
Visualising Iron Gall Ink Underdrawings In 16th
Century Paintings In-Situ By Micro-XRF Scanning
(MA-XRF) And LED-Excited IRR (LEDE-IRR)
Mareike Gerken  (  gerken@stadelmuseum.de )

Städel Museum Frankfurt https://orcid.org/0000-0003-1002-6979
Jochen Sander 

Städel Museum Frankfurt
Christoph Krekel 

Staatliche Akademie der Bildenden Künste

Research Article

Keywords: iron gall ink, underdrawing, panel paintings, MA-XRF, IRR, wavelength, microscopy, Holbein the
Elder, Cima da Conegliano, 16th century,

Posted Date: January 7th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1228966/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1228966/v1
mailto:gerken@stadelmuseum.de
https://orcid.org/0000-0003-1002-6979
https://doi.org/10.21203/rs.3.rs-1228966/v1
https://creativecommons.org/licenses/by/4.0/


Gerken et al. 

Visualising iron gall ink underdrawings in 16th century paintings in-situ by micro-XRF scanning and LEDE-IRR 

1 

Research Article 1 

Visualising iron gall ink underdrawings in 16th century paintings in-situ by micro- 2 

XRF scanning (MA-XRF) and LED-excited IRR (LEDE-IRR) 3 

Mareike Gerken 1,2,*, Jochen Sander 1,3 and Christoph Krekel 2 4 

1 Städel Museum, Frankfurt am Main; Schaumainkai 63, 60596 Frankfurt am Main. 5 

2 Staatliche Akademie der Bildenden Künste, Stuttgart; Am Weißenhof 1, 70191 Stuttgart. 6 

3 Goethe Universität Frankfurt am Main, Senckenberganlage 31, 60325 Frankfurt am Main. 7 

* Correspondence: gerken@staedelmuseum.de; Tel.: +49(0)69-605098-126 8 

Abstract: Until today, iron gall ink is classified as an exceptional underdrawing material for paintings. A certain 9 

identification is always based on invasive analysis. This article presents a new non-destructive analysis approach using 10 

micro-X-ray fluorescence scanning (MA-XRF), LED-excited IRR (LEDE-IRR) using a narrow wavelength-range of infrared 11 

radiation (IR) and stereomicroscopy for visualising and identifying iron gall ink underdrawings. To assess possibilities 12 

and limits of this non-invasive approach, results were compared to invasive examinations on cross-sections using 13 

scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX). The approach is tested on panel 14 

paintings of Hans Holbein the Elder and Giovanni Battista Cima da Conegliano. The holistic setup could successfully 15 

visualise underdrawing lines made with iron gall inks, which formerly remained invisible by means of conventional IRR. 16 

For the first time, a direct access to a formerly invisible type of underdrawing is created, allowing to harness the whole 17 

iron gall ink underdrawing for interdisciplinary studies. 18 

Keywords: iron gall ink; underdrawing; panel paintings; MA-XRF; IRR; wavelength; microscopy; Holbein the Elder; Cima 19 

da Conegliano; 16th century; 20 

1. Introduction 21 

Iron gall ink has been used as a drawing and writing material from roughly around the 3rd century BC and was widely 22 

spread since Medieval times [1] (p. 30) [2] (p. 25–26).1 The ink is a complex reaction product of ferrous sulphate from 23 

vitriol and soluble gallotannins from insect galls, which was utilised in an aqueous solution with a gum binding agent 24 

[2] (p. 26). Despite being the most important ink in European history, it has rarely been identified as an underdrawing 25 

material for paintings. Since underdrawings of paintings are usually covered by several heterogenous painting layers, 26 

they are commonly studied by infrared (IR) radiation-based methods such as infrared reflectography (IRR). Because 27 

IRR is particularly sensitive for carbon-based underdrawing materials, iron gall ink underdrawings only rarely become 28 

visible by IR [1] (p. 31). Until now, reliable identification of iron gall ink in underdrawings has always been based on 29 

invasive analysis, e. g. [3] (p. 75), [4] (p. 134) or [5] (p. 20). However, the diversity of origin and dating of the few 30 

paintings with verified iron gall ink underdrawings hint at a more widespread use than is currently assumed. A new 31 

non-destructive analysis approach, which is not only able to chemically identify but also visualise the distribution of 32 

iron gall ink underdrawings, has now been developed and is currently being tested in a research project at the Städel 33 

