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Abstract 

Iron gall ink was used as a permanent writing material already in late Roman times and 

throughout the Middle Ages, until it became obsolete in the 20th century. There is much 

interest in non-destructive experimental methods to determine the state of the ink and its 

degradation products on historical documents. Mössbauer spectroscopy is such a method, and 

it has the particular advantage to be sensitive to the chemical bonding of iron, but this method 

has only rarely been applied to historical documents.  In this paper we present Mössbauer data 

for two damaged documents from a Library in Granada and a handwritten German book from 

the 18th century. These new results are discussed in the context of previously published 

Mössbauer data. In one of the investigated documents Fe-(II)-oxalate, FeC2O4·2H2O, was 

observed. The assignment of the various Fe3+ sites in the different documents is rather 

difficult and often there is a superposition of various species. These species can be remains of 

the Fe-tannin complexes of the ink, complexes of Fe3+ with the cellulose of the paper and 

different iron oxide or hydroxide nanoparticles. 

 

Introduction 

Iron gall inks were already used in late Roman times [1] and became the most important 

writing material in the Middle Ages and during modern times until they became obsolete in 

the 20th century. Documents written with such inks often suffer from severe degradation, 

depending on the quality of the papers and on the composition of the ink [2, 3]. The chemical 

nature of the color-carrying component and the processes of degradation are still a matter of 

http://www.ugr.es/


debate [3]. In the past decades, there has been a growing interest in addressing these questions 

by physical methods that allow non-destructive investigations, sometimes with a high spatial 

resolution.  Proton induced X-ray spectroscopy (PIXE) [4-6] and X-ray fluorescence 

spectroscopy (XRF) [1, 7-11] allow a quantitative analysis of the various elements in written 

documents on a scale of 0.5 to 3 mm. Attenuated total reflectance (ATR), Fourier transformed 

infrared (FTIR) [7-9] and micro-Raman spectroscopy [1, 7-9, 12, 13] give information on the 

chemical nature of the organic compounds involved in ink formation and their degradation 

products. Only micro-XANES (X-ray absorption near edge spectroscopy) [11, 14] and 

Mössbauer spectroscopy [15-18] with 57Fe are sensitive to the chemical state of the iron, 

which is thought to be the essential component of the color-carrying unit and perhaps an 

important player in the degradation processes.  Whereas XANES monitors mainly the 

Fe2+/Fe3+ ratio, Mössbauer spectroscopy additionally allows more detailed conclusions on the 

chemical state of the iron on the basis of the isomer shift and quadrupole splitting, and it 

allows the identification of magnetically ordered phases like iron oxides or hydroxides. In 

principle, Mössbauer spectroscopy is non-destructive, but it requires relatively large amounts 

of material. Up to now only a few documents have been investigated by Mössbauer 

spectroscopy: Ancient manuscripts studied by Mössbauer spectroscopy are a French 

document from the 15th century [15, 16], a Syriac document from the 12th century [15], and 

three documents from the national library of Poland [17]. More recently, Mössbauer 

spectroscopy also revealed the presence of traces of iron in the paper of old documents [18]. 

 

 In this paper Mössbauer data are presented for two document fragments from the University 

Library in Granada (Spain) and for a German hand-written cookbook from the 18th century. 

Measurements were performed at both ambient temperature and at 4.2 K. Care was also taken 

to study the paper on which the documents were written for traces of iron. The new results are 

discussed in the context of the previous Mössbauer data. In one of the Spanish documents, 

Fe(II)-oxalate (FeC2O4·2H2O) was observed, which apparently is a deterioration product of 

the cellulose. The assignment of the various Fe3+ sites observed in the different historical 

documents is not straightforward. Iron oxides or oxy-hydroxides can be identified by 

Mössbauer measurements at liquid helium temperature, where they are magnetically ordered. 

Species that are still paramagnetic at 4.2 K, however, are difficult to identify. It is difficult to 

decide whether they are remains of iron tannin complexes of the ink or iron-cellulose adducts.  

 

Experiments and methods 



 

1. Historic documents and absorber preparation 

Two of the studied documents were parts of single pages provided by T. Espejo, Granada. 

Both were endpapers of a book printed in Rome in 1715 and were removed from that book in 

the course of a recent restoration carried out in Granada. The manuscript shown in Fig. 1a is 

written in a chancery hand called letra procesal. This type of writing was used in Spain in the 

15th and 16th century. We will call this specimen Chancery MS in the following. The writing 

on it is rather irregular, indicating that it was written as a calligraphic exercise. The writing is 

grayish and faded, and the paper turned out to be quite brittle. After removal of the rim not 

containing any ink, the remainder was therefore crushed and put into a Lucite absorber holder. 

The rim was also put into an absorber holder for separate measurements of the paper alone.   

The manuscript shown in Fig. 1b consists of rather large single letters in Latin script, probably 

also from a calligraphic exercise, and will be called Latin MS. In this case it was possible to 

cut the deep black letters out of the manuscript to be studied separately from the parts that did 

not contain any ink. Both the ink-covered part and the remainder were put into Lucite sample 

holders for Mössbauer measurements at RT and 4.2 K. The thicknesses of the individual 

absorbers are given in Table 1. 

 

The third historic document we investigated is the handwritten cooking book of a lady, Anna 

Maria Widenplazerin, from the year 1783 (private property of F.E. Wagner, Fig. 2). This book 

is quite well preserved, but the writing is rather faint and brownish. For a Mössbauer 

measurement at room temperature (RT), the 14.4 keV gamma rays were passed through 53 

pages of the opened book, which yielded a good Mössbauer transmission spectrum within a 

few days. For a low temperature measurement we had to remove a page from the book. This 

was cut it into squares of about 15 x15 mm2. Of these, 121 were stacked to make a Mössbauer 

absorber, which was measured at both 4.2 K and RT. In order to check whether there is any 

iron in the paper itself, we also removed an empty page from the book and cut it into squares, 

from which a Mössbauer absorber consisting of 88 layers was made and measured at RT and 

4.2 K.  

 

For comparison with components in the document samples, we measured Mössbauer spectra 

of Fe(II)-oxalate obtained commercially from Alpha and hydronium jarosite, which we 

obtained by letting a hydrous solution of FeSO4·7H2O dry in a flat dish at about 20 oC within 

a few weeks. 



 

2. Methods 

 

The room temperature Mössbauer spectra were recorded with a conventional transmission 

spectrometer using a sinusoidal velocity waveform (Halder Elektronik, Germany) and a ca. 25 

mCi source of 57Co in Rh. Low temperature measurements were performed in a liquid He 

bath cryostat with both source and absorber cooled to 4.2 K. The 14.4 keV gamma rays of 
57Fe were detected with a Kr/CO2 filled proportional counter. Isomer shifts (IS) are given with 

respect to the source having the same temperature as the absorber and can be converted to 

shifts relative to -iron at room temperature by adding 0.11 mm/s to the room temperature 

data. To the 4.2 K data, 0.24 mm/s have to be added to refer them to -iron at room 

temperature, because the second order Doppler shift has to be taken into account. All spectra 

were least-squares fitted with superpositions of Lorentzian lines grouped into quadrupole 

doublets or magnetically split sextets. In a few cases, Gaussian distributions of hyperfine 

fields gave better fits for magnetically split patterns than sextets with Lorentzian lines. In such 

cases a Lorentzian width of 0.25 mm/s was used and the distributions are described by the 

mean field B and the variance σB of the field distribution. The line-shapes were calculated by 

superimposing 40 sextet patterns with Lorentzian line-shapes , different hyperfine fields and 

appropriate intensities. 

