dent X-Ray beam and detector axis allow for optimizing both
excitation and detection conditions. The X-ray detector element is a
large area (active collimated area is 25 mm2) silicon drift detector
(SDD) equipped with a CUBE preamplifier, with an energy resolu-
tion of 135 eV at the MnKa line (5.9 keV). The instrument was
operated at 50 kV and 40 mA. The elemental 2D mapping of the
sample surface is achieved using an automatic XY raster scanning
stage. Rastering was executedwith acquisition times of 1s per point
and with two different step sizes depending on the pixel size
desired, 1� 1mm2 and 100� 100 mm2. The instrument being a low
X-Ray tube system, with a compact head free of X-ray optics, it is
easily usable for in-situ studies and it ensures a good sensitivity
even to lighter elements [29] with respect to other XRF mapping
devices [30]. Imaging capabilities of similar commercial and in-
house instruments used for MA-XRF large scale studies are pro-
vided as Supplementary Information (SI 1) for further information
[22,31e33]. Hyperspectral images were recorded using a Resonon
Pika II Pushbroom system in the 400e900 nm range with spectral
resolution of 2 nm, resulting in 240 bands spectra. The system was
connected to a stage allowing the scanning of the entire width of
the book, with a pixel size of 70 � 100 mm2. During acquisition, the
book was illuminated using two broad-spectrum tungsten halogen
lamps placed at 45� of the object normal. A Lambertian reference
reflector (Epson UltraSmooth Fine Art Paper, 1300 � 1900, A3þ, 325 g/
m2) was used as a calibration target to convert the image cubes to
diffuse reflectance. Hyperspectral acquisition was performed using
the SpectrononPro software. The open access PyMca software [34]
was used to batch fit the XRF results and to extract the elemental
distribution maps. Principle Component Analyses (PCA) were per-
formed using ImageJ software on the HSI data to enhance the
hidden text present below the surface of the parchment.

In order to complement MA-XRF-tube, MA-XRF analyses were
performed at A2 beamline, at the Cornell High Energy Synchrotron
Source (CHESS), Ithaca, NY, USA (MA-XRF-SR). A diamond (111)
double-crystal monochromator was used to produce mono-
chromatic primary beam of 13.7 keV. XRF data were collected using
the 384-element Maia detector [35] (revision B), with shaping time
of 2ms. Details on the custommounting approach developed for the
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book are provided in SI 2. The front of the book was scanned first,
with a beam and image pixel size of 200 � 200 mm2, and a dwell
time of 10 ms/pixel (820 � 1070 pixels image acquired in 2.5 h). For
the subsequent scan on the back of the book, conditions were
optimized. The beam size was reduced to 100 � 125 mm2 and the
dwell time increased to 12 ms/pixel (1312 � 1728 pixels image
acquired in 7.5 h). The incident flux of 8 � 108 photons/second
resulted in a mean count rate of 5 � 106 photons/second on the
detector. At low count rate, the Maia 384B detector exhibits a mean
energy resolution at the Mn Ka-line of 280 eV. At the count rates
used for these scans, this resolution degraded to approximately
350 eV. This degradation appeared not to adversely affect the re-
sults, however, due to the relative absence of interference between
different peaks. Full spectrum XRF data were deconvolved into
elemental maps using the dynamic analysis [36] method imple-
mented in the GeoPIXE software suite [37].

To improve the legibility of the MA-XRF-tube elemental maps,
further data treatment was applied in Matlab using deconvolution
and machine learning techniques. First, de-blurring of the X-ray
images was attempted using blind deconvolution technique. Blind
deconvolution solves the problem of recovering a sharp version of
an input blurry image when the blur model is unknown. Mathe-
matically this can be expressed as: y ¼ k 5 x. Where y is the input
blurry image, XRF Fe K map, x is a visually plausible sharp image,
HSI image providing the highest contrast between the text and the
parchment, and k is a convolution matrix, a Point Spread Function
(PSF), whose support is small compared to the image size. This
equation is optimized by iterating the PSF using an accelerated
damped Lucy-Richardson algorithm in which the minimum dis-
tance is obtained between the HSI image prior and the blurred XRF
image convolved with the PSF [38]. By restoring the unknown PSF
using the higher resolution HSI images as priors, Fe K XRF map de-
blurring is finally obtained.