 
1 First evidence on the use of iron gall ink could be found by PIXE analysis on Egytian papyri originating from the 3rd to 1st century 

BC, whereas the first recipe from the European area is dated into the 7th century AD [2] (p. 25–26). 
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Museum Frankfurt in cooperation with the Stuttgart State Academy of Art and Design and the Städel Cooperation 34 

Professorship at the Institute of the Art History at the Goethe University Frankfurt. It combines micro-X-ray 35 

fluorescence scanning (MA-XRF) with an advanced use of IRR, that uses IR-LEDs with a narrow wavelength range as 36 

excitation radiation, focussing on the impact of measurement parameters, value of trace elements and in-depth post- 37 

processing routines. To evaluate possibilities and limits, the approach was accompanied by scanning electron 38 

microscopy with energy dispersive X-ray analysis (SEM/EDX) on cross-sections. 39 

The main inorganic component of iron gall ink is vitriol, an iron sulphate (FeSO4) with varying impurities of CuSO4, 40 

MnSO4 and ZnSO4. The proportion of these components varies depending on the mining site and extraction method 41 

of the vitriol used [2], [6] and [7]. For instance, while vitriolum goslarensis, originating from Goslar (Germany), has a 42 

very high amount of ZnSO4 (11%), vitriolum romanum does not contain Zn [6] (p. 130).2 XRF based analytical techniques 43 

such as MA-XRF are highly sensitive for the identification of mid-range chemical elements such as Fe, Cu, Mn and Zn 44 

[8] (p. 763). MA-XRF scanning has proven to be a rewarding non-invasive and in-situ analysis technique for historical 45 

paintings, e. g. [8–12]., after its first successful application in 2008 [9] and the introduction of the first commercially 46 

available mobile X-ray tube-based MA-XRF instrument [10]. Main principles of XRF can be found elsewhere [13]. In 47 

general, the distribution of mid-range elements can be visualised by acquiring several thousands to millions single XRF 48 

spectra in a two-dimensional scan. From this, chemical information on surface and sub-surface layers can be derived, 49 

allowing to infer on pigments and the technological build-up of paintings. Although suitable, MA-XRF has not been 50 

consciously used to analyse and visualise iron gall ink underdrawings in paintings until today. First attempts to study 51 

non-carbon-based underdrawings that are invisible in conventional IRR were performed with Point-µ-XRF (P-µ-XRF), 52 

e.g. [14]. The main disadvantage of P-XRF is, that elemental signals cannot be unambiguously assigned to specific sub- 53 

surface layers in the heterogenous multi-layered structure of paintings. Further, Fe is not only the main inorganic 54 

component of iron gall inks but also of ochre pigments, which were not only also used for underdrawing paintings but 55 

also often appear as pigments in paint layers. Therefore, trace elements present in iron gall ink such as Cu and Zn 56 

become highly important to distinguish between both materials. P-XRF analysis on inorganic components of iron gall 57 

ink on parchment and paper, has been studied by Krekel [2] and Hahn [15], the latter resulting in a fingerprint model 58 

based on XRF data quantification [16–17], that uses ratios of impurity metals in vitriol such as Cu, Mn and Zn related 59 

to Fe as main component to distinguish between different inks [16–17]. Unfortunately, this fingerprint model is hardly 60 

applicable on underdrawings, as these are usually completely covered by paint layers. Nevertheless, the joint presence 61 

of side elements such as Cu and Zn could distinguish between different Fe-containing underdrawing materials such as 62 

ochres and iron gall inks. The visualisation of lost scriptures written with iron gall ink in palimpsests [18–19] or of iron 63 

gall ink underdrawings underneath manuscript illuminations [20] by MA-XRF hint at the potential success for 64 

visualising the distribution of iron gall ink underdrawings in paintings. This is also supported by published MA-XRF 65 

results of Leonardo da Vinci’s “Madonna of the Rocks” from the National Gallery London, which revealed the 66 

distribution of a Zn-containing underdrawing material, that has not yet been further specified [21]. 67 

Material identification of an underdrawing media could be achieved by combining different analytical techniques 68 

which are able to gain information on different characteristics of a material. Using IRR with different narrow 69 

 
2 Hickel localises the mining site of vitriolum romanum on the Isle of Elba, although it could likely be a trade name for a product 

with varying origins. 