 

The surface pH was measured with a Mettler Toledo Seven Easy instrument and a Metrohm 

Nr. 6.0256.100 surface electrode at spots with and without visible ink. The measurements 

were carried out according to the TAPPI-protocol T 529. For the measurement the paper was 

placed on a flexible, hydrophobic support pad. De-ionized water (0.05 ml) was applied to the 

position selected for measurement. The glass electrode mounted in a support was then 

carefully placed on the drop of water and pressed onto the paper surface to make good 

contact.  The measurement stopped automatically after equilibrium was reached. IR-spectra 

were measured with a Bio-Rad FTS 575CIR spectrometer equipped with a Pike Technologies 

MIRacle ATR unit. A visual coloring test with zinc chloride-iodide [19] expectedly showed 

that all three papers under investigation are of rag-type, probably from flax and hemp. 

 

Results 

 

Iron contents of the samples 



 

The Mössbauer spectra of the studied documents are shown in Figures 3, 4, and 5. On the left 

side of these Figures, the spectra of the papers with writing on them are shown. To make 

certain that these spectra really represent the traces of the ink on the papers and not merely an 

iron contamination of the papers themselves, we measured Mössbauer spectra of pieces of all 

three documents which are free from visible traces of ink. These are shown on the right side 

of Figures 3, 4, and 5. It turns out that all three papers contain some iron, but at least a factor 

of ten less than for the pieces with writing.  

 

The fitting results of the Mössbauer spectra are summarized in Tables 1 and 2. Table 1 gives 

the thickness of the absorbers and the total area under the Mössbauer spectra at 4.2 K and RT 

calculated by the fitting procedure as the product of the fractional depth and the width of the 

individual lines in the spectra and summed over all lines. Table 2 gives the hyperfine 

parameters obtained for the individual components obtained from the least squares fits of the 

Mössbauer spectra.  

 

From the spectral areas given in Table 1 one can estimate  the area density of iron in the 

absorbers, and hence the iron content per unit mass of the absorber material. For this, separate 

reference measurements with a hematite absorber of known thickness were taken under 

similar conditions as for the measurements of the documents. Assuming that the Lamb-

Mössbauer f-factors of all components in the spectra of the documents are the same as that of 

hematite, one can then obtain the iron contents of the document samples. The iron contents 

obtained in this way are also given in Table 1, as are the measured pH values of the papers. 

The main uncertainty in the determination of the iron contents of the document samples 

results from the assumption of equal f-factors for the hematite reference and the iron species 

on the papers. Since hematite has one of the largest f-factors known for iron compounds and 

other iron oxides and oxy-hydroxides have similarly high f-factors of about 0.9 at 4.2 K and 

0.85 at RT [20, 21], the uncertainty should be no more than about 5 per cent if all iron was 

present in the documents as oxides or oxy-hydroxides. Iron compounds with organic ligands, 

however, may have substantially lower f-factors, which are also expected to decrease more 

strongly with increasing temperature. The iron content of the samples from the documents as 

given in Table 1may thus be underestimated, depending on what the iron species in the 

individual cases are. This will affect the iron contents obtained from the RT spectra more than 

those obtained from the 4.2 K data, since the f-factors for materials with lower f-factors at 4.2 



K also decrease more strongly at higher temperatures. The generally lower iron contents of 

the papers with writing at RT compared to 4.2 K (Table 1) therefore indicate a substantial 

decrease of the f-factors of the iron species with increasing temperature. As an example, and 

because iron oxalate is the only iron phase with organic ligands that could be unambiguously 

identified in one of the documents, we have measured the f-factors of Fe(II)-oxalate at 4.2 K 

and at room temperature by a direct comparison with a foil of α-iron, making an absorber 

containing known amounts of both substances simultaneously (5,68 mg/cm2 α -Fe, 21.5 

mg/cm2 FeC2O4·2H2O). With f(4.2 K) = 0.925 and f(300 K) = 0.80 for α-Fe [22] one thus 

obtains  f(4.2 K) = 0.75 and f(300 K) = 0.34 for the oxalate. 

 

The iron contents of the papers with writing obtained from the room temperature spectra are 

generally lower by about a factor of two than those obtained from the 4.2 K spectra, which 

indicates that much of the iron is mainly bound to organic ligands. For the iron in the paper 

itself, roughly the same iron contents are obtained from the room temperature and 4.2 K 

measurements. This indicates that the iron in the papers is present largely as oxidic phases 

whose f-factors change with temperature much like that of hematite. In the case of the paper 

of the cookbook, the determination of the iron content from the 4.2 K spectra is subject to a 

considerable uncertainty because, due to the low iron content, the intensity of the 

magnetically split pattern at 4.2 K is subject to a large statistical uncertainty. It is clear, 

however, that all papers contain about a factor of ten less iron than the parts with writing. In 

the following discussion of the ink spectra, it therefore appears justified to neglect the 

influence of the iron in the papers. 

 

With 21 mg/g, the parts with writing of the Latin MS contain more iron than the Chancery MS 

(6 mg/g), probably because the large letters in the Latin MS could be cut out with very little 

ink-free paper adhering, which was not the case for the Chancery MS. The cookbook contains 

much less iron than the Chancery MS. 

 

Mössbauer spectra of the papers with applied ink 

Table 2 gives the hyperfine parameters obtained for the individual components obtained from 

the least squares fits of the Mössbauer spectra. The RT spectrum of the Chancery MS (Fig. 3, 

top left) is dominated a ferrous quadrupole doublet with QS = 1.73 mm/s, IS = 1.09 mm/s and 

42 % of the spectral area. The ferric component making up the rest of the spectrum required 

two quadrupole components for a satisfactory fit, namely a doublet with rather narrow lines, 



17 % of the area and an uncommonly large QS value of 1.23 mm/s. and a broad doublet 

making up the remainder of the spectrum. This broad doublet probably represents different 

species, whose individual contributions cannot be resolved. 

 

In the rather complicated 4.2 K spectrum (Fig. 3, bottom left) the dominant Fe2+component 

exhibits a magnetic hyperfine splitting into an octet pattern, as is expected for ferrous iron in 

magnetically ordered substances [23]. This octet could be fitted with a hyperfine field of B = 

15.3 T, a quadrupole interaction of QS= -1.96 mm/s, and an asymmetry parameter of the 

electric field gradient of  = 0.68. One should note that the octet pattern allows the sign of the 

electric quadrupole interaction to be determined, while from the doublet observed at RT only 

the magnitude of QS can be obtained. For the angles defining the direction of the hyperfine 

field in the coordinate system of the electric field gradient [23], values of θ = 90° and φ =  0° 

were assumed and fixed during the least squares fit. This Fe2+ component is very similar to 

one observed in a degraded document by Danon et al. [15],who assigned it to hydrated Fe(II)-

oxalate, FeC2O4·2H2O. RT and 4.2 K spectra taken of a commercially obtained Fe(II)-oxalate 

(Fig. 6, top, and Table 1)  are in good agreement with the Fe2+ sites in the Chancery MS and 

with published spectra  of iron oxalate [24, 25].  

