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a b s t r a c t 

The Orthographia Pratica de Varias Letras is a unique 17th-century Portuguese codex, notable for its ex- 

ceptional significance in the history of Latin calligraphy during the Modern period. Unfortunately, it faces 

complex conservation challenges due to the presence of iron gall ink (IGI). This work aimed to thor- 

oughly characterise the inks and their impact on the manuscript using an integrated analytical approach. 

Extensive micro-XRF analysis revealed two distinct groups of IGIs based on their transition metal con- 

tent. Zn-rich IGIs were found in half of the manuscript, suggesting the use of Zn-bearing green vitriol. In 

contrast, a more refined form of green vitriol was identified in the IGIs on the other half, suggesting that 

different types of vitriol were used. Variations in the binder-to-vitriol ratios were proposed, indicating 

distinct IGI formulations throughout the codex. The poor condition observed in some folios was primar- 

ily associated with greater ink coverage per surface area and lower binder content. FIB-SEM and PIXE 

analysis provided insights into the behaviour of Fe within the cellulose structure, including penetration 

and lateral migration. The IGI chromophore was further investigated by Mössbauer and XPS, which con- 

firmed an Fe(III)-polyphenol mono-complex with a catecholate binding mode and Fe(III) in an octahedral 

arrangement. 

© 2026 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction and research aim 

Iron gall ink (IGI) was the favoured writing medium in Euro- 

ean Medieval scriptoria due to its permanence and variable black 

hades [ 1 ]. Produced from gallnuts (rich in polyphenolic com- 

ounds) and green vitriol (iron-rich salts), IGI formulations often 

ncluded binders and additives to adjust characteristics, such as 

iscosity and shade or hue [ 2 ]. Studies on IGI have focused on

etal composition, particularly minor element-to-Fe ratios, with 

n-containing inks providing evidence for historical vitriol trade 

nd IGI formulation practices [ 3–5 ]. Complementary studies using 

istorical reproductions have advanced knowledge on the chem- 

stry behind the colourant, i.e., metal–polyphenol complexation, 

nd the mechanisms driving IGI-induced decay [ 6–8 ]. Research has 
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ncreasingly focused on the latter aspect, as IGIs are now recog- 

ised to potentiate the two main mechanisms of cellulose degrada- 

ion: acid-catalysed hydrolysis and metal-catalysed oxidation, pos- 

ng significant conservation challenges for the written heritage [ 9–

1 ]. In this context, the critical role of Fe, particularly its migration 

ithin the substrate, has received particular attention [ 12–14 ]. 

Ortographia Pratica de Varias Letras (maniz. cod. 99), a 17th- 

entury manuscript authored by the Jesuit priest António Pessoa 

nd dedicated to D. Teodósio (1634–1653), heir to the House of 

ragança [ 15 ], is a relevant manuscript to the history of Latin 

alligraphy in the early Modern period but has remained over- 

ooked. Its current condition mirrors the contrasting scenarios of- 

en encountered on IGI documents: while most folios are well- 

reserved, a central section exhibits severe damage [ 15 ]. This work 

nvestigates ink composition and its variability across folios, mi- 

ration patterns within the writing support, and potential correla- 

ions with the observed conservation state, using a multi-analytical 
ss article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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trategy. More broadly, it also intends to highlight the significance 

nd exceptional quality of the maniz. cod. 99 through a material- 

ased analysis, while raising awareness of its current condition, 

nd advocating for targeted preservation measures. 

. Material and methods 

.1. Sampling object 

The maniz. cod. 99 (Fig. SM.1) was thoroughly examined for 

ts physical and anatomical features, along with targeted sampling. 

 complete description is provided in the Supplementary Material 

SM), Section 2.1 . 

The manuscripts’ quill penwork and writing were classified into 

hree categories according to function, and inks were studied ac- 

ordingly: i) text block – the main written text; ii) calligraphic 

riting - fine writing in the various alphabet scripts, concentrated 

n ff. 98, 99, 119–156 (excluding ff. 128–129); iii) decorations – or- 

amental motifs in bar borders and within the writing space. 

Sampling was limited to fragile areas within the damaged set 

f folios (ff. 119–156) ( Table 1 ). Loosened ink fragments were com- 

iled from the gutter (ff. 148–151 and 154–157) for Mössbauer 

easurements. In addition, three sacrificial samples were collected 

rom the bottom edge of well-preserved folios (ff. 5, 30 and 159) 

o characterise the paper support. 