Gerken et al. 

Visualising iron gall ink underdrawings in 16th century paintings in-situ by micro-XRF scanning and LEDE-IRR 

3 

wavelength ranges (LEDE-IRR), different IR reflectance properties of historical underdrawing materials can be studied. 70 

According to recent reflectance measurements, iron gall inks absorb IR radiation up to 1200 nm [22] (p. 58), while 71 

ochre already become transparent at 850 nm [23] (p. 16). An iron gall ink underdrawing could be thus determined, if 72 

the underdrawing lines absorb radiation up to 1200 nm and become invisible in higher wavelengths. A similar approach 73 

was first tested in the 1990s with filter sets, that transmit only certain wavelengths, but was not pursued because 74 

resulting images were very dark [24–25]. A novel and more promising concept was recently developed by Geffken, 75 

Krekel and Dittmar at the Institute for Conservation Sciences of the State Academy of Art and Design Stuttgart in 76 

cooperation with the Steinbeis Transfer Centre of Aalen University [22]. IR-LED panels with narrow wavelength ranges 77 

as excitation radiation (LEDE-IRR), that can either be used individually or in combination, proved to enable a better 78 

detection of underdrawing media such as iron gall ink [22] (p. 124). 79 

2. Materials and Methods 80 

2.1. Panel Paintings 81 

Three panel paintings from the collection of the Städel Museum were chosen for the study, as they only partly showed 82 

underdrawing lines during preliminary conventional IRR with halogen lights, which emit a broad spectrum of 83 

wavelengths (Table 1). 84 

Table 1. Overview and general information of the examined panel paintings. 85 

Artist Title Date Inv. № 

Hans Holbein the Elder Tree of Jesse1 1501 HM 6 

Hans Holbein the Elder Bearing of the Cross1 1501 HM 15 

G. B. Cima da Conegliano Virgin and Child ca. 1500-1504 852 

1 Part of the Frankfurt Dominican Altarpiece. 86 

Iron gall ink underdrawings, partly mixed with carbon-based black pigments, were determined by Dietz in 2015 in the 87 

panel paintings “Tree of Jesse” (Inv. № HM 6) and “Bearing of the Cross” (Inv. № HM 15) of the Frankfurt Dominican 88 

Altarpiece by Hans Holbein the Elder by means of SEM/EDX analysis on cross-sections [4] (p. 505–514). The panel 89 

painting “Virgin and Child” by Giovanni Battista Cima da Conegliano (Inv. № 852) was selected because underdrawings 90 

with iron gall ink had been previously discovered in paintings by the Italian artist at the National Gallery London [1] (p. 91 

31) and National Gallery of Scotland, Edinburgh [26] (p. 8). 92 

2.2. Analysis 93 

The underdrawing of all three paintings was analysed by MA-XRF and LEDE-IRR. Data evaluation was accompanied by 94 

stereomicroscopy. Results were compared to invasive methods using SEM/EDX on cross-sections. 95 

MA-XRF was performed using a Bruker M6 Jetstream [9], operated with a Rh-target X-ray tube at 50 kV and 600 µA, 96 

equipped with a 30 mm2 SDD spectrometer detecting 275 kcps and a range up to 40 keV. A beam size of 100 µm was 97 

used for all scans. Different acquisition parameters were employed due to the different requirements of the scans 98 

(Table 2). Overall scans were performed to get a first impression of the elements present and their distribution, 99 

whereas detail scans were used to study the features of the underdrawing lines. In addition, a detail of the head of 100 

Jesse in Holbein the Elder’s “Tree of Jesse” (Inv. № HM 6) was selected to test the influence of the dwell time per pixel 101 
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on the visibility of the underdrawing lines, starting with the fastest scan time possible up to a dwell time that allowed 102 

to show the underdrawing in detail. 103 

Table 2. Varying measurement parameters of MA-XRF analysis chosen for different scans. 104 