 

The narrow quadrupole doublet of the Fe3+ component with QS = 1.23 mm/s in the room 

temperature spectrum of the Chancery MS splits at 4.2 K into a magnetic sextet that can be 

fitted with a magnetic hyperfine field of B = 47.8 T, a quadrupole shift of QS=  -0.12 mm/s 

and an IS of 0.26 mm/s (Table 1). These parameters are in good agreement with published 

data for hydronium jarosite (H3O)Fe3(SO4)2(OH)6 [26, 27] and with the fitting data of the 

Mössbauer spectrum of a sample of hydronium jarosite, which was obtained by allowing an 

aqueous solution of Fe(II)-sulfate to evaporate to dryness at RT within a few weeks (Figure 6, 

bottom. and Table 1). The spectra of the dried solution of ferrous sulfate still contain a weak 

ferrous quadrupole doublet that cannot be assigned to a ferrous sulfate. Surprisingly, the 

relative intensities of the doublets obtained at RT for Fe(II)-oxalate and jarosite (42 and 17 %, 

respectively, Table 1) are nearly the same as those obtained for the magnetically split spectra 

at 4.2 K (42 an 23 %, Table 1). This suggests that the f-factor of jarosite decreases with 

increasing temperature in similar way as that of Fe(II)-oxalate. We have therefore measured it 

in the same manner as that of Fe(II)-oxalate and obtained for a potassium  jarosite prepared in 

a similar manner as described by Majzlan et al. [28] f(4.2 K) = 0.86 and f(300 K) = 0.45, i.e., 

also a decrease of about a factor two between 4.2 K and 300 K.  



In the RT spectrum of the Chancery MS a second broad Fe3+doublet with a quadrupole 

splitting of QS = 0.84 mm/sand a fractional area of 41 % is needed to obtain a good fit. At 4.2 

K a rather strong ferric doublet (23 %) with QS = 0.83 mm/s is still present, but an additional 

weak (7 %) magnetic sextet with a hyperfine field of 53.7 T is observed. The high hyperfine 

field of this sextet indicates that it is caused by slow paramagnetic relaxation of isolated Fe3+ 

ions. Apparently, part of the iron species that give rise to the broad ferric doublet in the RT 

spectrum split magnetically in this way at 4.2 K, while the rest remains a quadrupole doublet. 

This indicates that there are two different iron species, of which only one shows slow 

paramagnetic relaxations. The fit also requires an additional minor (9 %)Fe2+doublet. For 

fitting this, the isomer shift was restrained to a value typical for iron with six H2O ligands. 

Then a quadrupole splitting of QS =2.75 mm/s is obtained. A similar doublet is not visible in 

the room temperature spectrum, probably because there the f-factor of this species is too low.  

 

The room temperature Mössbauer spectrum of the Latin MS (Fig. 4, top left) exhibits only one 

Fe3+ doublet with QS = 0.79 mm/s (Fig. 4, bottom left). At 4.2 K there is still a ferric 

quadrupole doublet with practically the same QS making up about 60 % of the spectral area. 

The remainder splits magnetically into a broad pattern suggesting slow and intermediate 

paramagnetic relaxations of ferric ions. In the fit, this pattern was approximated by two static 

Gaussian distributions of hyperfine fields. A minor fraction of the spectral area (6 %) of the 

iron can be represented by a rather narrow distribution around a mean field of 52.1 T with a 

variance of σB = 3.2 T, while the remainder can be fitted with a very broad distribution of 

hyperfine fields around a mean value of 26 T with a variance of σB = 20 T. 

Superparamagnetic relaxation of oxidic nanoparticles appears to be improbable at 4.2 K. The 

broad magnetically split patterns therefore rather seem to be due to slow and intermediate 

paramagnetic relaxations of individual Fe3+ species. In the 4.2 K spectrum there is also a very 

weak ferrous doublet, which gives rise to a small bulge at about +2.5 mm/s. The location of 

the second component of this doublet cannot be seen below the strong ferric doublet. The 

parameters of this component therefore had to be fixed to plausible values in the fit and must 

be considered as rough approximations.   

 

The RT Mössbauer spectrum of the cookbook (Fig. 5, top left) exhibits only a ferric 

quadrupole doublet with a quadrupole splitting of 0.77 mm/s. The 4.2 K spectrum (Fig. 5, 

bottom left) is still dominated by a ferric quadrupole doublet with 24 % of the area, but the 

remainder of the iron exhibits magnetic hyperfine interactions. One can distinguish three 



patterns, which were all fitted with Gaussian distributions of hyperfine fields. Of these, the 

rather clearly defined sextet with B = 44.9 T and σB = 2.8 T can tentatively be assigned to 

lepidocrocite (γ-FeOOH) [29, 30], perhaps as small particles causing the line broadening. 

Lepidocrocite is paramagnetic at RT and orders magnetically below about 70 K [26]. The 

other two components are similar to those found in the Latin MS at 4.2 K and can be 

explained in the same way as arising from to slow paramagnetic relaxations.  

 

Mössbauer spectra of the papers without ink 

 

The room temperature (Fig. 3 - 5, top right) as well as the 4.2 K spectra (Fig. 3-5, bottom 

right) of all papers are dominated by a ferric quadrupole doublet with a splitting of about 0.8 

mm/s. In the low temperature spectra of all three papers (Fig. 3, 4, 5, bottom right) at least one 

sextet due to magnetic hyperfine splitting appears. The paper of the Latin MS exhibits a weak 

magnetic sextet already at RT. According to its hyperfine parameters (Table 1) this can be 

attributed to hematite. At 4.2 K, the hematite is still visible with a hyperfine field of 53.3 T. It 

does not undergo the Morin transition, which shows that it is present as rather small or badly 

crystallized particles. An additional magnetic component with rather broad lines in the 4.2 K 

spectrum of the paper of the Latin MS was fitted with a Gaussian distribution of hyperfine 

fields (B = 49.7 T and σB = 2.4 T). These hyperfine parameters suggest that this component  

may represent small goethite particles that exhibit only a quadrupole doublet at RT because of 

superparamagnetism but split magnetically at 4.2 K [31, 32 ]. The 4.2 K spectrum of the paper 

of the cookbook also seems to contain a magnetically split pattern, but the bad statistical 

accuracy of the spectrum makes it impossible to give details of this. In the RT spectrum of the 

paper of the Chancery MS (Fig.3, top right) a weak ill-defined ferrous doublet seems to be 

present, which is hardly visible at 4.2 K. In the paper of the Latin MS, a minor amount of 

ferrous iron is definitely present. In the paper of the cookbook, no ferrous iron can be seen. 