The second approach to obtain a de-blurred X-ray image is
based on fusing a high resolution HSI data cube with a low-
resolution X-ray fluorescence data cube and building a codebook
to quantize this down-sampling matrix. The process schematized
in Fig. 2 relies on the following steps:

(a) A low-resolution XRF (LR-XRF) dataset of 1 � 1 mm2 pixel
size is fused to a high-resolution visible hyperspectral (HR-
HSI) image cube (70 � 100 mm2 pixel size) without pre-
processing treatment. The fusion is done by hand-selecting N
features on at least twenty distinguishable edges of the text
letters common to both the LR-XRF and HR-HSI datasets. The
transform function in the Image J software is then used to
calculate an affine transformation that down-sample HR-HSI
into a low-resolution cube (LR-HSI).

(b) The pixels forming the LR-XRF, HR-HSI, and LR-HSI are
gathered into largematrices. The low-resolutionmatrices are
composed of L column vectors associated with the spatial
dimensions of these image cubes. Respectively, the LR-XRF is
composed of m columns (4096 channels of the XRF spec-
trum) and the LR-HSI is composed of n rows associated with
the 30 wavelengths of the visible spectrum (the original
spectra being binned to reduce the size of dataset). Call the
LR-HSI dataset Uj which may be considered a representative
sampling of spectra inwhich the total variance of the original
HR dataset is preserved.

The HR-HSI is formed of K spectra corresponding to the larger
spatial dimension of the image cube and n wavelength rows. Call
the HR-HSI dataset Qi. For each spectrum i in Q, the cosine simi-
larity to the j spectrum in U is calculated:
dði; jÞ ¼ ujqi
�
�uj

�
�kqik

(c) For each spectrum i, fi ¼ argminj dði; jÞ locates the smallest
dði; jÞ indicating the best fit between the high resolution
image spectrum i and the low resolution image spectrum j.

Since there is a pixel by pixel correlation between the LR-HSI
and the LR-XRF matrices, all such fi form an index of codebook
entries that can be used to look up the most likely XRF spectrum,
from LR-XRF, that corresponds to pixel i of the HR-HSI data cube. By
substituting each HR-HSI spectrum at pixel location i for the cor-
responding XRF spectrum, an estimated HR-XRF image cube is
produced.

3. Results

3.1. XRF

A MA-XRF-tube sum spectrum shown in Fig. 3a was acquired
over area (1) (as indicated in Fig. 1b). This spectrum shows that the
overall composition of the book cover contains relatively high
amounts of Fe with S, Cl, K, Ca, Cu, Hg, and Pb as minor elements.
The corresponding distributionmap of Fe, in Fig. 3b, shows that this
element is correlated to the expected spatial location of the text and
confirms that the writing was likely made using iron-gall ink. This
image of the writing, however, is blurry and unreadable due to the
low spatial resolution (LR-MA-XRF-tube) of the acquisition made at
the resolution of the spectrometer beam (1 mm). To read the
different letters composing the text, a scan using smaller step size
was made of a smaller region demarcated as a dotted line in Fig. 3b.
This region was oversampled by ten times, resulting in a pixel size
of 100 � 100 mm2 (HR-MA-XRF-tube). Despite the dramatic im-
provements in image quality, the Fe K map in Fig. 3c is still insuf-
ficient to produce a readable image of the text. Moreover,
oversampling resulted in drastically increased scanning times
(0.6� 0.6 cm2/h), thus preventing the use of this approach over the
entire surface of the parchment.

Together with the MA-XRF-tube images, the synchrotron results
refine the identification and location of the different elements of
writing. These data help to reconstruct the laying out of the
manuscript text. For instance, when the Pb distributionmap (Fig. 4a
and b) is superimposed on the Fe map (Fig. 4c and d), it clearly
appears that a Pb-rich stylus or pencil was used to draw guidelines
for the writing. It may also be seen that the area prepared for the
writing of the main text was ruled as two main columns separated
by a third smaller one. Additional columns drawn on the side of the
parchment show a reduced spacing for the smaller lettering of the
glossae (Fig. 4c and d). The presence of Pb-rich rulings on both the
main text and glossae regions suggest that these two texts were
written at the same time. Both the front and back cover have been
prepared using a similar ruling structure, as shown in Fig. 4a and b,
supporting the idea that the entire cover was composed of a single
manuscript parchment. Another step in the parchment preparation
for writing was identified. Based on the observation of an abraded
area of the front cover, the Ca intensity increases on the edges of
tattered zones but is homogeneously distributed across the
remainder of the book (Fig. 5a). This uneven distribution suggests a
possible use of lime (CaO) or chalk (CaCO3) washed over the surface
of the parchment, a common practice in Medieval bookbinding to
prepare the skin for ink application.

