Claudia Colini, Ivan Shevchuk, Kyle Ann Huskin, Ira Rabin,
Oliver Hahn
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Abstract: Our standard protocol for the characterisation of writing materials
within advanced manuscript studies has been successfully used to investigate
manuscripts written with a pure ink on a homogeneous writing surface. How-
ever, this protocol is inadequate for analysing documents penned in mixed inks.
We present here the advantages and limitations of the improved version of the
protocol, which now includes imaging further into the infrared region
(1100-1700 nm).

1 Introduction

To assist scholars of manuscript studies, the Federal Institute of the Materials
Research and Testing (BAM) in Berlin and the Centre for the Study of Manu-
script Cultures (CSMC) in Hamburg have developed a two-part protocol of non-
destructive ink analysis: a primary screening performed with NIR (near infrared)
and UV (ultraviolet) reflectography at two specific wavelengths, followed by an
in-depth analysis using spectroscopic techniques that include X-ray Fluores-
cence (XRF) and, in individual cases, Fourier Transform Infrared (FTIR) and
Raman spectroscopy.' The primary screening was specifically developed for
manuscripts written on homogeneous substrates with a pure ink type.? The
inadequacy of the initial protocol became increasingly apparent during the
studies of papyri, manuscripts coming from an archaeological contest, and
Arabic inks.’

1 Rabinet al. 2012.

2 Rabin 2015; Cohen et al. 2017.

3 We are referring in particular to PhD researches on Coptic manuscripts written on papyrus
and parchment and dating from the second to the eight centuries CE (Ghigo 2020 and Ghigo et
al. 2020); on Arabic-Jewish manuscripts from the Cairo Genizah written on paper and
parchment in the eleventh century CE (Cohen 2020); and on black inks reproduced from Arabic
recipes dated from the ninth to the twentieth centuries CE (Colini 2018).

3 Open Access. © 2021 Claudia Colini, lvan Shevchuk, Kyle Ann Huskin, Ira Rabin, Oliver Hahn, published by
De Gruyter. This work is licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License. https://doi.org/10.1515/9783110753301-009
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When organising a new research project to focus on the materiality of Ara-
bic fragments from Egypt during the first five centuries of Islam, it was clear
from the historical material circumstances that the standard protocol would
need an update.*

During the Umayyad period, and specifically at the beginning of the eighth
century CE, when the Arabs conquered Central Asia, paper was introduced into
the Islamic world thanks to the Sogdians, who were familiar with both Chinese
and Central Asian paper types.’ The new writing material was positively re-
ceived, in particular the Central Asia type obtained from rags, and it eventually
replaced papyrus, which was the main writing support, together with parch-
ment, until the tenth century ck. In Egypt, the transition from papyrus to paper
took place between 870 and 970 ck, although paper had already become the
preferred writing support by 930-940 cE.® A combination of economic advan-
tages and of prestige and legitimacy embedded in the new writing material
seems to have been the reasons motivating this transition.’

Parchment was also frequently used, in Egypt and in the Islamic world, but
it was specifically employed for relevant and durable contracts (such as pur-
chase deeds and documents related to marriage), luxurious items and texts
connected with religion and esoterism (Qur’ans and Jewish liturgical scrolls, for
instance, but also amulets and magical texts).® Parchment continued to be used
after the introduction of paper, and although it was never completely substi-
tuted by the new writing support, its use slowly decreased in the following

4 The research project RFAO1 ‘The Scribe’s Choice: Writing Supports in Arabic Documents of
the Early Islamic Centuries’, part of the Excellence Cluster 2176 ‘Understanding Written Arte-
facts’, Universitdt Hamburg.

5 The earliest surviving Arabic texts written on paper are the documents found at Sanjar-Shah
(Tajikistan) and dating between 720 and 790 CE. Their paper was most likely imported from
China, as it is made of pure new paper mulberry fibres, and differs from the Central Asian type
as this is made of recycled fibres (mainly hemp, ramie and flax) from rags; Haim et al. 2016,
163-168; Shatzmiller 2018, 472-475. For a detailed explanation concerning the diffusion of
paper by Sogdians and the adoption by Umayyads and Abbasids, see Rustow 2020, 116-135.