Inv. № Scan Localisation Step size  Dwell time  

HM 6 Overall 1–2 Lower part of the panel 375 µm 25 ms/Px 

 Detail 1 Head of Jesse 305 µm 3.041 ms/Px 

 Detail 1 Head of Jesse 305 µm 10 ms/Px 

 Detail 1 Head of Jesse 305 µm 50 ms/Px 

 Detail 1 Head of Jesse 305 µm 100 ms/Px 

 Detail 2 King David 305 µm 250 ms/Px 

HM 15 Overall 1 Lower left part of the panel 375 µm 25 ms/Px 

852 Overall 1 Overall 375 µm 25 ms/Px 

 Detail 1 Dress of the Virgin 305 µm 100 ms/Px 

1Fastest scan time possible. 105 

MA-XRF datasets were processed and evaluated using Bruker M6 software, datamuncher [27] and PyMca [28–29]. IRR 106 

of the paintings by Holbein the Elder (Inv. № HM 6, Inv. №HM 15) were performed with an Osiris-A1 camera, IRR of 107 

“Virgin and Child” by Cima da Conegliano (Inv. № 852) with a Vidicon. Conventional IRR with a broad range of 108 

wavelengths using halogen-based Hedler® HT 19s lights as excitation source were already existent.3 IRR with five 109 

different wavelengths (880 nm, 940 nm, 1060 nm, 1330 nm and 1550 nm) was performed with IR-LED test panels as 110 

excitation source in a dark room. These test panels were built at the Steinbeis Transfer Centre at Aalen University and 111 

illuminate an area of 20,0 x 40,0 cm, hence only details of the panels could be studied [30]. For optical microscopy a 112 

Leica MZ 6 equipped with two Schott KL 1600 LED lights was used. Cross-section analysis of the paintings by Holbein 113 

the Elder (Inv. № HM 6, Inv. №HM 15) were performed in 2015 by Dietz [4], whereas cross-sections of “Virgin and 114 

Child” by Cima da Conegliano (Inv. № 852) were produced during this project. All microsamples were embedded in 115 

Technovit 2000 LC and grinded with Micro Mesh (granulation 1500–12000). Analysis of all cross-sections was 116 

performed with Leica DM RM with a magnification of 500 for visible (VIS) in dark field illumination and ultraviolet (UV) 117 

fluorescence (filter set D, bandpass 355–425) for microscopy and a Zeiss VP-REM EVO 60 with a Si-detector (SDD) by 118 

Bruker for SEM/EDX. EDX parameters were chosen according to Dietz [4] (p. 101). 119 

3. Results 120 

In the following, first results on the application of the novel analysis routine on iron gall ink underdrawings are 121 

presented. The first case study on paintings by Holbein the Elder focusses on possibilities and limits of visualising iron 122 

gall ink underdrawings. The second case presents a detailed study of the newly discovered iron gall ink underdrawing 123 

in a panel painting by Cima da Conegliano. 124 

3.1. Hans Holbein the Elder “Tree of Jesse” (Inv. № HM 6) and “Bearing of the Cross” Inv. № HM 15) 125 

 
3 The wavelength range of these lights could not be determined until now. Comparable Hedler H25s halogen lamps excite a 

wavelength range from λ= 150–7500 nm with λpeak at 1250 nm [22] (p. 104). 
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Hans Holbein the Elder (c. 1465–c. 1524) was a German painter active between Late Medieval and early Renaissance. 126 

Around 1500 he and his workshop, where he worked together with his workshop members including his brother 127 

Sigmund Holbein, created a couple of large and important altarpieces. Among these is the High Altarpiece of the 128 

Dominican Church in Frankfurt, painted in 1501 [31], whose art-technology was examined by Dietz in 2015 [4]. Today, 129 

eleven panels with an average size of 166,0 x 150,0 cm and the predella of the Frankfurt Dominican Altarpiece (76,3 x 130 

277,5 cm) belong to the collection of the Städel Museum Frankfurt (Supplement 1). Nine of these panel paintings were 131 

underdrawn with iron gall ink [4] (p. 505–514), which Dietz identified by studying optical features, conventional IRR 132 

and SEM/EDX analysis on cross-sections [4] (p. 138). The ink contained Zn, Cu and Fe (ratio 1:1,3:5,7). The other three 133 

panel paintings were either not sampled or samples did not include an underdrawing layer. In all nine cases in which 134 

the materiality of the underdrawing could be studied both iron gall ink as well as carbon-based black pigments could 135 

be detected. In six of the panel paintings iron gall ink and carbon black pigments were not only used separately, but 136 

also in mixture with each other [4] (p. 505–514). Hence it is not surprising, that the underdrawing could not be fully 137 

visualised by means of IRR with halogen lamps (Supplement 2 a, 3 a). Still, some of the lines invisible in IRR show 138 

through overlying lead white painting layers, which became transparent due to the formation of lead soaps [4] (p. 139 