 

Infrared spectra 

Since the presence of Fe(II)-oxalate hydrate has been discovered in historical documents [33, 

34] and old papers soaked withFeCl3 [35] by means of IR spectroscopy, IR spectra of the 

Latin MS as well as the Chancery MS were measured. Fig. 7 shows the attenuated total 

reflectance (ATR) Fourier transform infrared (FTIR) spectra of both samples for spots with 

ink and for ink-free paper. All four spectra look quite similar and correspond quite well to the 

IR spectrum of cellulose [36]. In case of the Latin MS there is hardly any difference between 



the spectra of the black ink spots and the ink free paper. The spectrum of the ink spot of the 

Chancery MS shows two significant variations with respect to the spectrum of the ink free 

paper, One is that a signal at about 1430 cm-1, which is also present in the cellulose spectrum 

and there ascribed to -C-H vibrations, gains strongly in intensity. In the IR spectra of various 

samples in the papers of Ferrer and Sistach [33, 34] there is also a pronounced peak at about 

1400 cm-1, but the authors assign it to Fe(III) potassium oxalate and/or to ammonium iron(II) 

sulfate. These assignments are not possible for our Chancery MS, because there is no 

evidence for these compounds in the Mössbauer spectra. The other difference in  the IR 

spectra with and without ink is a weak signal at about 814 cm-1 that could be a hint to the 

Fe(II)-oxalate hydrate [33, 34].The other three signals of the ferrous oxalate at 1628 cm-1, 

1358 cm-1 and 1316 cm-1 cannot be distinguished from signals of the cellulose [36]. 

 

Discussion 

 

Papers with applied ink 

Leaving apart for the moment the appearance of Fe(II)-oxalate and jarosite in the Chancery 

MS, the features we found in all studied samples are quadrupole doublets of Fe3+species with 

isomer shifts of about 0.3 mm/s and quadrupole splittings of about 0.8 mm/s at RT. Part of 

this ferric iron splits magnetically at 4.2 K, probably because of slow and intermediate 

paramagnetic relaxations, which occur typically for isolated ferric ions, for which spin-spin 

relaxations tend to be slow a low temperatures [37]. It is improbable that these magnetic 

hyperfine patterns are due to small magnetically ordered oxidic clusters similar to ferrihydrite, 

because these exhibit typical magnetic hyperfine splittings with broad lines and mean 

hyperfine fields around 50 T at 4.2 K [38]. An even partial assignment of the Fe3+species to 

crystalline Fe(III)-gallate described by Wunderlich [39] can be ruled out because this 

compound can be prepared only at pH values above 5 and shows completely different 

Mössbauer parameters, particularly when it is magnetically ordered at 4.2 K [40, 41]. On the 

basis of the quadrupole splitting at RT and the magnetic hyperfine pattern at 4.2 K, one can 

also rule out an assignment to the second modification of Fe(III) gallate, which probably 

exists only as nanoparticles or may even be amorphous [42], the Fe(III) gallate(2) of [40, 41].  

 

For an alternative assignment of this Fe3+ site it is worth noting that a paper impregnated with 

a freshly prepared Fe(II)-sulfate solution after drying shows an Fe3+ site with a QS value of 

0.74mm/s [41] and that papers impregnated with various ink preparations show a similar site 



[41]. Iron gallate or tannin complexes seem to be of minor importance for the chemical nature 

of iron on the papers [41]. The Mössbauer studies [41] rather suggest that iron complexes 

with phenols of whatever kind form only in rather small quantities in inks, while most of the 

reactants remain unreacted, whatever recipe is used for the ink preparation. Instead, it is 

apparently the free ferrous iron in the acidic ink solution that reacts with the cellulose of the 

paper to form ferric species with QS values of about 0.8 mm/s. The exact nature of these 

species cannot be determined from the Mössbauer data. The iron may be attached to the 

cellulose fibers. The reaction of the ferrous iron of the sulfate with the cellulose must go along 

with an oxidation, but in freshly impregnated dried papers, part of the iron is still Fe2+ [41]. 

Of this we see at best very little in the Latin MS and the cookbook, probably because the 

initially ferrous species oxidize in the course of time. It is worth noting that the QS values of 

all our samples (0.75 - 0.85 mm/s) are close to the QS values of iron-saccharose or iron-

maltose complexes [43], as well as iron-humic acid or iron-polysaccharide composites [44, 

45]. However, In contrast to our samples, however, these composites show the typical 

magnetic hyperfine splitting of ferrihydrite [44, 45]. 

 

The appearance of Fe(II)-oxalate in the Mössbauer spectra of the Chancery MS may appear 

surprising, but it does not seem to be really rare. Apart from the three documents studied in 

this work, there were two ancient documents studied by Danon et al. [14, 15], and three more 

from the National Library of Poland by Wagner et al. [16], who did not make measurements 

at 4.2 K. In the RT spectra of one of their three studied documents, Wagner et al. observe a 

prominent quadrupole doublet with the isomer shift and quadrupole splitting of ferrous 

oxalate, though they do not explicitly mention the presence of this compound. Thus, four out 

of the eight historical documents studied so far by Mössbauer spectroscopy contain ferrous 

oxalate. 

 

The formation of the Fe-oxalate must be related with aging or degradation processes because 

it does not appear within days after ink was freshly written on paper [41]. Oxalic acid is one 

of the degradation products of cellulose under conditions of natural aging [46]. Together with 

the presence of ferrous iron, the formation of the insoluble iron(II) oxalate is quite  probable. 

The formation of ferrous oxalate during the artificial ageing of paper impregnated with model 

inks has been observed by Arčon et al. [47], who studied papers impregnated with model iron 

gall inks by XANES and Mössbauer spectroscopy at RT. A paper aged at 80 oC and 65% 



relative humidity for 7 days at a rather low pH value shows the typical quadrupole doublet of 

ferrous oxalate in its RT Mössbauer spectrum. 

 

It is also possible that polyphenol complexes of the inks decompose to Fe(II)-oxalate with 

iron from the iron sulfate. For example, a ferrous component found as a byproduct in the 

synthesis Fe(III)-gallate(2) from ferrous sulfate and gallic acid at about 100 °C [40] is clearly 

ferrous oxalate. The exact conditions under which ferrous oxalate forms in old documents still 

need clarification, but prolonged storage in a warm and moist environment may be favorable 

for its formation. 

 

The Fe(II)-oxalate is absent in the Latin MS and in the cookbook. This could be an indication 

for less severe paper modification, perhaps due to the low acidity of these two documents 

indicated by pH values of 4.7 and even higher (Table 1). Ferrer and Sistach [33, 34], however, 

found Fe(II)-oxalate in documents showing pH values of 4.7, 5.5 – 5.8 and even above 6. It is 

worth mentioning that Ferrer and Sistach [34] show an IR spectrum of a Spanish document 

from 1327 with a pH of 5.8 and no signs of ink corrosion, but the presence of the oxalate. 

However, one can clearly see in this spectrum that essential peaks of the oxalates overlap with 

those of the cellulose, which renders the detection of the Fe(II)-oxalate at least in this case 

rather difficult. The origin of this discrepancy is not clear. However, it would be very 

surprising if a Fe2+ compound could exist at a pH above 5 for a long time, because high pH 

values favor the oxidation to a Fe3+ state. 