.2. Analytical characterisation 

A detailed description of the analytical instrumentation and 

ethodology is given in the SM (Supplementary Material, 

ection 2.2 ). 

. Results and discussion 

.1. Paper support 

The paper support is a handmade historical paper, produced 

rom vegetable bast fibres, of fine thickness, and presenting a laid 

’antique’) pattern. It is characterised by a fine texture, slight sur- 

ace roughness, and an off-white to pale yellowish tone. A compre- 

ensive characterisation of the support and discussion is available 

n the SM ( Section 3.1 , Fig. SM.2–3 and Table SM.1). 

.2. The inks – hue, composition, and degradation 

Visual inspection showed that inks ranged from a light rusty- 

rown in the text block and some decorations ( Fig. 1 a, b) to darker

ues in fully inked calligraphic letters, often outlined and filled 

ith parallel dashes. Colourimetric measurements confirmed these 

bservations with higher L∗ values for the block text and lower a∗

nd b∗ values for the calligraphy. A distinctive golden-brown hue 

as observed in the text block in f. 267 ( Fig. 1 b), characterised by

ncreased a∗ and b∗ contributions, a likely personal addition con- 

aining an unframed, self-praising sonnet dedicated to the Prince 

f Portugal. 

Ink hue and shade variations were systematically analysed 

cross 46 folios (Table SM.2), considering three categories of ink 

se: text block, decorations and calligraphic writing. The darkest 

hades (lower L∗ values) were consistently observed in calligraphic 

riting, reflecting the higher ink deposition per surface area. In 

ontrast, the text block and decorations featured lighter shades, 

ith the text block additionally characterised by a slight yellow- 

sh hue. Further discussion is available in the SM ( Section 3.2 ). 

In situ micro-XRF analyses were performed on quill penworks 

cross 38 folios (Table SM.3) to assess ink metal content, with folio 

onservation state evaluated using Reissland and Hofenk de Graaf’s 
264
lassification system [ 16 ]. Representative XRF spectra from uninked 

nd inked areas in ff. 13 and 170 are shown in Fig. SM.4. The IGI

ature of the writing was suggested by the systematic presence 

f Fe in the inked areas, along with the IR insights presented in 

ig. SM.5 and Table SM.4. Although the spectra discussed in Fig. 

M.5 show contributions from the cellulose matrix, several features 

xhibit characteristic differences in shape and intensity, consistent 

ith IGI, as supported by the literature [ 6 , 17 ]. 

Alongside Fe, elements commonly associated with IGIs, such as 

, S, Ca, Mn, Cu and Zn, were detected. Among these, S, Mn, Fe, Cu,

nd Zn can be attributed to the vitriol component [ 18 ], whereas 

 and Ca are consistent with a polysaccharide binder, most likely 

rabic gum [ 19 ], although both elements may also have contribu- 

ions from the gallnuts [ 20 ]. The Ca signal, however, is not specific

o the ink. The comparable peak intensities in inked and uninked 

reas in f. 13 (Fig. SM.4) suggest a substantial background con- 

ribution from the paper substrate, most likely introduced during 

anufacture. This needs to be kept in mind when interpreting Ca- 

ased indicators. The distribution of Fe:Rh normalised count ratios 

cross the 38 folios is presented in Fig. 2 a. The most severe deteri- 

ration occurred in ff. 119–156, particularly ff. 118–119 and 143–

56, which also exhibited the highest Fe levels (Rh-normalised), 

onsistent with the greater ink load per surface area observed in 

alligraphic writing. 

To explore whether binder content varies with conservation 

tate, K:Fe and Ca:Fe count ratios (Rh-normalised) were calculated 

Fig. SM.6). The procedure minimises the influence of ink layer 

hickness and surface topography and allows a more direct com- 

arison between areas of different ink loads. The lowest K:Fe and 

a:Fe count ratios (Rh-normalised) coincided with the highest Fe 

ntensities (Rh-normalised) associated with folios in poor to bad 

ondition. The interpretation is not straightforward, as Ca and K 

ay also derive from other sources. Nevertheless, K contribution 

rom gallnuts is expected to be variable but not systematically cor- 

elated with Fe, and therefore unlikely to explain consistent trends 

n K:Fe count ratio across folios. As for Ca, its main contribution 

omes from the paper support, suggesting it will be relatively ho- 

ogeneous across the manuscript. Consequently, while Ca and K 

bsolute signals may include a background component unrelated 

o the binder, their distribution from other components does not 

ompromise the observed trends for K:Fe and Ca:Fe ratios, which 

emain meaningful for comparative purposes across the folios. In 

his context, the observed decrease in Ca:Fe, and especially in the 

:Fe count ratios, is possibly best understood as reflecting a leaner 

inder formulation in the most degraded areas. Accordingly, these 

orrelations should be interpreted as indicators of relative varia- 

ions in binder content across the folios. 