6 Grob 2010, 11-13; Rustow 2020, 135. It is possible, however, that paper was imported, mainly
from Syria, as early as 860 CE; Youssef-Grob 2015, 431-432.

7 See Shatzmiller for the economic reasons (Shatzmiller 2018, 475-485) and Rustow for the
prestige associated to paper (Rustow 2020, 135-137).

8 Rustow 2020, 137; Cohen 2020, 92-94; Bausi et al. 2015, 89-90. Entries of parchment frag-
ments in the Arabic Papyrology Database (APD) confirm this trend <https://www.apd.gwi.uni-
muenchen.de/apd/show_new.jsp> (accessed on 10 Dec. 2020).
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centuries. Less common writing supports used in Egypt include leather, textile,
bones, wooden tablets and ostraca.’

With regards to writing media, an overall familiarity with inks of different
types and chemical compositions is well attested in the Middle East in the tenth
and eleventh centuries CE. The inks of that time belonged to three typologically
distinct classes: carbon, plant, and iron-gall inks.*

Carbon inks are obtained by mixing charcoal or soot with a water-soluble
binder, such as gum arabic (common in the Middle East) or proteinaceous glues
(common in the Far East), and dispersing the mixture in a water-based solvent."
Plant inks are mainly composed of tannins and are obtained by cooking or mac-
erating various vegetal materials. Unlike the plant inks used in Europe, gall
nuts are rarely used as ingredients according to the Arabic sources; instead, the
few Arabic recipes call for bark, fruits or flowers."” Iron-gall inks are obtained by
the reaction between iron ions (Fe*") with gallic acid in a water-based solvent,
with the addition of a binder, normally gum arabic. The most common source of
iron ions is vitriol (a mixture of hydrated metallic sulphates), but the recipes
also attest to non-vitriolic iron-gall inks, which were prepared using filings,
slags, nails and pieces of iron. Though the best source of gallic acid is gall nuts,
they could be substituted by a variety of tannin-rich plant matter (e.g. tree bark,
fruits and fruit rinds, leaves, etc.) that was cooked or macerated.

The distinct optical properties of carbon, plant and iron-gall inks can be
used to differentiate them: carbon ink maintains its solid black colour across the
ultraviolet, visible and infrared regions of the light spectrum; plant ink turns
transparent at around 750 nm; and iron-gall ink gradually loses opacity towards
the longer wavelengths.” Furthermore, tannins’ ability to quench fluorescence
enhances the contrast between a fluorescing background and the text, making
UV reflectography a useful tool for identifying their presence.

In addition to observing their distinct optical properties, quantitative and
semi-quantitative X-ray fluorescence spectrometry (XRF) measurements can
also be used to detect differences in the elemental composition of marker ele-
ments (such as copper, manganese or zinc in vitriol-based iron-gall inks), mak-
ing this another powerful tool for manuscript studies. The fingerprint model,

9 Grohmann 1952, 44-62.

10 Cohen et al. 2017; Rabin 2017; Colini 2018, 17-18 and 39-40.

11 Zerdoun 1983, 55-67 and 71-90.

12 For European recipes of plant inks made with the extract of gall nuts, see Zerdoun 1983, 180
and 306-307. For Arabic plant inks, see Colini 2018, 40 and 119-220.

13 Mrusek et al. 1995, 72.
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introduced some fifteen years ago, presents iron-gall ink as a series of ratios of
the vitriolic impurities to iron (the main component of the ink) and also consid-
ers the relevant impurities of the paper.” The use of NIR imaging, accompanied
by a semi-quantitative calculation of the iron-gall fingerprints, have shown
excellent results in advanced codicological studies of medieval European man-
uscripts on paper and parchment.”