After the preparation of the parchment, the text on themain and



Fig. 2. a) Schematic overview of the main steps involved in the de-blurring approach using dictionary-learning approach. A low resolution XRF image cube is fused to a HR-HSI
image cube by hand-selecting features and calculating a transformation matrix to obtain a pixel by pixel union between the two modalities. A correlation is then learned between
the LR and HR hyperspectral datasets by calculating cosine similarities; b) Schematic overview of the codebook building, that allows reconstructing HR XRF datacube.
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glossae area was written using an ink that presents a signature
dominated by Fe (Fig. 5a), as previously determined by MA-XRF-
tube.

In addition to the Fe-based ink, pigments modulating color
within the text were detected (Fig. 5a and b). All pilcrow marks
were found to be composed of a mixture of a Pb-based pigment and
either a Hg- based compound (most probably red colored vermil-
lion, HgS) or a Cu-based pigment (e.g. blue colored azurite,
2CuCO3.Cu(OH)2, or green colored malachite, 2 CuCO3.Cu(OH)2).

Within margin areas, symbols and additional annotations were
also discovered. Two types of ink were identified for the annota-
tions: one being rich in Fe, similar to the main text, and another
presenting a high ratio in Cu versus Fe (together with Zn, Cu is a
common component of iron-gall ink). The former ink has been used
to write two paragraphs, draw twomanicula (latin for “little hand”)
and one decoration drawing present on the front side (Fig. 5b and
c). The latter ink, present on both sides of the parchments, shows
that at least two different inks were used to make comments to the
main text.
3.2. HSI

Regions Of Interest (ROIs) were extracted from the HSI data
corresponding to particular wavelength ranges over which the
hyperspectral data intensity is integrated and coupled with a linear
baseline correction, following previous work on assessing stains on
historical documents [39]. Three regions were defined as illustrated
in Fig. 6a: shorter wavelength bandpass images (450e615 nm, ROI
1) were used to enhance the appearance of stains, a second ROI
centered on a region between 615 and 700 nm (ROI 2) enhanced
contrast for some of the pilcrow markings, and longer wavelengths
(650e900 nm, ROI 3) were used to enhance the contrast between
the ink and the paper.

Using these images, HSI spectra were extracted from specific
areas that represent the different materials contributing to the final
reflectance of the bound book (i.e. stiff board, parchment, Fe based
ink, pilcrow mark and stain), as presented in Fig. 6b. The compar-
ison of the reflectance spectra allows identifying characteristic
features that support the definition of the ROIs described above.
First, in comparison with the parchment, the Fe-based ink spec-
trum is less reflective in the NIR domain (600e900 nm region),
explaining the negative contrast effect observed between the text
and the parchment using ROI 3. Similarly, the pilcrow mark
detected presents a slightly higher reflectance than the Fe-based
ink centered on 580 nm, that allows enhancing his location using
ROI 2. Finally, the low reflectance in the UV domain (450e650 nm)
of the stains explains the enhancement effect of ROI 1 between the
stain and the rest of the manuscript.

To further exploit these spectral variations, statistical analysis
was performed using principal component analysis (PCA). By



Fig. 3. a) Fit result of the MA-XRF-tube sum spectrum acquired over area (1) in Fig. 1b; b) Fe K XRF map acquired in area (1), MA-XRF-tube with a step size of 1 � 1 mm2; c) Zoom
area defined by dotted rectangle in (b) of Fe K XRF map, MA-XRF-tube with a step size of 100 � 100 mm2.