135). 140 

 141 

Figure 1 H. Holbein the Elder, “Tree of Jesse” (Inv. № HM 6), exterior wings, High Altarpiece of the Dominican Church. (a) Overall 142 

VIS image; (b) Cross-section (S70) in dark field, taken from the incarnate of Jesses’ face containing an iron gall ink underdrawing 143 

(layer 2); (c) Cross-section (S70) in UV; (c) Backscattered electron image (BSE) of cross-section (S70) in SEM/EDX. 144 

MA-XRF and LEDE-IRR were applied on two panels of the altarpiece in overall and detail scans. The lower part of the 145 

“Tree of Jesse” (Inv. № HM 6) is localised at the lower half on the exterior of the left outer wing of the retable (Figure 146 

1 a) and was (at least partly) underdrawn with pure iron gall ink (Figure 1 b–c) [4] (p. 513). In contrast, the panel 147 
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“Bearing of the Cross” (Inv. № HM 15) is part of the inner wings depicting the Passion of Christ, locatable on the lower 148 

exterior. In areas accessible to MA-XRF scanning, iron gall ink was used in mixture with a carbon black pigment for 149 

compositional drawings [4] (p. 506).4 Due to the limited accessibility of the large and heavy panel paintings, which are 150 

permanently on display, only lower parts of both panels could be examined (Supplement 2 b, 3 b). MA-XRF detail scans 151 

were performed on Jesses’ head and King David’s harp, both located in lower parts of “Tree of Jesse” (Inv. № HM 6) 152 

(Supplement 2 b). 153 

3.1.1. Analysis 154 

While Fe-K and Cu-K elemental maps of the MA-XRF overview scans are dominated by strong signals stemming from 155 

Fe- and Cu-rich pigments, which are present in the painting layers (Figure 2 a–b), the distribution of Mn-K is too noisy 156 

to show details, especially of sub-surface layers (Figure 2 c). Nonetheless, the iron gall ink underdrawing is visible 157 

within the Zn-K distribution maps of both panel paintings (Figure 2 d), no matter if the ink was used pure (Inv. № HM 158 

6) or in mixture with a carbon black pigment (Inv. № HM 15) (Supplement 3 c–f). Although Zn is also present in some 159 

of the copper green and blue pigments of the paint, the course of the underdrawing lines as well as the ink’s fluid 160 

application are revealed by Zn-K elemental map, e.g. garment and head of Jesse or King David’s harp. 161 

 
4 For a better presentation, visual results on the latter (Inv. № HM 15) can be found in the Supplementary Material because they 

are highly comparable to results gained for Inv. № HM 6. 
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 162 

Figure 2 H. Holbein the Elder, “Tree of Jesse” (Inv. № HM 6), MA-XRF overview scans of the lower part of the panel painting. (a) 163 

Fe-K elemental map; (b) Cu-K elemental map; (c) Mn-K elemental map; (d) Zn-K elemental map. 164 

The two detail scans of “Tree of Jesse” (Inv. № HM 6) revealed properties and application traces of the iron gall ink 165 

underdrawing in greater detail and contrast (Figure 3, 4). The compositional lines visible in Zn-K maps not only roughly 166 

capture drapery of clothing and hair, but also indicate facial features in a more elaborate way with hatchings creating 167 
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shadows and thin lines outlining wrinkles, a typical stylistic element of Holbein’s underdrawings [4] (p. 146–149). 168 

Besides thickly or thinly applied Zn-rich compositional lines, lines with low elemental signals could be identified, which 169 

could either hint at a high dilution of the ink or a mixture with another material. 170 