Besides these pure types, another class of inks appears to have been quite
popular among the Arabic sources: mixed inks.' Depending on how these inks
were prepared, two subtypes can be defined: mixed carbon-plant inks and
mixed carbon-iron-gall inks. The former, which are characterised by the addi-
tion of plant extracts rich in tannins to a carbon ink, are attested in the sources
as early as the ninth century ce.” Recipes of mixed carbon-iron-gall inks ap-
peared later, in the thirteen century, although one of them is attributed to a
vizier who died in 806 cE.”® Their formulations can range from adding a small
amount of soot or charcoal to an iron-gall ink, to adding vitriol and tannins to a
carbon ink; therefore, inks with different ratios of carbon to iron are necessarily
included in the same subtype. Currently, use of the mixed inks in Medieval pe-
riod are considered rare and are only sporadically identified in manuscripts;
however, this may be due to the difficulty of their identification rather than their
absence.” Rabin suggests that mixed inks played an important role in the tran-
sition from the carbon inks of Antiquity to the iron-gall inks of the Middle Ages.*

Currently, a growing number of publications report presence of metals in
the inks dating to the Greco-Roman period: carbon-based inks that also contain
different admixtures or metallic elements, such as copper and lead.” Chris-
tiansen attributes presence of copper in the inks to the use of soot that came
from metallurgical plants, while lead compounds could be used for their drying

14 Hahn et al. 2004.

15 Hahn et al. 2008a; Geissbiihler et al. 2018.

16 Colini 2018, 17-19 and 40.

17 Colini 2018, 39. The recipes can be found in the appendix, Colini 2018, 119-220.

18 Colini 2018, 40. The recipes can be found in the appendix, Colini 2018, 119-220.

19 The limitation of the current protocol for identification of the tannins is discussed in Rabin
2015, Colini et al. 2018, Cohen 2020, Ghigo et al. 2020, Ghigo 2020.

20 Rabin 2017, 7-11, Nehring et al. 2021.

21 Carbon inks containing copper were found in the Genesis Apocryphon scroll (1Q GenAp)
from the Dead Sea Scrolls collection (Nir-El and Broshi 1996), in two fragments of private letters
from Pathyris and in two others from the Tebtunis temple library (Christiansen et al. 2017), and
a documentary papyrus from Fayum (Rabin et al. 2019). Carbon inks containing lead were
identified in two fragments of the Herculaneum papyri (Brun et al. 2016), a fragment from Dime
(Colini et al. 2018) and two others from the Tebtunis temple library (Christiansen et al. 2020).
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properties.”? It must be stressed, however, that in the absence of a non-
destructive method that can unequivocally identify the presence of tannins in
the ink, it is impossible to differentiate between a carbon ink with an admixture
of iron or copper from a carbon-iron-gall mixed ink.

Here, we present the tests conducted with the new mobile equipment OPUS
Instruments APOLLO Infrared Reflectography Imaging System (IRR), intended
to unambiguously identify carbon in mixed inks. During the preparatory stage
of the aforementioned research project, fifteen Arabic fragments preserved in
the Department of Papyri of the Austrian National Library (ONB), Vienna, were
tested.

2 Description of the corpus

Table 1 summarises the known historical data of the fifteen Arabic fragments
from the Department of Papyri of the Austrian National Library (ONB), Vienna,
investigated in this work. The collection was established in 1883 following sev-
eral purchases made between 1878 and 1882 by the Archduke Rainer who was
persuaded by Josef von Karabacek (1845-1918), Professor of History of the
Orient at the University of Vienna, to buy a large number of papyri from the
Viennese antiques dealer Theodor Graf (1840-1903).2 The majority of the frag-
ments in the collection come from the excavation sites of al-USmianayn (the
ancient city of Hermopolis Magna) and Thnasiya (Heracleopolis Magna) in cen-
tral Egypt, as well as various archaeological sites in the Fayum oasis.*

22 The first statement can be found in Christiansen et al. 2017, 7; the second in Christiansen et
al. 2020, 27834.

23 <https://www.onb.ac.at/en/library/departments/papyri/about-the-department-of-papyri>
(access on 06 Apr. 2021).

24 When talking about provenance, a distinction should be made between the finding place,
the actual place of production of the written artefacts and the internal references to locations in
the texts. Since the fragments in the collection were acquired through the antiques market, the
place of production is extremely difficult to identify, and while the finding place is often
provided in the acquisition records, they are not always reliable. Finding place and area of
production may coincide, but this is not always the case: letters, for example, often have a
different place of production than the site where they were excavated. When a location
mentioned in the text, such as a village referred to in a sales contract, can be found, it is
possible that this location coincides with the place of production, although each instance
should be evaluated individually. In this paper we are using the concept of provenance in a
broad sense, including all the aforementioned meanings.
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The manuscripts selected for this study — written in black inks on parchment,
papyrus and paper — are dated between the tenth and the first half of the eleven
century Ck and represent different contents and contexts of production.