Fig. 4. a) MA-XRF-SR Pb L map acquired on both front (left) and back (right) covers of the book allowing to distinguish the lines and columns used as ruling; b) ruling lines are
highlighted using dotted lines; c) MA-XRF-SR Fe K map acquired on both front and back covers; d) represents a superposition of the detected ruling line and of the text detected
using (c).
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decomposing the spectra into a linear orthogonal basis of spectral
bands [40,41], the resulting PCA images, or “eigenimages”,
emphasize regions of maximized variation. The eigenimages (EI)
are shown in Fig. 6c with their corresponding eigenvectors (EV) in
Fig. 6d. The EI00 (Fig. 6c) accounts for 98.2% of the variance of the
image bands and constitutes a weighted linear average of all the
input bands (Fig. 6d). EI01 accounts for 1.6% of the variance, and,
according to the corresponding EV01, emphasizes absorptions in
the UV range 450e600 nm thus enhancing the contrast of stains on
the parchment surface (Fig. 6c-EI01 and Fig. 6d). Consequently,



Fig. 5. a) MA-XRF-SR elemental maps of Fe K, Hg L, Cu K, and Ca K acquired over the book front cover; b) RGB composite images overlapping the contribution of Hg, Cu, and Pb on
top of Fe XRF greyscale maps; c) Cu K-XRF map details of the Cu rich area localized in (b) using dotted lines.

Fig. 6. a) HSI images averaged over ROI defined as follows from top to bottom: ROI1 (450e615 nm), ROI2 (615e700 nm), ROI3 (650e900 nm), providing respectively the highest
contrast between stains, pilcrow mark, ink and the parchment; b) Visible reflectance spectra acquired on an area without parchment, named stiff board, the parchment, the pilcrow
mark, the Fe-based ink and stains; c) EI00, 01, 02; d) EV00, 01, 02; e) RGB composite of the HSI data acquired over the book front cover using PCA results, more precisely EI02 as blue
channel, EI03 as red channel, EI04 as green channel. The white dotted line rectangle represents the area represented in (a) and (c). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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EI00 and EI01 were not directly used to extract enhanced imaging
of the written text. As shown by EV02, however, a decrease of
reflectance in the IR domain enhances the contrast between the
parchment and the text (Fig. 6c e EI02). Together with EI03 and 04,
these basis images provide enough contrast to read the main text
and identify the location of pilcrow marks (Fig. 6e).

The use of the eigenimages provides the best results for the
separation and visualization of the different components of the
recycled manuscript HSI dataset.
3.3. Comparison of imaging capabilities of HSI, MA-XRF-tube and
SR

With regard to the previous results, the two different acquisition
modalities (i.e. elemental and molecular) present complementary
interest for imaging hidden text, such as acquisition time, spatial
resolution, and imaging contrast. These three parameters are used
as criteria to further discuss the imaging capabilities of the different
XRF (i.e. MA-XRF-tube LR and HR, and eSR) and HSI experimental



Fig. 7. Comparison of the different imaging capabilities offered to analyze the single area (2) previously defined in Fig. 1b, a) MA-XRF-SR Fe K map (step size of 200 � 200 mm2); b)
HR-MA-XRF-tube Fe K map acquired using the (step size of 100 � 100 mm2); c) LR-MA-XRF-tube Fe K map acquired using the (step size of 1 � 1 mm2); d) HSI EI02; e) de-blurred XRF
Fe K map using blind deconvolution; f) reconstructed LR XRF Fe K map using machine learning approach; and g) table comparing the experimental parameters used for imaging
using the different approaches.

E. Pouyet et al. / Analytica Chimica Acta 982 (2017) 20e30 27
set-up in the area of the main text, using EI02 of HSI datacube, MA-
XRF-tube and -SR Fe K maps as text images.

As illustrated with Fig. 7a and b, the Fe XRF maps acquired with
the MA-XRF-SR and HR-MA-XRF-tube provide more contrasted
images compared with HSI technique. However, the HR-MA-XRF-
tube system provides a blurry image with a spatial resolution 5
times lower than the MA-XRF-SR; the spatial resolution being
estimated using the FMWH value of the derivative of the signal
intensity integrated over the edge of the letter ‘b’, first line. In
comparison, the HSI image presents a spatial resolution that allows
the distinction of the letters composing the text, evenwith a spatial
resolution at least 2 times lower than the MA-XRF-SR. The time of
acquisition of the HSI technique represents a real asset to analyze
large sample area, as a full scan of both sides of the parchment can
be performed in 2 h, using the conditions described in Part 2.2. For
comparison, with a step size of 200 � 200 mm2, the MA-XRF-SR
scan of the full cover takes 5 h and an acquisition time of 412 h
has been theoretically calculated in the case of the HR-MA-XRF-
tube set-up. If compared to the state-of-the-art commercial set-
up recently used to perform MA-XRF-tube mapping on medieval
hidden manuscripts [22], the scanning of the same surface, with a
step size of 200 � 200 mm2 and a dwell time of 150 ms, will take
approximatively 60 h, the other commercially available system
presenting a beam of 815 mm in diameter that do not allow
mapping at the proper resolution [32]. Even with advanced in-
strument the acquisition time and/or spatial acquisition still rep-
resents two strong limitation for performing MA-XRF-tube
analyses over large area. In conclusion, when using raw data, MA-
XRF-SR provides the best compromise between image contrast,
spatial resolution and acquisition time, however HSI technique
presents very close capabilities for imaging purposes regarding
acquisition time and spatial resolution.