 

In the Chancery MS one also observes the presence of jarosite. Its presence is a clear evidence 

for a severe excess of Fe-sulfate as shown in the solid samples of unbalanced and aged model 

inks [48]. The presence of jarosite is an additional confirmation of the low pH, because it 

exists only in the pH range up to 4 [49].  

 

Papers without ink 

The papers of the manuscripts studied in this work always contain about a factor of ten less 

iron than the papers with applied ink. The absolute iron contents are between 0.2 and 1 mg of 

Fe per gram of paper (Table 1). Iron contents of 0.1 to 1 mg/g are not uncommon in old 

papers [50]. The iron is found to be mainly trivalent, with at best minor traces of ferrous iron 

in the papers of the Chancery MS and the Latin MS. In a recent Mössbauer study of some 



papers without ink Dzinavatonga et al. [18] came to a similar conclusion, but they do not give 

absolute values for the iron contents of their papers. The presence of iron in old papers can be 

due to the process of production, arising perhaps from contamination of the water used in 

paper production, from wear of iron machinery used in making the paper pulp from rags, or 

from the use of additives [51]. In the paper of the Latin MS there is a minor fraction of 

hematite that already splits magnetically at RT. At 4.2 K the Mössbauer spectrum of this 

paper exhibits another magnetically split component that may be attributed to fine particle 

goethite according to its Mössbauer parameters. Both compounds may stem from the water 

used in paper-making or from oxidation of metallic particles from the iron machinery used in 

paper production. 

Conclusions 

In previous Mössbauer studies of papers impregnated with inks prepared by various recipes 

from ferrous sulfate and gallic acid, tannic acid or pyrogallol, there were always found mainly 

two components [40], a ferric one with a quadrupole splitting of about 0.8 mm/s and a ferrous 

one with a quadrupole splitting of about 2.4 mm/s at room temperature.  It is improbable that 

these species represent specific iron complexes with the phenolic constituents of the inks, 

particularly since the same contributions occur in paper impregnated with iron sulfate solution 

only [40]. This suggests that the state of the iron even on freshly written manuscripts is 

mainly the result of the reaction of the cellulose of the paper and the unreacted iron sulfate of 

the ink. The concentration of complexes of iron with phenolic ligands is, at least in most 

cases, too low to be seen in the Mössbauer spectra [40]. In the course of time, and depending 

on the conditions of storage, iron oxalate or iron oxy-hydroxides may form from the iron 

compounds formed initially with the cellulose of the paper. The ultimate question about the 

nature of the black substance of ink on written manuscripts still seems to be unresolved, but 

the black species seem to be too rare to be seen in the Mössbauer spectra of papers on which 

ferrogallic ink was written. 

Acknowledgements 

We thank Ms. C. Beinhofer and Dr. T. Allscher (Institut für Buch- und 

Handschriftenrestaurierung, Bayerische Staatsbibliothek München) for valuable discussions, 

and S. Meyer, P. Bretzler and K. Köhler (Institute of Inorganic Chemistry, Technical 

University of Munich) for measuring the infrared spectra. 

Declarations 



There are no competing interests and our research has not got any funding. 

References 

1. M. Aceto, A. Agostino,  E. Boccaleri, A.C. Garlanda, The Vercelli Gospels laid open: 

 an investigation into the inks used to write the oldest Gospels in Latin, X-Ray 

 Spectrom. 37, 286 – 292 (2008) 

2.  G. Banik, H. Weber (eds.), Tintenfraßschäden und ihre Behandlung, Kohlhammer, 

 Stuttgart, 1999. 

3. J. Kolar, M. Strlič (eds.), Iron gall inks: on manufacture, characterization, 

 degradation and stabilization, National and University Library, Ljubljana, 2006. 

4. D. Agha-Aligol, F. Khosravi, M. Lameh-Rachti, A. Baghizadeh, P. Oliaiy, F. 

 Shokouhi, Analysis of 18th–19th century’s historical samples of Iranian ink and paper 

 belonging to the Qajar dynasty, Appl. Phys. A89, 799 – 805 (2007) 

5. M. Budnar, M. Uršič, J. Simči č, P. Plicon, J. Kolar, V.S. Šelih, M. Strlič, Analysis of 

 iron gall inks by PIXE. Nucl. Instrum. Methods Phys. Res. B 243, 407 – 416 (2006) 

6.  J. Kolar, A. Štolfa, M. Strlič, M. Pompe, B. Pihlar, M. Budnar, J. Simčič, B.

 Reissland, Historical iron gall ink containing documents– Properties affecting their 

 condition. Anal. Chim. Acta 555, 167 – 174 (2006)  

7. M. Bicchieri, M. Monti, G. Piantanida, A. Sodo, Non-destructive spectroscopic 

 investigation on historic Yemenite scriptorial fragments: evidence of different

 degradation and recipes for iron tannic inks. Anal. Bioanal. Chem. 405, 2713 – 2721

 (2013) 

8. M. Bicchieri, M. Monti, G. Piantanida, A. Sodo, All that is iron-ink is not 

 always iron-gall! J. Raman Spectra. 39, 1074 – 1078 (2008) 

9.  R.J. Diáz Hidalgo, R. Córdoba, P. Nabais, V. Silva, M.J. Melo, F. Pina, N.Teixeira,   

 V. Freitas,  New insights into iron-gall inks through the use of historically accurate 

 reconstructions. Herit. Sci. 6, 63  (2018) 

10.  O. Hahn, W. Malzer, B. Kanngießer, B. Beckhoff, Characterization of iron-gall inks in 

 historical manuscripts and music compositions using x-ray fluorescence spectrometry.

 X-Ray Spectrom.33, 234 – 239 (2004) 

11.  B. Kanngießer, O. Hahn, M. Wilke,  B. Nekat, W. Malzer, A. Erko, Investigation of 

 oxidation and migration processes of inorganic compounds in ink-corroded 

 manuscripts, Spectrochim. Acta  B59, 1511 – 1516 (2004) 



12. A.S. Lee, P.J. Mahon, D.C. Creagh, Raman analysis of iron gall inks on parchment.

 Vibrational Spectroscopy 41, 170 – 175 (2006) 

13. A.S. Lee, V. Otieno-Alego, D.C. Creagh, Identification of iron-gall inks with near- 

 infrared and Raman microspectroscopy, J. Raman Spectra. 39, 1079 – 1084 (2008) 

14. K. Proost, K. Janssens, B. Wagner, E. Bulska, M. Schreiner, Determination of 

 localized Fe2+/Fe3+ ratios in inks of historic documents by means of µ-XANES, Nucl.

 Instrum. Methods  Phys. Res. B 213, 723 – 728 (2004) 

15. J. Danon, M. Darbour, F. Flieder, N. Genand-Riondet, P. Imbert, G. Jehanno, Y. 

 Roussel, Mössbauer study of ferro-gallic inks from manuscripts of the XIIth and the 

 XVth centuries,  Proc. Indian Natl. Sci. Acad., Part A, Special Volume, 1982, pp. 841–

 843. 