3 Experimental section

The writing supports of the fragments were first described according to their
visual characteristics, both in ambient and transmitted light (using a light
sheet). The latter is commonly used to observe the marks left by the sieve during
paper production, but it also reveals the fibre distribution of a papyrus sheet.

3.1 Dino-Lite USB microscope, AD413T-12V

Following a visual description, we conducted the primary screening with a
handheld Dino-Lite USB microscope. Measuring just 10 cm in length, this minia-
ture microscope features built-in LED illumination at 395 nm (UV) and 940 nm
(NIR), as well as a customised external white light (VIS) source mounted on the
microscope. This instrument is used to differentiate the types of inks by compar-
ing the change of opacity between the visible and the infrared image. In addi-
tion to the NIR micrographs, we usually also examine the images captured
under UV light: the presence of tannins can be inferred from the enhanced
contrast of ink and substrate, a result of tannins’ ability to quench the UV-
induced fluorescence of organic supports. In some cases, the dimensions of the
writing stroke appear larger in the UV image compared to the VIS image due to
the spreading of tannins in the writing support.

3.2 Elio Bruker Nano GmbH (formerly XG Lab)

This X-ray spectrometer features a 4W low-power rhodium tube and adjustable
excitation parameters. It has a 17 mm? Silicon Drift Detector (SDD) with energy
resolution < 140 eV for Mn Ka. The beam size is roughly 1 mm. The measure-
ments were performed on single spots at 40 kV and 80 pA, with an acquisition
time of 2 minutes. Bruker’s SPEKTRA software was used for the peak fitting and
the semi-quantitative data evaluation. This simple portable instrument is
usually the first choice when a quick identification of elemental composition is
required and the inked areas are compatible with the beam spot size.
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3.3 OPUS Instruments Apollo

Verification of the presence of carbon in the inks was performed with OPUS
Instruments APOLLO Infrared Reflectography Imaging System (IRR). The regu-
lar Short-Wave Infrared (SWIR) sensing range (900-1700 nm) of the 128x128-
pixel scanning InGaAs sensor was reduced by the following filters: Short Wave
Pass Filter (SWP1250, range 900-1250 nm), Band Pass Filter (BPF1250-1510,
range 1250-1510 nm) and Long Wave Pass Filter (LWP1510, range 1510-1700
nm). Each filter was mounted in front of the IR lens (150 mm, f/5.6—f/45) with
the aperture set to f/11. The working distance between the sensor and the object
was set to 73 cm and the acquisition time to 50 ms per tile. Two 20W halogen
lamps provided broadband illumination. The filters allow us to limit the range
of infrared light to the portion where iron-gall inks become completely trans-
parent, thereby enabling the discrimination of pure iron-gall inks and mixed
inks.

4 Results and discussion

The fact that the original protocol was never intended for the complete charac-
terisation of mixed inks, which were hardly employed in late medieval or Euro-
pean manuscripts, has been discussed at length elsewhere.” Here, we would
like to present three selected examples from the corpus to illustrate some com-
mon classes of inks encountered during field studies. Fig. 1 shows, on the right,
the photographs of these fragments; the blue squares highlight the area shown
in the Dino-Lite micrographs, taken in visible light and at 940 nm (NIR), which
appear in the middle of the figure. On the left, we present the XRF spectra of the
writing supports and of the inks.

The ink of the papyrus fragment A.P.4360, in Fig. 1a, is easily identified as
an iron-gall ink because its opacity decreases noticeably (but not completely) at
940 nm when compared to the visible light image. Furthermore, in the XRF
spectra, the signal of iron from the inscribed area far exceeds that detected on
the uninscribed papyrus. The ink of the main text of the contract on the parch-
ment manuscript A.Perg.82, in Fig. 1b, is most probably of the carbon ink varie-
ty, as there is neither a change in opacity at 940 nm nor any meaningful change
between the spectra of the inscribed and uninscribed areas.

