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ABSTRACT

Multispectral imaging techniques applied to book heritage are useful to scholars to obtain information
on the materials under investigation. The novel introduction of Thermal Quasi-Reflectography (TQR) tech-
nique, operating in the medium wave infrared (MWIR) spectral range, can flank conventional diagnos-
tic techniques such as UV-based methods and IR imaging techniques in the 850-1700 nm range on
manuscript acquisition. As proof of concept, this work investigates the application of TQR on the Ms.
XL (38) palimpsest, known as Vergilius Veronensis, of the Biblioteca Capitolare of Verona. While inves-
tigating the manuscript with full-field imaging technique, this work focuses its application to improve
the mapping of conservation materials. The manuscript contains several traces of reagents and conser-
vation treatments applied during its conservation history. The study compared the manuscript materials
response obtained with TQR with the response collected using UV-induced visible fluorescence (UVL),
UV reflected imaging (UVR), and NIR imaging in the 850-1050 nm and 900-1700 nm bands. Being the
TQR technique sensitive to surface materials with MWIR reflectance features, it may especially provide
more accurate documentation of the restoration history of the object. TQR imaging discriminated non-
homogeneities of products in the surface layer thanks to an enhanced MWIR contrast. The TQR image re-
sponse on manuscript materials should be further investigated and compared to reflectance spectroscopic
data. The results of this study demonstrate the added value of TQR imaging for manuscript diagnostics,

for which integration of the TQR technique in the standard protocol is desirable.
© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche

(CNR).

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction and research aim

Book heritage is fascinating and saves our history but is made
of very fragile materials such as parchment, papyrus, and paper
sensitive to humidity, light, heat and mechanical stresses [1-5]. For
this reason, it is most of the time kept in the dark. Scholars can
take advantage of digitalisation programs, having this way high-
quality images of the manuscript. Nevertheless, common photo-
graphic systems do not allow them to overcome stains, ink fad-
ing, and degradation issues. In recent years, non-invasive analyti-
cal protocols have flanked the current digitalisation practice [6,7]:
besides regular photographic instrumentations (cameras or scan-
ners), monochromatic sources in the ultraviolet (UV), visible (Vis),
and near-infrared (NIR) up to 1050 nm and high-performance sen-
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sors are used to acquire high-resolution images. Thanks to the dif-
ferent penetration levels and interaction of radiation with matter,
it is possible to obtain information from the surface to the sub-
surface of the manuscript. UV-based imaging in reflection (UVR)
or induced Iuminescence (UVL) mode allows pinpointing varnishes,
retouchings, and faded ink, or identifying pigments (e.g., cadmium-
based), while NIR imaging allows investigating underwriting and
underdrawing [8-11]. The use of narrow-band LED sources allows
to distinguish smaller spectral features in the response of the ma-
terials increasing the diagnostic values of the analysis [12]. Data
visualization and elaboration, e.g., the creation of false-colour im-
ages or the application of image processing algorithms, can high-
light faded text or estimate chemical information about materi-
als [13,14]. These pieces of evidence provide already good infor-
mation to guide the selection of areas, in which to carry out
pointwise spectroscopic analyses to reach the identification of ma-
terials employed in the centuries [15], for instance, different inks,
pigments, and the solutions used by paleographers for increas-
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Fig. 1. Setup for the imaging acquisition of manuscripts at the Biblioteca Capitolare of Verona. (a,b) the Phase One RAINBOW system for UV-vis-NIR multimodal imaging in
reflectance and luminescence mode. (c) IRR acquisition of the Vergilius Veronensis with the Apollo system.

ing the readability of the scripts or the conservation treatments
applied. Nevertheless, some matter features might still be dumb
in the mentioned ranges, being detectable with IR reflectography
(IRR) at longer wavelengths (up to 2500 nm).