Raw vitriol is key for distinguishing the IGIs’ transition-metal 

omposition [ 21 , 22 ]. It forms naturally in mining environments 

hrough the oxidation of Fe-, Cu-, and Zn-bearing sulfides (e.g., 

yrite, chalcopyrite, sphalerite), yielding secondary sulfate minerals 

nriched in divalent cations, such as melanterite, chalcanthite, and 

oslarite [ 23 , 24 ]. Green vitriol, historically associated with IGI pro- 

uction, is now identified as melanterite (FeSO4 ·7H2 O), the pure 

e(II) sulfate end-member. However, historical vitriols were rarely 

ure and typically contained variable amounts of Cu, Zn and Mn, 

eflecting both the mineralogical origin of the ore and the extrac- 

ion or processing methods employed [ 18 , 25 , 26 ]. A detailed discus-

ion is provided in the SM ( Section 3.2 . Discussion on vitriols ). 

To assess the presence of Mn and Cu as impurities or elements 

f interest in the inks, Rh-normalised Mn:Fe and Cu:Fe count ra- 

ios were calculated ( Fig. 2 b and c). From the graphs’ evaluation, 

wo distinct groups were considered: i) ff. 5–153, exhibiting lower 

n:Fe and Cu:Fe count ratios (group 1); ii) ff. 156 onwards, show- 

ng generally higher ratios (group 2). Overall, Mn:Fe count ratios 

onsistently remained below ∼10%, and Cu:Fe did not exceed ∼9%. 
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Table 1 

Sample identification code (id), corresponding folio, 3D digital microscopic image, and brief description of the samples. 

sample id folio no. 3D digital image description 

1 5 uninked area of the paper support, bottom edge 

2 119 calligraphic writing, Latin alphabet (’E’), middle of text block 

3 calligraphic writing, Latin alphabet (’G’), middle of text block 

4 120 calligraphic writing, Latin alphabet (’U’), middle of text block 

5 137 calligraphic writing, Mouresc alphabet (letter cof ), folio bottom 

6 calligraphic writing, Mouresc alphabet (letter guau ), folio bottom 

7 148 calligraphic writing, Latin alphabet (unidentified letter), middle of text block 

8 156 decoration, middle of text block 

9 148–151 loosened inked fragments accumulated in the gutter 

10 154–157 

S

i  

B

s

a

m

d

t  

t

p

i

a

m

o

w

j

o

t

n

c

m

d

m

p

s

m

f

e

o

e

t  

s

imilar Mn:Fe count ratios (6–10%) reported in other IGI stud- 

es [ 26 , 27 ] support the interpretation of Mn as a vitriol impurity.

ased on this threshold, element-to-Fe ratios below 10% were con- 

idered indicative of impurities. Accordingly, the Cu:Fe count ratios 

lso rule out the deliberate use of Cu-containing blue vitriols. 

Similarly, the Zn:Fe count ratios ( Fig. 2 d) revealed the same bi- 

odal distribution observed for the other elemental ratios. Two 

istinct groups can be defined: group 1 displayed Zn:Fe count ra- 

ios ranging from 7% to 16%, with ca. 65% of values below the 10%

hreshold, whereas group 2 had a minimum count ratio of 11%, and 

redominantly higher values, most above 25%. Overall, Zn:Fe ratios 

n group 2 roughly double those in group 1. As for the uninked 

reas, Zn ws observed at low levels (Fig. SM.4), with Zn:Rh nor- 

alised count ratios below ∼2 and no significant variation within 

r between the two groups. This uniform background is consistent 

ith expectations for a 17th-century paper support and does not 

ustify correction of the Zn signal. Consequently, the differences 
265
bserved in the inks must therefore reflect their formulation rather 

han the support. Interestingly, the Zn-rich inks in group 2 are 

ot enriched in Zn alone but also show higher Mn:Fe and Cu:Fe 

ount ratios, indicating a systematic co-enrichment of these ele- 

ents. Such a compositional pattern strongly suggests the use of 

istinct vitriol batches or types, likely reflecting variability in raw 

aterials types. 