25 Colini et al. 2018; Ghigo et al. 2020.
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Inbansity

Inbensity

Intensity

Fig. 1: On the left, XRF spectra of writing supports and of inks; micrographs at 50x magnification
of the measured spot taken with Dino-Lite in VIS light and at 940 nm (NIR); on the right, image
in visible light of the entire fragment with the area of the micrographs highlighted in blue: A)
A.P.4360; B) A.Perg.82; C) A.Ch.9. Manuscript images © Osterreichische Nationalbibliothek,
Papyrussammlung.

The fragment in Fig. 1c, A.Ch.9, contains four different inks; the ink in question
is found at the end of the bottom line, a later remark attesting that debt has
been partially cleared. This line is written with two inks, the beginning with a
brown-red one that has corroded the paper, the ending with a darker one and
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slightly thinner pen strokes.” The ink in which these last words were written
shows little opacity change at 940 nm compared to the visible image, as seen in
the Dino-Lite micrograph in Fig. 1c. By comparing the XRF spectra of this ink
and the writing support, an increase in the amounts of iron, calcium and potas-
sium in the inscribed area can be detected (black curve). Based on the current
protocol, we tentatively conclude that we are dealing here, in A.Ch.9, with a
non-vitriolic carbon-iron-gall mixed ink.

As the case in Fig. 1c illustrates, it is difficult to verify the presence of iron in
the writing media because the paper also contains a high amount of the same
element. This is indicative of a larger problem of identifying mixed inks, on
papyrus or Arabic paper using the XRF-method. The low iron signal in the ink,
accompanied by a heterogeneous distribution of iron in the writing support
resulting in a strong noise of the iron signals, makes the use of the fingerprint
model practically impossible, since the calculations require small quantities
and homogeneous distribution of iron signals in the writing support.

In Fig. 2, we illustrate the average iron content of three fragments (A.Perg.82,
A.Ch.32363 and A.P.14063) from the Vienna Papyri Collection. The error bars
represent the standard deviation (i.e. the dispersion of the data relative to its
arithmetical average).
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Fig. 2: Distribution of iron in the writing supports of three fragments: A.Perg.82 (parchment, in
orange), A.Ch.32363 (paper, in light blue) and A.P.14063 (papyrus, in green).

26 Unfortunately, the edition of the fragment does not clarify whether these last words were
added to the line or if they were written by another scribe. In fact, this part of the document could
only partially be read and translated due to its preservation state; Youssef-Grob 2015, 440-441.
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As we can see, the writing supports of the analysed fragments have high iron
concentrations, especially paper and papyrus. The smaller error bar of the
parchment average, compared to those of paper and papyrus, indicates that the
distribution of iron in the parchment fragment is more homogeneous. The heter-
ogeneous distribution of elements is caused by the intrinsically uneven struc-
ture of papyrus, and also by residual archaeological materials (e.g. dirt, sand,
etc.) that contaminate it with iron. It is possible that the tools used to cut and
beat the rags as well as the water employed in papermaking were responsible
for the iron contamination in paper fragments. Furthermore, conservation treat-
ments or abrasions resulting from past use may also contribute to the con-
tamination of the writing support or the wider distribution of iron that was ini-
tially localised in the inked area.” Thus, not only do paper and papyrus contain
more iron, but its distribution is also extremely uneven.®

It is clear that when NIR reflectography at 940 nm, coupled with XRF, fails
to identify the ink type, we must resort to the IR reflectography method original-
ly proposed by Mrusek and colleagues.” In this study, we tested the Infrared
Reflectography Imaging System (IRR) OPUS Instruments Apollo, in addition to
the NIR screening conducted with the Dino-Lite and XRF analysis conducted
with Elio.

The performance and suitability of the instrument were tested on a set of
three-year-old ink samples prepared at the manuscript lab of the CSMC, Univer-
sity of Hamburg.*® Fig. 3a shows a picture of the inks — respectively, an iron-gall
ink, a carbon ink, a mixed carbon-plant ink and a mixed carbon-iron-gall ink —
taken in visible light. The images in Fig. 3b-c-d were taken with the Apollo imag-
ing system equipped with the SWP1250, BPF1250-1510 and LWP1510 filters,
respectively. As expected, the carbon ink shows no change in opacity across all
four images, while the mixed inks progressively become more transparent, al-
though they remain visible even in Fig. 3d. The iron-gall ink, in contrast, shows

27 Water-based conservation treatments can cause the delocalisation of the soluble parts of
the iron-gall inks resulting in the emergence of an iron-rich background in the writing support;
Hahn et al. 2008b. The use of the tannic tincture caused delocalization of iron and potassium
in the Vercelli Book; Rabin et al. 2015.