Consequently, to combine the contrast capabilities of the MA-
XRF-tube together with spatial resolution and speed of scanning
of the HSI, fusion of the HSI and MA-XRF-tube data have been
considered. Two approaches were followed. The first one uses a
blind deconvolution of the MA-XRF-tube image, considered as the
blurred image, using EI02 of HSI as the de-blurred prior image
(details in section 2.2). The deconvolution improves the overall
readability of the de-blurred XRF image in the case of the HR-MA-
XRF-tube (contrast together with de-blurring effect - Fig. 7e).
However, if LR-MA-XRF-tube Fe K map is used as the input blurred
image, the blurring effect is not efficiently corrected by the blind
deconvolution, and the de-blurred image remains unreadable.
Further results were obtained using de-blurring based on the ma-
chine learning approach developed in session 2.2. HR-MA-XRF-
tube Fe K map (Fig. 7f) reconstructed from the LR-MA-XRF-tube
dataset using this approach provides text images comparable to
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the results obtained by MA-XRF-SR, demonstrating a drastic
improvement in terms of image resolution and contrast. By fusing
the HSI acquisition (1 h total scan of one side of the cover) together
with a LR-MA-XRF-tube acquisition (1 � 1 mm2, 0.5 ms dwell time
e resulting in 4 h total scan of one side of the cover), it can provide
an image close to that obtained by MA-XRF-SR. Therefore, the
fusion approach provides a framework to image large manuscripts
completely in-situ, and within reasonable acquisition time with
portable X-Ray system.

4. Discussion

Based on the combination of XRF and HSI imaging, the manu-
script manufacturing process of the Northwestern Hesiod has been
elucidated. The main steps and phases involved in the making of
the text may be broken down into at least four distinct phases in the
writing history of the manuscript:

i) preparation of the parchment using a Ca-based preparation
layer

ii) drawing of ruled guide lines, using a Pb-based pen or ink
iii) writing of the main text and glossae within the ruling

guideline using Fe-gall ink and modulating color pigments
(Hg-, Cu- and Pb- based)

iv) addition of two types of comments to the main text, possibly
at a later date than stages i-iii, one presenting a composition
of Fe-gall ink rich in Cu, a common component of Fe-gall ink
that is used here to differentiate two ink recipes among the
comments

While this manufacturing history is of interest, the analysis,
more importantly, revealed the context in which the text was
written. The XRF Fe K maps allow the main text to be read and
identified as a straightforward copy of the Institutes of Justinian (or
Institutiones Justiniani e the third part of the Corpus Juris Civilis)
[42], a collection of fundamental works in jurisprudence that was
issued from 529 to 534 AD by order of Justinian I, Emperor of
Byzantium. This manuscript follows Justinian's text more closely
than its canonical adaptation into the Canon Law, the internal
ecclesiastical law governing operational policy of the Catholic
Church [43].

The glossae, which appears to have beenwritten simultaneously
to themain text, aremostly fragmentary but some areas can be read
as: “adam vivens non posset habere uxorem” (would Adam have
been able to have a wife under defined circumstances), and then a
bit further on “quia usque ad gradum vij secundum canones ut xxv
q[uestio] ij c[anon] “Progenie” (Canon law passage c. 16 C. xxxv qu.
2e3). These passages either refer to theological interest or to Canon
law, specifically the canon Progeniem suam.

The main text and glossae seem to have been further com-
mented upon, either i) directly on the text using some marks to
highlight some sections or even correct another, or ii) in the mar-
gins area where further marks and comments are present. How-
ever, whereas the marking shapes can be rediscovered, the contrast
and spatial resolution achieved during this study were not suffi-
cient to allow the reading of full passages of the comments, pre-
venting any further conclusion on their origins.