No systematic correlation was observed between metal com- 

osition and ink hue, since the two Zn:Fe groups do not corre- 

pond to hue variations, which instead follow the ink load pri- 

arily. The golden-brown ink on folio 267 is an example which 

urther illustrates this point: despite its distinctive appearance, its 

lemental composition falls within group 2, indicating that the in- 

rganic fraction alone cannot account for the observed hue differ- 

nces. Since hydrolysable tannins exhibit a lower affinity for Zn(II) 

han for Fe(II) and Cu(II) ions [ 28 ], Zn is unlikely to influence

ubstantially the PPh-metal complexes responsible for colour for- 



M. Nunes, V. Corregidor, L.C. Alves et al. Journal of Cultural Heritage 80 (2026) 263–271

Fig. 1. Photographic details, 3D digital microscopic images illustrating morphological aspects of representative inked areas and corresponding average L∗a∗b∗ values and std 

( σ ) values. Text block with a) rusty-brown hue (f. 24); and b) golden brown hue (f. 267); c) calligraphic writing with a dark black shade (f. 127). 
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Table 2 

Parameters estimated from the Mössbauer spectra taken at 295 K of sample 9 (ff. 

148–151) and sample 10 (ff. 154–157). 

sample id Fe species IS (mm s-1 ) QS (mm s-1 ) I 

9 Fe(III) 

Fe(II) oxalate 

0.38 

1.20 

0.72 

1.76 

85% 

15% 

10 Fe(III) 

Fe(II) oxalate 

0.39 

1.21 

0.75 

1.75 

82% 

18% 

Isomer shift (IS) relative to metallic α-Fe at 295 K; quadrupole splitting (QS); rela- 

tive areas (I). Estimated errors are ≤ 0.02 mm s-1 for IS, QS, and ≤ 2% for I. 
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p

d

e

d
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[

ation. Differences in the phenolic profile of the galls, extraction 

rocedures, and/or ageing processes must therefore be responsi- 

le for the different hue observed on folio 267. Likewise, no re- 

ationship between Zn content and folio conservation state was 

bserved. Severely degraded folios (ff. 119–156), including f. 156, 

s well as the better-preserved folios (e.g., ff. 161, 164, 170), are 

ll associated with Zn-rich inks (Table SM.3), indicating that high 

n:Fe ratios do not measurably mitigate IGI-induced degradation. 

wing to its filled 3d subshell, Zn(II) ion is not redox-active under 

ypical IGI conditions, preventing it from participating in metal- 

atalised oxidative pathways associated with IGI-induced degrada- 

ion. Overall, the results provide no evidence for a functional role 

f the Zn(II) ion in relation to either ink colour or preservation 

tate. 

The only known examples of Zn-containing IGIs in Portuguese 

ocumentation are noted in Tibúrcio et al. [ 4 ] and Manso et al.

 29 ], consistent with our recent study on the documentation of 

he General Council of the Portuguese Inquisition [ 5 ]. Zn-rich IGIs 

ave been reported in Bohemian [ 30 ] and late Medieval Flemish 

anuscripts [ 3 ], leading to their association with Northern Eu- 

ope. However, goslarite (Zn sulfate, white vitriol) is scarcely found 

n historical IGI recipes [ 31 ], since Zn-polyphenol (Zn-PPh) com- 

ounds are unlikely to affect ink hue, making their deliberate use 

mprobable. According to Vuillard et al. [ 32 ], distinguishing vitriol 

ariants by their hue is challenging, but feasible. Laboratory ex- 

eriments replicating historical recipes with varying Zn:Fe ratios 

emonstrated that Zn content affects vitriol hue, from green (low 

n) to light turquoise (higher Zn). This remark is supported by ge- 

logical knowledge, noting that vitriol makers were likely familiar 
266
ith compositional variations producing hue variation. Thus, the 

resence of Zn-rich vitriols in IGI may reflect the natural variability 

nd commercial circulation of mixed sulfate minerals rather than 

ny deliberate formulation strategy. 