16. M. Darbour, S. Onassis, F. Fielder, Proc. 6th Triennial Meeting , Vol. III, 81/14/3, 1 

 (ICOM Committee for Conservation, Los Angeles, 1981) 

17. B. Wagner, E. Bulska, B. Stahl, M. Heck, H.M. Ornery, Analysis of Fe valence states 

 in iron-gall inks from XVIth century manuscripts by 57Fe Mössbauer spectroscopy, 

 Anal. Chim. Acta 527, 195 – 201 (2004) 

18. K. Dzinavatonga, K. Bharuth-Ram, T. R. Medupe, Mössbauer spectroscopy analysis 

 of iron in historical documents obtained from the National Library of South Africa. J. 

 Cult. Heritage 16, 377  – 380 (2015) 

19. M. Jablonsky, L. Dubinyová, Š. Varga, K. Visátová, J. Šima, S. Katuščák, Cellulose 

 Fibre Identification Through Color Vectors of Stained Fibre. BioResources 10, 5845 – 

 5862 (2015) 

20. E. De Grave and A. Van Alboom, Evaluation of ferrous and ferric Mössbauer

 fractions. Phys. Chem. Minerals 18, 337 – 342 (1991) 

21.  S.G. Eckhout, and E. De Grave, Evaluation of ferrous and ferric Mössbauer fractions. 

 Part II, Phys. Chem. Minerals 30, 142 – 146 (2003) 

22. W. Sturhahn and A. Chumakov, Lamb-Mössbauer factor and second order Doppler 

 shift from inelastic nuclear resonance absorption, Hyperfine Interactions 123/124

 809 – 824 (1999) 

23.   W. Kündig, Evaluation of Mössbauer spectra for 57Fe. Nucl. Instr. Methods 48, 219 – 

 228 (1967) 

24. F. de S. Barros, P. Zory, L.E. Campbell, L.E., The hyperfine structure of57Fe in 

 FeC204·2H20. Phys. Letters 7, 135 –136 (1963) 



25. K. Ono, A. Ito, Mössbauer study of magnetic properties of ferrous compounds, J. 

 Phys. Soc. Jpn. 19, 899 – 907 (1964) 

26. P. Bonville, V. Dupuis, E. Vincent, P.E. Lippens, A.S. Wills, 57Fe Mössbauer spectra 

 and magnetic data from the kagomé antiferromagnet H3O-jarosite. Hyperfine 

 Interactions 168, 1085 – 1089 (2006) 

27. A.M. Afanasev, V.D. Gorobschenko, D.S. Kulgawczuk, I.I. Lukashevic, Nuclear -

 resonance in iron sulfates of the jarosite group. Phys. stat. sol. (a) 26, 697 – 701

 (1974) 

28. J. Majzlan, R. Stevens, J. Boerio-Goates, B. F. Woodfield, A. Navrotsky, P. C. Burns, 

 M. K. Crawford, T. G. Amos, Thermodynamic properties, low-temperature heat-

 capacity anomalies, and single-crystal X-ray refinement of hydronium jarosite, 

 (H3O)Fe3(SO4)2(OH)6. Phys. Chem. Minerals 31, 518–531 (2004) 

29.  C.E. Johnson, Antiferromagnetism of γ-FeOOH: A Mössbauer effect study. J. Phys C 

 (Solid St. Phys.) 2, 1996 – 2002 (1969) 

30. E. De Grave, R.M. Persoons, D.G. Chambaere, R.E. Vandenberghe, L.H. Bowen, An 

 57Fe Mössbauer effect study of poorly crystalline γ-FeOOH, Phys. Chem. Minerals 

 13, 61 – 67 (1986) 

31. C. van der Zee, D.R. Roberts, D.G. Rancour, C.P.S. Slomp, Nanogoethite is the 

 dominant reactive oxyhydroxide in lake and maritime sediments, Geology 31, 993  –   

  996 (2003)  

32. F.E. Wagner, U. Wagner, W. Häusler, B.F.O. Costa, J.-Y. Blot, H.J.M. Silva, S. 

 Bombico, Mössbauer and XRD studies of Roman amphorae buried in the sea fort two

 millennia. Hyperfine Interactions 237:57 (2016)  

33. N. Ferrer, C. Sistach, Characterization by FTIR spectroscopy of ink components in 

 ancient manuscripts. Restaurator 26, 105 – 117 (2005) 

34. N. Ferrer, M.C. Sistach, Analysis of sediments on iron gall inks in manuscripts.

 Restaurator 34, 175 – 193 (2013) 

35. P. Calvini, M. Silveira, FTIR analysis of naturally aged FeCl3 and CuCl2-doped 

 cellulose papers. e-Preservation Science 5, 1 – 8 (2008) 

36. W. Lan, C.-F. Liu, F.-X. Yue, R.-C. Suna, J.F. Kennedy, Ultrasound-assisted 

 dissolution of cellulose in ionic liquid. Carbohydrate Polymers 86, 672 – 677(2011) 

37. P. Gütlich, E. Bill, A. Trautwein, Mössbauer Spectroscopy and Transition Metal 

 Chemistry. Springer, Berlin Heidelberg 2011 



38. E. Murad and J. Cashion, Mössbauer Spectroscopy of Environmental Materials and 

 their Industrial Utilization. Kluwer Academic Publishers, Boston 2004 

39. C.-H. Wunderlich, R. Weber, G. Bergerhoff, Über Gallustinten, Über Eisengallustinte. 

 Z. Anorg. Allg. Chem. 598/599, 371  –  376 (1991) 

40. F.E. Wagner, A. Lerf, Mössbauer spectroscopic investigation of Fe(II) and Fe(III) 

 gallate – proposed model compounds for iron-gall inks. Z. Anorg. Allg. Chem.641,

 2384–2391 (2015) 

41. A. Lerf, F.E. Wagner, Model Compounds of Iron Gall Inks. A Mössbauer Study.

 Hyperfine Interactions 237: 36 (2016) 

42. A. Ponce, L.B. Brostoff, S.K. Gibbons, P. Zavalji, C. Viragh, J. Hooper,  S. Almenrat, 

 K.J. Gaskell, B. Eichhorn, Elucidation of the Fe(III) gallate structure in historical iron 

 gall ink. Analytical Chemistry 88, 5152 – 5168 (2016)  

43. F. Funk, G.J. Long, D. Hautot, R. Büchi, I. Christl, P.G. Weidler, Physical and 

 chemical characterization of therapeutic iron containing materials: A study of several

 superparamagnetic drug formulations with the β-FeOOH or ferrihydrite structure.

 Hyperfine Interactions 136, 73 – 95 (2001) 

44. K. Eusterhues, F.E. Wagner, W. Häusler, M. Hanzlik, H. Knicker, K.U. Totsche, I. 

 Kögel-Knabner, U. Schwertmann, Characterization of ferrihydrite-soil organic matter 

 coprecipitates by X-ray diffraction and Mössbauer spectroscopy. Environ. Sci. Techn. 