28 Similar observations based on a higher number of documents can be found in Cohen 2020,
120-124 and 142-150.

29 Mrusek et al. 1995.

30 The inks were prepared in 2016 according to Arabic recipes. They were artificially aged for
49 days in the ageing chamber WK11-180/40 by Weiss Umwelttechnik GmbH at BAM, with the
condition of T=80°C; RH=65%, and subsequently stored in the rooms of CSMC. Colini 2018, 59—
78 (nos 17, 52, 165, 173) and 82-87.
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a clear change in opacity in Fig. 3b, while traces of it are barely detectable in
Fig. 3c, and it becomes completely undetectable in Fig. 3d.

Fig. 3: Results of IR reflectography on three-year-old ink samples, normalized to Spectralon.
From top to bottom: iron-gall ink, carbon ink, mixed carbon-plant ink; mixed carbon-iron-gall
ink. A) image taken in visible light; B) image taken with Apollo Imaging System with SWP1250
filter; C) image taken with Apollo Imaging System with BPF1250-1510 filter; D) image taken
with Apollo Imaging System with LWP1510 filter.

The lower contrast between the iron-gall ink and the writing support in the
BPF1250-1510 image (Fig. 3c) compared to the higher contrast in the SWP1250
image (Fig. 3b) suggests that the iron component must have stopped absorbing
light shortly above 1250 nm; this may be due to the prevalence of insoluble
black iron (IIT) bis-gallate in freshly made inks, which is significantly higher
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than the amount in ancient ones.* This assumption is based on reports, from
the late eighteenth century cE onwards, of originally black iron-gall inks degrad-
ing into brownish substances.

The low contrast or ‘faint trace’ observed in the fresh iron-gall ink sample in
the BPF1250-1510 (Fig. 3c) image can be explained by the broad spectral width
of the band pass filter (260 nm) and the inability of the imaging sensor to dis-
criminate the energy (wavelength) of the reflected photons. Each pixel of the
InGaAs sensor simply counts and digitises the number of incoming photons that
were generated by the broadband illumination using halogen lamps. For pixels
corresponding to ink, the photons absorbed in the 1250-1300 nm range do not
reach the sensor and, consequently, fewer total photons are counted. These
pixels then have slightly lower intensity values than the pixels corresponding to
the surrounding and underlying writing support, which explains the low contrast.

The spectral properties of the BPF1250-1510 filter are therefore not optimal
for the unequivocal identification of the presence of iron-gall inks and carbon,
but they still provide valuable information for the discrimination of inks. A se-
ries of measurements on the original documents with a device that can operate
within the spectral range of 900-1700 nm and with a higher spectral resolution
of 10 nm would be necessary to study and understand the absorption properties
of iron-gall inks depending on their chemical composition, thickness and their
interplay with the writing supports, specifically in the range of 1200-1300 nm. A
comparison of the spectral reflectance curves of iron-gall ink and the writing
support would significantly narrow the range of wavelengths (down to +10 nm)
at which the iron-gall inks stop absorbing and lose their opacity completely.

Given the aforementioned reasons, the LWP1510 filter would be a better
choice to verify the presence of carbon. This filter enables wavelengths longer
than 1510 nm (sufficiently above the critical region of 1200-1300 nm) to pass
through and therefore ensures that there is only carbon absorbing in this region
of the electromagnetic spectrum. However, images acquired with this filter ap-
pear dark and underexposed even under the maximum exposure time of 50 ms
and halogen lamps set to full power. We believe that the source of this problem
lies, on the one hand, in the low transmission of the filter, and on the other
hand, in the apparent drop in the intensity of the light provided by the halogen
lamp in this spectral region. Unfortunately, it is not possible to increase the
exposure time to collect more photons. Being underexposed, the images must
then undergo the post-processing step of histogram stretching in order to be

31 Krekel 1999.
32 Ribeaucourt 1797; Fuchs 2003, 160-161.
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viewed on a computer monitor by the researcher. Stretching the histogram to
enhance the appearance can also create artefacts in the pictures by enhancing
the noise.