Mössbauer measurements on samples 9 and 10 ( Table 2 ) were 

erformed to assess the Fe coordination environment and its oxi- 

ation state. The obtained spectra are similar within experimental 

rror (Fig. SM.7, Table 2 ). They may be fitted with two quadrupole 

oublets: the doublet with a lower isomer shift (IS) relative to 

etallic Fe at room temperature (RT) and lower quadrupole split- 

ing (QS) is typical of Fe(III); the other doublet has IS and QS char- 

cteristics of Fe(II). 

Fe(III) was identified as the principal component, while a 

maller Fe(II) percentage of Fe(II) was also detected and assigned 

o Fe(II) oxalate. In their investigation of three 18th-century books 

Chancery MS, Latin MS Letters, and a cookbook), Lerf et al. 

 33 ] likewise found that virtually all iron was present as Fe(III). 
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Fig. 2. a) Fe:Rh normalised count ratios; b) Mn:Fe, c) Cu:Fe, and d) Zn:Fe count 

ratios (Rh-normalised) distribution along 38 folios corresponding to the inked areas 

indicated in Table SM.3. 
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evertheless, the authors [ 33 ] were unable to assign the ferric 

uadrupole doublet observed in all manuscripts to any compound, 

amely iron gallate, suggesting that different PPh ligands have 

omplexed the Fe(III) ion. Besides, Fe(II) oxalate was also found in 

he Chancery MS. As in Lerf et al. (2021) [ 33 ] investigation, the pa-

ameters of the ferric doublets in our samples do not correspond 

o those of either synthetic crystalline or amorphous Fe-gallate, 

he dominant IGI chromophore model in the literature for decades 

 34–37 ]. Both works are in line with what was recently reported 

 7 , 38 ], attesting that the IGI complex may also be composed of

alloyl esters of glucose (e.g., pentagalloylglucose and hexagalloyl- 

lucose) and cannot be solely represented as a simple Fe-gallate 

omplex. Notably, the Fe(III) parameters obtained in this study are, 

ithin experimental error, similar to those reported for a Fe(III)- 

Ph mono-complex formed from Fe2 (SO4 )3 •nH2 O and oak tannin 

 39 ]. The study showed that complex formation required at least 

wo -OH groups in ortho position on the aromatic ring of the PPh 

igand (catecholate moiety), whereas the total number of pheno- 

ic groups and the specific ligand backbone of the PPh did not af- 

ect the Mössbauer parameters. This suggests that the IGI complex 

n our samples corresponds to a Fe(III)-PPh mono-complex coordi- 

ated via catecholate functionalities, in agreement with our previ- 

us findings [ 17 ]. 

The formation of Fe(III)-PPh mono-complexes was exclusively 

bserved at low pH values (pH ≤ 3), similar to the typical envi- 

onment of IGIs [ 40 , 41 ]. Although most phenolic groups have pKa

alues in the range 7–10, deprotonation can occur in acidic so- 

utions in the presence of strong Lewis acids like Fe(III) [ 42 , 43 ].

n contrast, the weaker Lewis acid Fe(II) forms less stable Fe(II)- 

Phs complexes that readily undergo autooxidation promoted by 

he PPh ligands. During this process, the PPhs can be oxidised to 

emiquinone species, accompanied by proton release and a de- 

rease in the Fe reduction potential [ 44 ]. Ligand field considera- 

ions further support this behaviour: neutral unsaturated ligands 

end to stabilise Fe(II) ( d6 ) over Fe(III) ( d5 ) due to greater crys- 

al field stabilisation energy. However, the close proximity of the 

e(III)/Fe(II) reduction potential (0.749 V) to that of many PPhs 

 o -quinone/PPh) redox couples [ 41 ] facilitates electron transfer be- 

ween metal and ligand, promoting redox cycling and ultimately, 

omplete oxidation of PPhs to quinones [ 42 , 44 ]. Our Mössbauer 

tudy could not associate Fe(II) species with quinone ligands; in- 

tead, they were paired with oxalate. Mössbauer parameters for 

e(II) oxalate (IS ≈ 1.20 mm s−¹; QS ≈ 1.76 mm s−¹) are in good 

greement with the values obtained in Lerf et al.’s study [ 33 ]. 