In this scenario, the Thermal Quasi-Reflectography (TQR) tech-
nique [16] is expected to provide additional information about the
materials employed, working in the 3-5 um region (Medium Wave
IR, MWIR) and collecting thermal images in reflectance mode.
The diagnostic potential of TQR, also known as MWIR imaging or
mid-IR reflectography, was first demonstrated on paintings [25],
also in a dual-mode systematic approach with thermography [17]
and was well received by the heritage community since conser-
vators demanded the use of TQR to support the restoration of
the Monocromo by Leonardo [18]. The application on manuscripts
has already been shown [19], underlying the potential for fur-
ther study. However, the integration of the TQR method in the
manuscript imaging protocol and its complementarity with the
UV-vis-NIR acquisition techniques have not been evaluated. While
NIR photography and IRR provide information related to the layer
underneath, the TQR technique acquires in quasi-reflectance ap-
proximation the MWIR signal from the artwork surface, also linked
with the chemical composition as suggested by preliminary tests
[16,25]. After a proper optimization of the imaging protocol and
the source-camera setup, the MWIR range ensures a sharp imaging
tool with suitable spatial and contrast resolution since this ther-
mal band exhibits low optical diffraction and background radiation
[17]. This allows to effectively perform the mosaicking of multi-
ple thermal frames to solve the problem of the low resolution of
MWIR sensors: this was shown in [18], where a 500 um pixel size
at object plane was required to effectively investigate the Leonardo
fresco.

The present work introduces a multimodal approach which
flanks TQR in the MWIR in quasi-reflectance mode to UV-vis-NIR
in reflectance and luminescence imaging. Thanks to this multiband
protocol the historical book heritage of Verona with its spearheads
in the Biblioteca Capitolare collection is being investigated in a col-
laborative project.

2. Materials and methods

2.1. The heritage of the Biblioteca Capitolare of Verona and the case
study of the Vergilius Veronensis palimpsest

The library of the Chapter of Verona, as the heir of an an-
cient late antique library fund, is believed to be the oldest still-
functioning library in the world; it owns a number of precious
ancient manuscripts, amongst which the palimpsest Ms. XL (38),
containing fragments of classical texts (Vergil, Livy, a Latin transla-
tion of Euclid, and a philosophical text), known as Vergilius Vero-
nensis for the section with Vergil’s fragments. A palimpsest is a
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manuscript in which the original text was cancelled (scriptio infe-
rior) with various methods (scraping or washing the original script)
to reuse the parchment to write another text (scriptio superior). In
this case, the location of both scripts is the subject of discussion:
the scriptio superior has been dated to the 7th-8th century by a
hand trained to write in Luxeuil minuscule, but it is not certain
whether the scribe actually copied in Luxeuil or another centre in
Gaul or Northern Italy; the scriptio inferior contains various frag-
ments of Virgil's works (Eclogues, Georgics and Aeneid), accompa-
nied in the margins by an ancient commentary, and can be dated
to the last decades of 5th century, with an uncertain location be-
tween Gaul and Northern Italy (Verona or Mantua). The text is
written with ink on parchment and nowadays appears with several
stains due to two treatments aiming at reading what was cancelled
carried out mainly with gallnuts and Gioberti tincture, according to
the historical recipe books [20,21].

2.2. Instrumentation

The workflow at the Biblioteca Capitolare of Verona follows a
standardised imaging protocol to investigate its heritage, based on
a multimodal and multiband imaging sequence which took advan-
tage of three cameras working in three different spectral ranges.
This approach is based on the CHARISMA European project expe-
rience which developed a user manual as output of the research
[11].

Data in the UV-vis-NIR range were acquired using the Phase
One RAINBOW system equipped with an iXG 100MP Wide Spec-
trum camera (Si CMOS sensor, 350-1050 nm), a filter wheel and
a Schneider Kreuznach RS 72 mm lens mounted on a reprographic
column (Fig. 1a, b). A Dedo DLED7 UV 365 nm by Dedo Weigert
Film GmbH coupled to a UV pass filter was used for illuminating
the palimpsest with UVA light and kept at approximately 1.5 m
from the manuscript.

A GoldenThread/DICE Device Level Target (DLT) and an Object-
Level Target by Image Science Associates were used for images
acquired using Vis light and the Target UV by UV Innovations™
for fluorescence images. The images were elaborated using Capture
ONE 20 by PhaseONE and Rainbow MSI software.

IRR was performed with the Apollo scanning camera (InGaAs
sensor, 900-1700 nm) commercialised by Opus Instruments and
halogen lamps at 150 W (Fig. 1c). The Opus Apollo software was
used for controlling the acquisition.