 42, 7891 – 7897 (2008)  

45. C. Mikutta, R. Mikutta, S. Bonneville, F.E. Wagner, A. Voegelin, I. Christl, R. 

 Kretzschmar, Synthetic coprecipitates of exopolysaccharides and ferrihydrite. Part I: 

 Characterization.Geochim.Cosmochim. Acta 72,1111 – 1127 (2008)   

46. K. Lee, M. Inaba, Moist heat accelerated aging test of naturally aged Paper by 

 suspension method. Restaurator 34, 81 – 100 (2013) 

47. I. Arčon, J. Kolar, A. Kodre, D. Hanžel, M. Strlič, XANES analysis of FE valence in 

 iron gall inks. X-Ray Spectrometry 36, 199–205 (2007) 

48. C. Burgaud, V. Rouchon, P. Refait, A.Wattiaux, Mössbauer spectrometry applied to 

 the study of laboratory samples made of iron gall ink. Appl. Phys. A 92, 257 – 262 

 (2008) 

49. J. Majzlan, Advances and Gaps in the Knowledge of Thermodynamics and 

 Crystallography of Acid Mine Drainage Sulfate Minerals. Chimia  64, 699–704 

 (2010) 



50. D. Attanasio, D. Capitani, C. Friederici, A.L. Segre, Electron spin resonance study of 

 paper samples dating from the fifteenth to the eighteenth century. Archaeometry37,

 377–385 (1995) 

51. J.C. Neevel and B. Reißland, Bathophenanthroline Indicator Paper. Papier-

 Restaurierung 6, 28–36 (2005) 

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 1: Total areas of the Mössbauer spectra of the studied specimens. The iron contents 

were estimated from the intensities of the Mössbauer spectra as described in the text. The 

smaller values for the iron contents obtained from the RT spectra compared to those from the 

4.2 K spectra are attributed to the decrease of the Lamb-Mössbauer factor with increasing 

temperature. In the last column the surface pH values of spots with ink and, for the papers 

only, of spots without ink are given.  

 

Document Absorber  
thickness 
mg/cm2 

Total area at 
RT 

Iron 
content 
mg/g 

Total area 
at 
4.2 K 

Iron 
content 
mg/g 

Surface 
pH 

Chancery MS 
total 

545 0.038 3.6 0.112 6.0 4,2 – 3.9 

Chancery MS 
paper only 

240 0.0031 0.44 0.0029 0.50 
 

4.8 

Latin MS paper 
with ink 

219 0.037 8.8 0.11 21 4.8 

Latin MS paper 
only 

386 0.0081 1,1 0.012 1.2 5.3 

Cookbook total          
53 pages  

360 0.014 2.0 ------ ------- --- 

Cookbook total        
121 layers 

825 0.016 1.0 0.037 1.7 4.9 

Cookbook paper 
only 
88 layers 

600 0.0017 0.15 0.0011 0.07 5.7 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 2: Mössbauer parameters obtained at room temperature and 4.2 K for the studied 

historical documents. 

Material and 

assignment 

 Room temperature spectrum 4.2 K spectrum 

 IS 

[mm/s] 

QS 

[mm/s] 

B  

[T] 

W 

[mm/s] 

A  

[%] 

IS 

[mm/s] 

QS 

[mm/s] 

B  

[T] 

W 

[mm/s] 

A  

[%] 

 

Chancery MSpart with writing 

Iron oxalate 1.09(1) 1.73(1) --- 0.28(1) 42(2) 1.08(1) -1.96(4) 15.3(1) 0.57(1) 42(1)  

Hydronium 

jarosite 

0.27(1) 1.24(1) 
--- 

0.26(1) 17(2) 0.26(1) -0.18(1) 47.8(2) 0.82(2) 22(1)  

Ferric iron 

doublet 

0.27(1) 0.84(2) --- 0.67(2) 41(2) 0.33(2) 0.79(2) --- 0.97(7) 23(1)  

Ferric iron 

sextet 

     0.28(2) 0.05(3) 53.8(2) 0.58(4) 5(1)  

Ferrous iron 

doublet 

     1.15 2.75(3) --- 0.69(4) 8(1)  

Chancery MS paper without ink 

Ferric iron 

doublet 1 

0.14(2) 0.55(4) --- 0.51(6) 51(7) 0.25(2) 0.82(3) --- 0,57(4) 50(3)  

Ferric iron 

doublet 2 

0.24(2) 1.08(3) --- 0.38(4) 35(7)       

Ferric iron 

goethite 

     0.26 -0.22(8) 49.1 0.25* 41(3)  



Ferrous iron 

doublet 

1.0 1.87(12) --- 0.75 14(3) 0.94(13) 3.6(3) --- 0.75 9(2)  

Latin MSletters with little paper 

Ferric iron 0.28(1) 0.79(1) --- 0.51(1) 100 0.28(1) 0.81(1) --- 0.61(1) 59(1)  

Ferric iron      0.29(1) 0.10(1) 52.1(5) 0.25* 6(1)  

Ferric iron      0.26 0.0 26(1) 0.25* 34(3)  

Ferrous iron      1.16 2.60 --- 0.25* 1.1(5)  

Latin MS paper without ink 

Ferric iron 

doublet 

0.22(2) 0.77(3) ---- 0.64(3) 66(2) 0.27(1) 0.77(1) --- 0.72(2) 52(2)  

Hematite 0.25(2) -0.25(4) 50.6(2) 0.54(8) 20(2) 0.26 -0.11(3) 53.3(2) 0.47(8) 15(5)  

Ferric 

iron(goethite) 

     0.26(1) -0.18(3) 49.7(5) 0.25* 23(5)  

Ferrous iron 1.14(9) 2.52(20) --- 0.77(12) 14(2) 0.98(3) 2.85(6) --- 0.50 10(2)  

Cookbook pages 50 – 70 

Ferric iron 0.26(1) 0.75(1) --- 0.49(1) 100(1) Not measured 

Cookbook single page cut into pieces 

Ferric iron 0.27 0.77 --- 0.45(1) 100 0.28(1) 0.80(1) --- 0.56(1) 34(1)  

Ferric iron 

(lepidocrocite) 

     0.25(1) -0.16(1) 45.0(1) 0.25 29(1)  

Ferric iron      0.26 0 52 0.25* 4(1)  

Ferric iron      0.26 0 32(1) 0.25* 32(2)  

Ferrous iron      1.01(3) 2.87(6) ---  1(1)  

Cookbook paper only 

Ferric iron 0.12(3) 0.70(3) --- 0.63(4) 100 0.22(3) 0.88(5)  0.42(7) 52(6)  

Ferric iron      0.26 0.21(1 51.0(6) 0.25* 48(6)  



IS is the isomer shift relative to the 57Co:Rh source having the same temperature as the 

absorber. QS = eQVzz/2 · (1 + η2/3)1/2 is the electric quadrupole interaction, B is the magnetic 

hyperfine field at the iron nuclei, W is the full width at half maximum of the Mössbauer lines 

and A is the relative area of the individual components in the Mössbauer spectrum. Values in 

parentheses are the last digit errors. When no error is given, the value was fixed during the fit. 

Components that cannot be identified with specific iron compounds are designated merely as 

ferric or ferrous iron. In some cases, magnetically split components were fitted with a 

Gaussian distribution of hyperfine fields. This is indicated by an asterisk behind the value of 

the Lorentzian line-width used for the distribution. More details of this are given in the text.   

 

 

 

Figure captions 

Fig. 1 

Photographs of the two fragments from the Granada Library, called the Chancery MS (top) 

and the Latin MS (bottom). 