Based on the outcome of the tests on ink samples prior to the imaging in
Vienna and on the underexposed LWP1510 images, it was decided to select the
BPF1250-1510 filter and include its results in the protocol. The permanence of
iron-gall ink beyond 1250 nm in the tests was regarded as exceptional due to the
young age of the media. We thus expected that it would still be possible to dis-
tinguish mixed inks from pure iron-gall inks, as the carbon particles dispersed
in the plant or iron-gall ink base would have a stronger contrast, and therefore a
much darker appearance, than the low contrast ‘faint trace’ of iron-gall ink.

The decision to use only one filter was additionally motivated by the need to
minimise the exposure to heat generated by the broadband halogen light
sources. As each scan takes ten to twenty minutes, adding a second filter to the
protocol would increase the time that the fragment is exposed to heat, which is
not ideal for manuscript preservation. Changes in temperature can cause the
relative humidity in the area surrounding the object to fluctuate, resulting in
changes to the water content of the manuscript, which desorbs water particles
into the air. This desorption can create alterations, such as waves and cracks, to
the writing supports; particularly susceptible are parchment, which is highly
sensitive to temperature and relative humidity fluctuations, and papyrus,
whose fibres are often already dry and fragile. To address this issue, we are
developing a novel illumination panel set that consists of short-wave infrared
(SWIR) LEDs and limits the heat emission to a technically plausible minimum.
Because available LEDs emit considerably less heat than halogen or incandes-
cent lamps, we will significantly reduce the potential risk of causing irreversible
alterations to the manuscripts.

The application of this revised protocol to identify mixed inks is demon-
strated by the imaging results of the bottom line of fragment A.Ch.9 (Fig. 4a). In
the BPF1250-1510 image (Fig. 4b), the low contrast of this part of the text is
indicative of an iron-gall ink with the exception of the last words, which show
only a slight change in opacity. This confirms that the line was written using
two different inks and that the last words contain carbon, as they have a strong
contrast in the 1250-1510 nm range. By combining this result with the previous
observations displayed in Fig. 1c, we can conclude that those words were writ-
ten with a non-vitriolic carbon-iron-gall mixed ink. To confirm the identification
of this ink on A.Ch.9 as a mixed carbon-iron-gall ink beyond any doubt, we
should have also used the LWP1510 filter. Unfortunately, this was not done
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because we expected that the BPF1250-1510 filter alone would provide suffi-
cient information to discriminate between iron-gall and mixed inks.

A, Ch. 00009 (VO)
SZI 186109

J;z‘mf -1 vl

) -
."_._,-g;éva/j}j!w- %

Fig. 4: A) Photograph of A.Ch.9 in visible light © Osterreichische Nationalbibliothek, Papyrus-
sammlung; B) Picture of the same fragment taken with Apollo Imaging System with BPF1250—
1510 filter.

Because the presence of plant and iron-gall components is determined by the
absence of their signal (i.e. no contrast) above 900 nm and 1300 nm, respective-
ly, the change in opacity of a mixed ink is highly dependent on the ratio of plant
or iron-gall and carbon components. When the proportion of carbon, which
continues absorbing throughout the entire range, significantly outweighs that
of the other ingredients, it becomes impossible to discern changes to the opacity
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of mixed inks. The exact ratio that prevents identification is not yet known, but
it will be investigated in future studies.

The importance of resolving this issue becomes apparent when examining
the ink used to write the tax receipt in the papyrus fragment A.P.14000 (Fig. 5),
which remains difficult to identify even after performing IR reflectography.