TQR in the MWIR range 3-5 pum was carried out with a FLIR
camera, model X6540sc, with a cooled InSb detector with a ther-
mal sensitivity lower than 25 mK. A 25 mm lens with a field of
view of 22° x 17° was used. The palimpsest was irradiated using
150 W underpowered halogen lamps kept at 1 m from the object.
The ResearchlR software by FLIR was used for assessing the acqui-
sition of the raw thermal images and, in a second step, they were
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Fig. 2. Palimpsest Ms. XL (38), folium 324, Vis image.

mosaicked together for producing an image of the manuscript at
higher resolution.

The whole parchment sized 41 cm x 26 cm was acquired with
the PhaseONE Rainbow setup in a single shot at 640 ppi. With the
Apollo camera, an image of 486 ppi was obtained by stitching two
scans (each scan is composed of multiple acquisition acquired in
the image plane of the camera). A total of 13 acquisitions with the Fig. 3. Top: folium 324, UVL; bottom: conservation treatment (a) vis, (b) UVL: the
FLIR camera were stitched together to reach an image at 168 ppi. product we.xs applied by brush along t'ext lines in a film non-homogeneous in thick-

Data handling and image processing were performed using ness. UVL images were processed to improve contrast.

Python programming language. Using OpenCV library [22] it is

Fig. 4. Folium 324-flipped letter “C”, (a) vis, (b) IRR, (c) NIR at 850 nm, (d) UVL (processed image with improved contrast).
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Fig. 5. Folium 324, IRR; highlighted the evidence of material at the surface, not
observed in the UVL image.

possible to perform stitching of the images and apply batch pro-
cessing to them (e.g., background subtraction and histogram ad-
justment).

3. Results and discussion

The manuscript is in a good conservation state, thanks also to
several conservation interventions (filling of holes, lacunae integra-
tion, application of a consolidant to prevent further lack of frag-
ments), however, the total overlapping of the scripts and the con-
sequences of the tinctures reaction make the text not fully read-
able. The scriptio inferior is spread in four columns, pinpointing by
blue colour as a consequence of the reaction of the Gioberti tinc-
ture, whereas the scriptio superior is more linear, divided into the
two halves of the folium, dark ink writing (Fig. 2).

A diffused corrosion is observable, the consequence of the treat-
ment with the Gioberti tincture. The application of both gallnut

Journal of Cultural Heritage 62 (2023) 72-77
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Fig. 6. Folium 267; TQR acquisition.

and the acidic solution of potassium ferrocyanide creates coloured
complexes with the metal iron of the faded ink, but at the same
time, it is dangerous for the preservation of the parchment and
other inks present, also considering that the chemical reaction
might continue longer than the treatment itself. At the same time,
residues of these two procedures are visible in large areas of the
folium, as brownish -due to tannins- and bluish - due to the for-
mation of Prussian blue - stains [21].

In addition to bringing out the inscriptions, the non-invasive
protocol allows highlighting different conservation treatments.

UVL imaging (Fig. 3) detects the widespread presence of a prod-
uct with a weak whitish fluorescence, most probably an organic
resin of polymeric origin applied to consolidate corroded areas and
fix voids. The resin path follows stripes, suggesting an application
by brush along the text lines. Since in the Vis image the aspect
of this layer is transparent, whitish areas highlighted in the UVL
image can be related to a larger deposition of resin more than a
limited miscibility or a phase separation of the product compo-

Fig. 7. Folium 267; detail of the bottom part with the integrations along the central line: (a) vis, (b) NIR, (c) IRR, (d) TQR.
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Fig. 8. Folium 267; detail of the upper part with the parchment integration: the adhesive can be observed on the surface of the original parchment in the UVR, while on
the modern material is documented only by TQR. (a) Vis, (b) UVR, (c) NIR, (d) IRR, (e) TQR.

nents (in case of a multicomponent formulation) [23,24] and the
formation of bubbles occurred during the polymerisation, with the
evaporation of the solvent (Fig. 3a, b).