 

Fig. 2 

Photographs of the cooking book of the Widenplazerin from the year 1783: two randomly 

chosen pages (top) and the front page (bottom).  

 

Fig. 3 

Room temperature (top) and 4.2 K (bottom) Mössbauer spectra of the Chancery MS (left) and  

its rim without ink (right). In all four spectra data points are shown as black dots; the black 

Iron oxalate 

Ferrous iron 1.09(1) 1.74(1) --- 0.25(1) 100 1.09(1) -1.94(1) 14.9(1) 0.27(1) 100  

Hydronium Jarosite 

Ferric iron 0.27(1) 1.25(1) --- 0.29(1) 89(1) 0.24(1) -0.13(1) 48.5(2) 0.38(2) 78(1)  

Ferrous iron 1.17(3) 2.27(3) --- 0.55(5) 11(1) 1.14(1) 3.14(2) --- 0.25 22(1)  



lines are the fits of the overall spectra. The individual spectral components of the part with 

writing  (left) are given as colored lines: the pink and the olive lines are due to Fe3+ 

quadrupole doublets of which the latter one with the larger ∆Q can be assigned to hydronium 

jarosite; the orange line is due to a Fe2+ quadrupole doublet assigned to Fe(II)-oxalate. In the 

low temperature spectrum the olive and the orange Fe doublets further split into the typical 

magnetic HFI sextet of the jarosite and the octet of the Fe(II)-oxalate, respectively. The 

second Fe3+ doublet remains unchanged (pink line). Two new features of minor contribution 

appear, the first is a magnetic HF (blue line) due to a Fe3+ site with slow paramagnetic 

relaxation and the dark cyan line can assigned to a Fe2+ quadrupole doublet. The room 

temperature Mössbauer spectrum of the rim show two components: a Fe3+ doublet (red) and a 

Fe2+ doublet (green) with an unusually small quadrupole splitting; the corresponding 4.2 K 

spectrum shows again the Fe3+ doublet (red) and a sextet due to magnetic hyperfine splitting 

(blue). 

 

Fig. 4 

Room temperature (top) and 4.2 K (bottom) Mössbauer spectra of the cut out calligraphic 

letters of the Latin MS (left) and the paper without letters (right). In the spectra of both 

samples the data points are shown as black dots; the black lines are the fits of the overall 

spectra. The individual spectral components are given as colored lines: the red lines are due to 

Fe3+ quadrupole doublets; the violet line in the 4.2 K spectrum of the calligraphic letters and 

the dark cyan lines in both spectra of the rim are due to Fe2+ quadrupole doublets with 

different ∆Q values. The bright blue lines in the low temperature spectrum of the calligraphic 

letters originate from Fe3+ sites exhibiting slow paramagnetic relaxations. In the room 

temperature as well as in the 4.2 K spectrum of the rim there is a well-pronounced Fe3+ sextet 

originating from magnetic hyperfine splitting. 

 

Fig. 5 

Room temperature (top) and 4.2 K (bottom) Mössbauer spectra of a written (left)and an empty 

page (right) of the cooking book. In all the spectra the data points are shown as black dots and 

the black lines are the fits of the overall spectra. The individual spectral components are given 

as colored lines. In all four spectra there is a Fe3+ quadrupole doublet (red lines) with roughly 



the same quadrupole splitting. In the low temperature spectra of the written as well as in the 

empty page there are magnetic sextets (dark blue): two in the written page and one in the 

empty page. In the 4.2 K spectrum of the written page there is a very broad feature (bright 

blue) due to Fe3+ showing slow paramagnetic relaxation. 

Fig. 6 

Room temperature (left) and 4.2 K (right) Mössbauer spectra of Fe(II)-oxalate (top)  and 

hydronium jarosite (bottom). 

 

Figure 7 

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectra of the Chancery 

MS and the Latin MS.  Both show the dominance of the cellulose spectra. 
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Figures

Figure 1

Photographs of the two fragments from the Granada Library, called the Chancery MS (top) and the Latin
MS (bottom).



Figure 2

Photographs of the cooking book of the Widenplazerin from the year 1783: two randomly chosen pages
(top) and the front page (bottom).



Figure 3

Room temperature (top) and 4.2 K (bottom) Mössbauer spectra of the Chancery MS (left) and its rim
without ink (right). In all four spectra data points are shown as black dots; the black lines are the �ts of
the overall spectra. The individual spectral components of the part with writing (left) are given as colored
lines: the pink and the olive lines are due to Fe3+ quadrupole doublets of which the latter one with the
larger ΔQ can be assigned to hydronium jarosite; the orange line is due to a Fe2+ quadrupole doublet
assigned to Fe(II)-oxalate. In the low temperature spectrum the olive and the orange Fe doublets further
split into the typical magnetic HFI sextet of the jarosite and the octet of the Fe(II)-oxalate, respectively.
The second Fe3+ doublet remains unchanged (pink line). Two new features of minor contribution appear,
the �rst is a magnetic HF (blue line) due to a Fe3+ site with slow paramagnetic relaxation and the dark
cyan line can assigned to a Fe2+ quadrupole doublet. The room temperature Mössbauer spectrum of the
rim show two components: a Fe3+ doublet (red) and a Fe2+ doublet (green) with an unusually small
quadrupole splitting; the corresponding 4.2 K spectrum shows again the Fe3+ doublet (red) and a sextet
due to magnetic hyper�ne splitting (blue). Fig. 4



Figure 4

Room temperature (top) and 4.2 K (bottom) Mössbauer spectra of the cut out calligraphic letters of the
Latin MS (left) and the paper without letters (right). In the spectra of both samples the data points are
shown as black dots; the black lines are the �ts of the overall spectra. The individual spectral
components are given as colored lines: the red lines are due to Fe3+ quadrupole doublets; the violet line in
the 4.2 K spectrum of the calligraphic letters and the dark cyan lines in both spectra of the rim are due to
Fe2+ quadrupole doublets with different ΔQ values. The bright blue lines in the low temperature spectrum
of the calligraphic letters originate from Fe3+ sites exhibiting slow paramagnetic relaxations. In the room
temperature as well as in the 4.2 K spectrum of the rim there is a well-pronounced Fe3+ sextet originating
from magnetic hyper�ne splitting.



Figure 5

Room temperature (top) and 4.2 K (bottom) Mössbauer spectra of a written (left)and an empty page
(right) of the cooking book. In all the spectra the data points are shown as black dots and the black lines
are the �ts of the overall spectra. The individual spectral components are given as colored lines. In all
four spectra there is a Fe3+ quadrupole doublet (red lines) with roughly the same quadrupole splitting. In
the low temperature spectra of the written as well as in the empty page there are magnetic sextets (dark
blue): two in the written page and one in the empty page. In the 4.2 K spectrum of the written page there
is a very broad feature (bright blue) due to Fe3+ showing slow paramagnetic relaxation.



Figure 6

Room temperature (left) and 4.2 K (right) Mössbauer spectra of Fe(II)-oxalate (top) and hydronium
jarosite (bottom).



Figure 7

Attenuated total re�ectance (ATR) Fourier transform infrared (FTIR) spectra of the Chancery MS and the
Latin MS. Both show the dominance of the cellulose spectra.