As previously observed [ 17 ], the Fe(II) phase develops over time 

t the expense of Fe(III) species. Oxalic acid may form through the 

xidative degradation of carbohydrates such as cellulose and Ara- 

ic gum [ 33 ], or via microbial activity, through oxalate secretion 

ediated by oxalate oxidase [ 45 , 46 ]. SEM observations confirmed 

icrobial colonisation of the samples (Fig. SM.8), supporting this 

athway. Previous studies [ 47 ] have identified distinct Fe oxalates 

n the surface of IGI layers, interpreted as secondary degradation 

roducts. 

.3. IGI surface and penetration into the support 

XPS analysis was performed to characterise the surface chem- 

cal composition of IGI using loosened fragments from samples 3 

f. 119), 4 (f. 120), 7 (f.148), and 10 (f. 154), all of which fea-

ure calligraphic writing. Survey spectra are shown in Fig. 3 . The 

nalysis was restricted to the Fe 2p and C 1 s regions. Sample 3 

as selected as representative, and its spectra are presented in 

ig. 3 b,c. Curve fitting of the Fe 2p3/2 and C 1 s regions were

erformed to gain further insights into the surface chemical com- 

osition, namely, the Fe coordination environments and carbon- 

ontaining functionalities at the surface. 
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Fig. 3. a) XPS survey spectra of samples 3, 4, 7, 10; curve fitting of sample 3 spec- 

tra with peak position marked: b) Fe 2p region; c) C 1 s and K 2p regions. The 

experimental spectra, background line, and the envelope of the fitting components 

are shown. 
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The Fe 2p3/2 envelope was fitted following the fitting method- 

logy proposed by Biesinger et al. [ 48 ] for siderite (a mineral 

omposed of iron carbonate), including multiplet splitting and 

atellite contributions characteristic of Fe compounds. The en- 

elope comprises three principal components centred at 709.8, 

11.0, and 711.9 eV, together with two satellites at 715.5 and 

19.3 eV (Table SM.5). Overall, the peak envelope between 709 

nd 720 eV is consistent with the multiplet splitting previously re- 

orted for Fe in oxides, hydroxides, sulfates, oxalates and carbon- 

tes [ 48–51 ]. The lower binding energy components at 709.8 and 
268
11.0 eV are consistent with Fe(II) containing species. The peaks 

t 709.6 and 715.5 eV are in good agreement with the reported 

inding energies for standard siderite (FeCO3 ), centred at ∼710.2 

ith a satellite near 714.9 eV (C 1scarbonates = 289.4 eV and C 

sadsorbed hydrocarbons = 284.6 eV, Mg K α radiation source) [ 52 ]. Be- 

ides, the value of 710.4 eV was also found for the main peak in 

e(II) oxalates (C 1 s adventitious = 285 eV, Mg K α radiation source) 

 51 ]. 

Descostes et al. [ 53 ] characterised Fe(II) in hydrated iron (II) 

ulfate (FeSO4 ·7H2 O) with a melanterite-type structure, in which 

e(II) is octahedrally coordinated by six H2 O molecules [ 54 ]. The 

eported Fe 2p3/2 main and satellite peaks at 711.0 eV and 715.3 eV 

C 1s = 284.60 eV), respectively, are in good agreement with the 

eatures observed in the present study. Hence, the peak at 711.0 eV 

s consistent with hydrated Fe(II) sulfate, while the satellite at 

15.5 eV can also arise from this compound, as it does in the case 

f siderite. Iron (II) sulfate is commonly found in IGI due to the re- 

uction of Fe(III) in the Fe(III)-PPh complex, which can then react 

ith available sulfate ions [ 17 ]. In these structures, Fe(II) is octahe- 

rally coordinated by oxygen, forming FeO6 environments. Signif- 

cant overlap exists among these Fe(II) species, potentially includ- 

ng sulfate, carbonate and oxalate. These results are in good agree- 

ent with our Mössbauer results, in which the presence of Fe(II) 

xalates was estimated. 