At the bottom of the folium, just behind the central line, UVL
well detects the initial “C” letter, not fully treated with the tinc-
ture (Fig. 4a, d). This detail is not detected in the NIR (Fig. 4b,c),
probably because written with an ink free of carbon particles,
transparent in this region. This chemical information in the ar-
eas where Gioberti tincture reacted was lost. The employment of
NIR radiation in a narrow range (850 nm, Fig. 4c) results in diffi-
cult readability because of the high absorbance of Prussian blue at
this wavelength, which hides the script. Further features are high-
lighted at longer wavelengths (900-1700 nm), where both Prussian
blue and gallnut inks are more transparent and the image contrast
amongst the different texts is higher (Fig. 4d), increasing their de-
tectability. From IRR images (Fig. 5), it is also possible to follow
the guidelines drawn by the scribe and obtain more evidence of
the consolidation treatment. Furthermore, on the left, the presence
of a shade due to an applied transparent film not detected by UVL
imaging led to the hypothesis of the employment of another con-
servation resin. However, additional analyses are needed for inves-
tigating the material on this region of interest.

Fig. 6 reports the acquisition of the manuscript with the
added TQR technique. TQR imaging provides information about
non-homogeneity of the resin film thanks to a high image con-
trast in the MWIR range. The different response could be due to
thickness variations. This feature is unclear in the UVL image, due
to the weak fluorescence signal. Interestingly, TQR detects a differ-
ent thermal behaviour of the integrations in the folium, made by
Japanese paper (lighter spots), parchment, and resin (darker spots),
thus highlighting the different application methods. Indeed, the
integrations made with paper slightly overlapped the original sub-
strate and the joint was spread with the adhesive (Fig. 7). In the
case of the parchment integration, the edges of the recent material
are linked by glue to the original one (Fig. 8). It is worth to notice
how TQR detects the presence of the adhesive also on the modern
parchment (Fig. 8e). This result is unclear in the UVR images
(Fig. 8b). It is possible to suppose that the same organic polymeric
resin was used as consolidant and adhesive, just in different
dilution.
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4. Conclusion

The practice of investigating book heritage through non-
invasive optical imaging is common and advantages derived by the
employment of UV-based photography are well known since the
surface can be well described in terms of the distinction of mate-
rials employed and applied. The imaging campaign carried out on
the palimpsest Ms. XL (38) of the Biblioteca Capitolare of Verona,
was the opportunity to extend the standard UV-vis-NIR imaging
protocol to the IR range up to 5000 nm thanks to the applica-
tion of IRR and TQR techniques. The case-study manuscript is in
a good conservation state, but corrosive treatment to recover can-
celled writings compromised the readability of the text, damaging
the parchment as well. Data acquired revealed a widespread pres-
ence of conservation treatments, in particular a consolidation ac-
tion to fill lacunae of the original substrate. UVR and UVL imaging
detected the areas treated suggesting inhomogeneities, while the
TQR imaging was shown to better discriminate the thicknesses of
the product layer thanks to an enhanced MWIR contrast amongst
materials at the surface level due to their chemical differences. For
the same reason, in addition, TQR discriminated the Japanese pa-
per from the modern parchment employed for the integration of
the lacunae. TQR provided results complementary to UV-based and
IR-based imaging using CMOS (850-1050 nm) and InGaAs (900-
1700 nm) cameras.

The results of this work, although preliminary, have demon-
strated the added value of TQR imaging for manuscript diagnos-
tics, for which integration of the TQR technique in the standard
protocol is desirable. Considering that off-the-shelf TQR platform
are not available, so far, and that the integration of TQR acqui-
sition in the routine imaging of manuscripts requires efforts, it
should be preferably applied to a selection of objects, for in-
stance, with a particular conservation history. The UV-vis-NIR im-
age stack, the IRR and TQR reflectance maps, spatially registered
and jointly used, were shown able to highlight several matter fea-
tures. Being the TQR technique sensitive to surface materials with
MWIR reflectance features, it may especially provide more accu-
rate documentation of the restoration history of the object. TQR
results should be further investigated and compared to spectro-
scopic data, in particular external reflection infrared spectroscopy
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in the MWIR region, to evaluate correlations between imaging re-
sponse and present materials in order to extract information on
the chemical families on the art matter at the surface. Thus, the
described protocol can be helpful for a first materials discrimina-
tion, other than in the selection of areas to be further investigated
through spectroscopic pointwise analyses, with the introduction of
TQR making this supervision more accurate. On this regard, the
proof-of-concept given on the Vergilius Veronensis of the Biblioteca
Capitolare of Verona underlines the potential for further investiga-
tions. Future work is planned involving chemical investigations on
a testbed with material mockups.
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