L L
C SCIArKCa i Mn Fe Cu Zn

A.P.14000
—— Ink
------ Papyrus

Intensity

L R L L Ll L R R RN R R AR AR RARRE RRRRE]

2 3 4 5 6 7 8 8 10
Energy [keV]

Fig. 5: A) Photograph of A.P.14000 in visible light © Osterreichische Nationalbibliothek,
Papyrussammlung; B) Picture of the same fragment taken with Apollo Imaging System with
BPF1250-1510 filter; C) XRF spectra of writing supports and inks, and micrographs at 50x
magnification of the measured spot taken with Dino-Lite in VIS light and at 940 nm (NIR).
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Compared to the image taken in visible light, no change in opacity can be ob-
served in the image taken at 940 nm (Fig. 5¢c) nor in the 1250-1510 nm range
(Fig. 5b), a clear indication of a carbon-based ink. In the XRF spectra, however,
there is an increase in the intensities corresponding to iron and potassium and
the appearance of the copper- and zinc-related peaks in the inscribed area
(black curve in Fig. 5¢). These elements suggest the presence of a vitriolic com-
ponent in the ink. We therefore conclude that we are dealing here, in A.P.14000,
with a carbon-iron-gall mixed ink with a high carbon component.

5 Conclusions

In this paper we present the advantages and limitations of the improved version
of the ink identification protocol, which was tested on fifteen Arabic fragments
preserved in the Department of Papyri of the Austrian National Library (ONB),
Vienna. In table 2, we provide a summary of the results obtained by the applica-
tion of the improved version of the protocol on the writing media of the ana-
lysed fragments.

Table 2: Results of the analytical campaign oninks. The fragments are ordered by date.

Shelf mark  Writing Date (CE) Type of ink
A.P.6004 Receipt (v) 900 Carbon ink

Bottom notation (v)  unknown Carbon ink

Letter (1) unknown Carbon ink with addition of copper
A.Ch.9 First subscription 900, July Carbon ink

(lines 1-2)

Second subscription 900, July Carbon ink

(lines 3-5)

Later remark (line 6) After 900, July Iron-gall ink
Last words of remark After 900, July Mixed ink (iron-gall with addition of

(line 6) carbon ink)
A.P.4097 Protocol (r) 902-3 Iron-gall ink
List of names (v) After 902-3 Mixed ink (carbon with little addition of
iron-gall ink)
A.Ch.12868 Blackink 931-2 Plant ink or iron-poor iron-gall ink

Red ink 931-2 Vermillion with some red lead
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Table 2 (continued).

Shelf mark  Writing Date (CE) Type of ink
A.P.14000 Black ink 932 Mixed ink (carbon with addition of
vitriolic iron-gall ink)
A.Ch.7814  Taxreceipt (v) 937 Mixed ink (carbon with little addition of
iron-gall ink)
Letter (r) Before 937 Carbon ink
(2" use)
Previous text (r) Before 937 Carbon ink
(1% use)
A.P.14063 Black ink (r) 942, 13 Aug. Carbon ink
Black ink (v) unknown Carbon ink
A.Perg.82 Black ink (several 945 Carbon ink
hands)
A.P.4360 Protocol 944-6 Iron-gall ink
A.Perg.340 Brown ink (several 948, Nov. Iron-gall ink (likely same ink for all the
hands) hands)
A.Ch.1488  Black-browninkand 990-1 Iron-poor iron-gallink
lines
A.Ch.32363 Black-brown ink 1002-3 Plant ink or iron-poor iron-gall ink
Lines 1002-3 Plant ink or iron-poor iron-gall ink
Red inks 1002-3 Iron based pigment (red ochre?)
A.Perg.236 Blackink 1002 Carbon ink
A.Ch.7379  Taxreceipt(r) 1036, 8 July Carbon ink
Other text (v) Before 1036 Carbon ink
(1% use)
A.Ch.1252 + Blackink 1044-5 Iron-gall ink
A.Ch.14324 Lines 1044-5 Iron-gall ink
Red ink 1044-5 Vermillion with some red lead

This study has shown that adding an IRR mobile camera to the standard proto-
col would enable the detection of carbon in the inks, and thus the discrimina-
tion between iron-gall and mixed inks. For the unequivocal identification of
carbon, the IRR investigation needs to be conducted at wavelengths higher than
1300 nm. For this reason, the Long Wave Pass Filter (LWP1510) will replace the
initially selected Band Pass Filter (BPF1250-1510) in our routine protocol. To
address the issue of LWP1510 images being underexposed and reduce the risk of
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introducing post-processing artefacts, we will work closely with the manufac-
turers of the system to design a new, LED-based illumination set that is opti-
mised for the range of 1500-1700 nm. LED light sources, which irradiate less
heat, will also render the ink identification protocol much safer for the objects
from a conservation perspective.
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