Higher binding energy components are attributed to Fe(III). 

llen and Hallam [ 55 ] analysed the Co-containing ferrite spinel 

eries (Fex Co1-x Fe2 O4 , 0 ≤x ≤ 1) and observed that the main Fe 

p3/2 peak position shifted toward lower BE values when Fe(II) 

ubstituted Co(II) in the series, with the highest BE value obtained 

or CoFe2 O4 , where Fe is only present as Fe(III). The authors re- 

orted a similar trend for the Mn-Fe and Ni-Fe spinel series: the 

e 2p3 /2 binding energies obtained for x = 0 in the three series 

ere 711.2, 711.6 and 711.3 eV, respectively, (with C 1s = 285.0 eV). 

ased on these observations, the higher-BE component in the cur- 

ent study at 711.9 eV, together with a satellite at 719.3 eV, agrees 

ell with Fe(III) in an octahedral coordination environment, as re- 

orted by Atrei et al. [ 56 ]. Combined with the Mössbauer results, 

his confirms the interpretation that Fe(III) in the IGI is predom- 

nantly present as an octahedrally coordinated Fe-PPh complex. 

he C 1 s region is further discussed in the SM ( Section 3.3 XPS

nalysis ). 

While XPS provided insights into the Fe speciation at the ink 

urface, PIXE mapping highlighted differences in the spatial dis- 

ribution of Zn. PIXE elemental mapping (Fig. SM.9a) showed that 

n is heterogeneously distributed, occurring as locally concentrated 

omains rather than as a continuous signal across the inked area. 

his behaviour is consistent with the findings of Karamać [ 28 ], 

ho reported that Zn(II) ions form less stable complexes with phe- 

olic compounds (PPh) than Fe(II) ions do. As a result, Zn(II) ions 

re less effectively stabilised within the Fe-PPh network and tend 

o accumulate locally. 

SEM/EDS analysis further revealed morphological features on 

he ink surface, associated with Pb- and Mg-containing crystals. A 

etailed characterisation and proposed origin are provided in the 

M ( Section 3.3 , SEM/EDS and PIXE analysis ). 

IGI penetration and lateral migration can result in ‘strike- 

hrough’ on the verso and ‘haloing’ around inked areas [ 57 ]. FIB- 

EM and PIXE were employed to examine these phenomena. A 

ross-section was prepared from an inked fragment of sample 8 

f. 156) using a dual-beam FIB, avoiding the mechanical damage 

ypical of manual preparation and enabling SEM/EDS spatial distri- 

ution analysis of IGI-characteristic elements. A fragment, measur- 

ng ca. 32.8 μm in thickness and not written or decorated on the 

everse, was selected for analysis. EDS line-scan profiles showed 

he presence of magnesium sulfate crystals at the ink surface and 

heir distribution within deeper layers of the paper structure. The 



M. Nunes, V. Corregidor, L.C. Alves et al. Journal of Cultural Heritage 80 (2026) 263–271

Fig. 4. a) FIB-SEM cross-section of an inked fragment from sample 8 (f. 156) and respective EDS line scan analysis showing the Fe, K, S and Mg spatial distribution; b) OM 

image of the sample 8 (left), with uninked and inked areas and corresponding PIXE elemental maps (2 MeV proton beam) of Fe, K and S (right). Numbers 1–3 and the 

yellow form are explained in the text. 
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 distribution closely follows that of Mg, indicating that sulfur is 

redominantly present as soluble sulfate species. In contrast, the 

eaker spatial association of S and Fe suggests that Fe is not pri- 

arily present as sulfate but as Fe-PPh or secondary phases and 

arbonate, corroborating the XPS observation. 

Interestingly, the EDS line scans also showed a consistent de- 

rease in Fe and K intensities from the surface towards the inte- 

ior of the sample ( Fig. 4 a). Although both elements appeared to a

esser extent beyond ca. 15 μm, they were still detectable through- 

ut the full thickness of the fragment, with the innermost region 

orresponding to the verso. This observation confirms the deep 

enetration of ink-derived ions, with complete through-thickness 

enetration over time. As noted above, the lower K:Fe and Ca:Fe 

atios (Fig. SM.6) suggest a relatively low binder content in this 

olio, facilitating deeper penetration of Fe species within the cellu- 

ose matrix. 

Folio 156 is decorated with partially filled inked motifs com- 

ined with fine-line quill penwork elements. The verso (f. 155) 

ontained calligraphic writing, including a handwritten calligraphic 

lphabet letter positioned in the upper section. A second fragment 

rom sample 8 (f. 156), inked on the verso, was selected as it ex- 

ibits ink-impactful migration effects ( Fig. 4 b). However, since a 2 

eV proton beam penetrates up to 60 μm in IGI-containing sam- 

les [ 58 ], the resulting 2D PIXE elemental maps only enable dis- 

ussion of the lateral migration of elements within and around the 

nked areas. 