Based on these first evidences and previous works on medieval
manuscripts, one possible hypothesis regarding the context of use
of the manuscript might be that this parchment comes out of a
university context in which Roman law is being studied (at least in
part) as a basis for the understanding of Canon law; a common
practice of the Middle Ages if one considers the work of the so-
called “legal glossator” scholars who applied methods of inter-
linear or marginal annotations together with words explanation to
the interpretation of Roman legal texts [43]. Consequently, this text
is representative of a common practice in Middle Ages on com-
menting manuscripts with a focus on the Roman Law to better
define and discuss the origin of the Canon Law.

From a methodological point of view, the combined use of MA-
XRF-tube analyses and spectral imaging, offers an in-situ solution to
visualize and characterize the main materials used during the
manufacturing of the parchment used to cover the Northwestern
Hesiod book. HSI offers the advantage of analyzing the entire sur-
face of the recycled manuscript in a reasonable acquisition time
(~2 h), together with contrast and spatial resolution which reveal
most of the text present in the main area of the cover. Performing
HSI as preliminary technique allows the experimenter to choose
the area of interest to perform supplementary MA-XRF-tube
elemental analyses, 1D or 2D, for material characterization
purposes.

However, HSI results alone present two main limitations that
ultimately affected the results of this study. The first one is that the
imaging contrast is limited by the state of preservation of the
parchment, for instance occluding stains - thus avoiding a full
reading of the main text by epigraphers or linguists. The second is
the lack of spectral variation that avoids distinguishing the two
types of iron gall ink used for the writing of the comments, or
identifying and mapping the Cu-based pilcrow marks, and the Pb-
based ruling. These limitations of HSI are addressed by the results
obtained from the MA-XRF-SR dataset. The high sensitivity and
spatial resolution of the information recorded using MA-XRF-SR
provide unique evidence on both the hidden written information
and the manufacturing process. However, the fact that the analysis
is not performed in-situ is a major drawback, as it necessitates that
the object travels to a large-scale facility, such as CHESS e an op-
portunity not afforded to most objects, let alone entire collections.

Considering this drawback, an innovative solution has been
designed to improve the imaging of hidden texts using portable
systems. The elemental selectivity and contrast of theMA-XRF-tube
data have been fused with the imaging capabilities (spatial reso-
lution and speed of scanning) of the HSI dataset using machine
learning approach. The reconstructed image of the text presents
both improved contrast and spatial resolution, that enhances the
legibility of the text, being comparable to the images obtained us-
ing SR-MA-XRF set-up - considered as ground truth. Furthermore,
the reconstruction approach used in this study has been validating,
allowing it to be applied to similar objects acquired in similar
conditions.

5. Conclusion

By offering the potential to capture large amounts of data for
addressing preservation, scientific analysis and scholarly interests,
non-invasive imaging techniques ensure analyses of historic doc-
uments before there is further loss of information.

In this work, XRF and HSI techniques in combination have been
proved to be successful in revealing twomain information from the
recycled binding cover: the context of manufacturing of the original
manuscript, mostly through the reading of the hidden text, and the
main steps involved in its manufacturing, through the identifica-
tion andmapping of the pigments and inks used for its preparation.

Whereas these techniques alone have increasingly being used
for revealing texts or determining the degradation state of recycled
manuscript, this study presents the importance of combining
techniques for visualizing and characterizing hidden written in-
formation to disseminate a wider knowledge in the art and hu-
manity field. The effort to image the entire bookbinding to
rediscover both the full text and associated comments has neces-
sitated decreasing acquisition time, to scan larger surface, while
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keeping a contrasted and resolved image of the text, to allow its full
reading. This has been achieved following two analytical ap-
proaches. One was based on the optimization of the experimental
set-up using a bright synchrotron source and the fast Maia detector.
The other took advantage of the sensitivity and contrast supplied by
in-situ XRF with the wide field imaging provided by HSI dataset.
Instead of extending the instrument capabilities, the information
contained in the datasets acquired on site were fused for an
enhanced analytical results comparable to the first strategy. The
proposed approach being proved to be successful for this type of
object, it presents extended possibilities to be applied and imple-
mented for similar problematic materials and techniques.

In the particular context of this work, increasing the number of
lining studies of early printed books will result in a more
comprehensive understanding of the recycling process during this
specific period. At the same time, it will bring manufacturing in-
formation on the manuscripts which were used in this recycling
process, and on their original context of use. Thus the integration of
the revealed written history in a largest context will be made
possible by a continued focus on collaboration between scholarly
fields, techniques, and data processes.
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