At point 1 on f. 156, a heavily inked line showed the most in-

ense Fe signal, followed by K, while S remained comparatively 
269
eaker ( Fig. 4 b). In contrast, at point 2 and within the yellow- 

arked form, corresponding to lightly inked line decoration, S pre- 

ented the dominant signal, whereas Fe was minimal. As previ- 

usly discussed, this S signal can be attributed to sulfate species, 

ncluding iron sulfate, and more prominently to Mg sulfate. Fur- 

hermore, the dispersed distribution of S across the elemental map 

upports the presence of Mg sulfate crystals at the surface. Inter- 

stingly, S and K showed lateral migration towards the adjacent 

ightly inked areas. In contrast, Fe did not follow this pattern as 

llustrated in point 3. Overall, Fe lateral migration most likely oc- 

urred during the initial stage of ink penetration into the cellulose 

upport, with minimal subsequent redistribution. In contrast, sul- 

ate species exhibited higher mobility and accumulated in lightly 

nked areas. 

. Conclusions 

This work employed an integrated multi-analytical approach to 

xplore thoroughly historical IGIs in a unique 17th-century Por- 

uguese codex, Ortographia Pratica de Varias Letras (maniz. cod. 99). 

he primary goal was to characterise the inks and assess potential 

orrelations between their composition and the severe degradation 

bserved in ff. 119–156. 

The folios are made of high-quality rag paper composed of 

inen/hemp fibres and sized with a proteinaceous material (e.g. 

elatine), consistent with 17th-century paper featuring gilded 

dges. Colourimetric analysis confirmed that areas of calligraphic 
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[

riting, which contain a higher ink load per surface area, exhibit 

arker, cooler hues. 

All inks were identified as IGI, regardless of appearance or 

sage. Two main compositional groups emerged based on Zn:Fe 

atios: the first (ff. 5–153) is characterised by ratios mostly 

10%, while the second (ff. 156–267) showed higher values (11–

0%), suggesting the use of compositionally distinct green vitriols, 

ikely reflecting different raw material types. The presence of Zn- 

ontaining IGI is noteworthy, as the two IGI recipes recorded in 

he codex (for paper and parchment) do not mention the use of 

n-rich vitriol. 

Variations in K:Fe and Ca:Fe ratios indicated inconsistent 

inder-to-vitriol proportions across the codex. The lowest K- and 

a-to-Fe ratios occur in the most degraded folios, suggesting that 

 possible reduced binder content, combined with high ink load, 

nhanced ink penetration and contributed to folio deterioration. 

Furthermore, PIXE 2D mapping and depth profiling (FIB- 

EM/EDS) revealed differentiated migration behaviour: Fe prefer- 

ntially penetrates deeply through the cellulosic support, reaching 

he verso, while K and S showed lateral migration around inked 

reas. Highly unbalanced IGIs, with excessive vitriol-to-gallnuts 

eight ratio, often yield iron sulfate as a byproduct. Although 

össbauer spectroscopy did not detect iron sulfate phases in the 

ulk of degraded samples, the XPS data revealed Fe(II)-containing 

urface environments compatible with hydrated iron sulfates, to- 

ether with other overlapping Fe(II) species, including oxalates. 

his observation suggests that the IGIs used in this set of degraded 

olios were not strongly unbalanced overall, potentially aligning 

ith the recipe for paper that Pessoa recorded in the manuscript. 

dditional insights into ink degradation were provided by XPS and 

össbauer spectroscopy, which showed the formation of Fe(II) ox- 

lates, consistent with the degradation of the Fe(III)-PPh complexes 

nd carbohydrate substrates. These combined spectroscopies also 

ndicated that the IGI chromophores can be described as Fe(III)- 

Phs mono-complexes with catecholate-type binding, in which the 

rtho -positioned OH groups bind the Fe(III) ion in an octahedral 

nvironment. 

Overall, this study showed that the exceptional degradation ex- 

ibited by ff. 119–156 is related to ink formulation, high ink load, 

ubsequent distribution within the paper matrix, particularly the 

enetration and mobility of Fe. The work also aimed to contribute 

o a deeper understanding of IGI-written heritage within the Por- 

uguese context, raising awareness of the historical and cultural 

ignificance of the maniz. cod. 99. 
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