The visibility of the ink and its dependence on chosen MA-XRF parameters were tested in a detail scan of Jesse’s head, 171 

focusing on the dwell time per pixel. While overall scans were performed with a pixel size of 375 µm, details were 172 

scanned with a fixed pixel size of 305 µm to ensure the visibility of the underdrawing lines. In general, the step size 173 

should be chosen in accordance to the width of the underdrawing lines as well as the focus of research. In this case, a 174 

step size of 375 µm proved to be a good choice for visualising the overall distribution of the ink and was still sufficient 175 

to map large areas in a reasonable time (~24 h for 60,0 x 80,0 cm), whereas 305 µm proved sufficient for detail scans, 176 

which enabled characteristics of the ink application to be studied in detail. The dwell time was varied in four steps 177 

appropriate to a reasonable time exposure (Table 2). The tested variation of the chosen dwell time had a great impact 178 

on the visibility of the underdrawing. At fastest stage speed – in this case 3.04 ms/Px – the presence of Zn could be 179 

determined, but signals could not be clearly linked to a specific distribution (Figure 3 a), while at 10 ms/Px the course 180 

of underdrawing lines could already be seen in the Zn-K elemental map (Figure 3 b). At a dwell time of 50 ms/Px 181 

characteristics like the fluid application of thick lines became apparent (Figure 3 c). With a dwell time of 100 ms/Px 182 

thin lines with weak Zn-signals could be detected and visualised (Figure 3 d). 183 

 184 

Figure 3 H. Holbein the Elder “Tree of Jesse” (Inv. № HM 6), detail of Jesse. MA-XRF Zn-K element map with differing dwell times. 185 

(a) 3,04 ms/Px; (b) 10 ms/Px; (c) 50 ms/Px; (d) 100 ms/Px. 186 

LEDE-IRR yielded heterogenous results. A varying mix of underdrawing lines could be distinguished in the head of 187 

Jesse. Only a few Zn-rich compositional lines were clearly visible at 1060 nm and transparent at 1300 nm. Most of the 188 

underdrawing could still be reported at 1550 nm with differing degrees of transparency. Furthermore, Zn-free lines 189 

became visible in IRR, which remained dark black equally to the irradiated IR wavelength. Apparently, Holbein used 190 

different ink materials for his composition simultaneously. 191 

A second detail study of the underdrawing was carried out on King David’s harp (Figure 4 a), which is depicted on the 192 

lower right side of “Tree of Jesse” (Inv. № HM 6). A detail scan with a 250 ms/Px dwell time proved successful in 193 

revealing parts of the underdrawing in the elemental distribution images of Fe and Cu (Figure 4 b–d). Again, the entire 194 

underdrawing with details of the application could only be visualised by Zn-K distribution (Figure 4 d). However, 195 

correlation plots of Fe and Cu, Mn or Zn revealed the co-occurrence of all four elements (Figure 4 e–g). The comparison 196 

of elemental maps and correlation plots with the VIS image shows, that Fe-, Cu-, Mn- and Zn-rich lines also seems to 197 
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have been used for the final depiction of the harp’s structure and material, e. g. by indicating knotholes or the levers 198 

at the lower end of the strings (Figure 4 d, red arrows).5 Wavelength-specific IRR also showed striking results. Although 199 

varying, most of the Zn-rich lines – no matter if visible in VIS or completely covered by painting layers – grew 200 

transparent to a significant degree between 1060 nm/1300 nm and 1550 nm (Figure 4 h–i).6 Elemental signals could 201 

be assigned to translucent brown lines without pigment particles located either below a very thin light painting layer 202 

or upon the painting layer. While the lines localised between priming and paint layers can be assigned to the 203 

underdrawing, the brown translucent lines integrated into the depiction appear to be only partly present in the harp. 204 

Both types show a remarkable fine pattern of broad drying cracks. 205 

 
5 As these lines are part of the final depiction, questions arose whether the elemental signals derive from an iron gall ink or from 

mixing a copper-based pigment, that contains an impurity of Zn, with an ochre pigment. In-depth evaluation of MA-XRF datasets 

could not clarify gained results and would require further analysis. 

6 The IR absorption properties in this case could be a source of error, because azurite and malachite, both Cu-based pigments, 

become likewise transparent between 1000 nm and 1300 nm [22] (p. 51), so that gained results could hint at different materials. 
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 206 

Figure 4 H. Holbein the Elder “Tree of Jesse” (Inv. № HM 6). (a) Detail of King David’s harp in visual light (b) MA-XRF Fe-K element 207 

map; (c) MA-XRF Cu-K element map; (d) MA-XRF Zn-K element map; (e) Correlation plot of Fe-K and Mn-K; (f) Correlation plot of 208 

Fe-K and Cu-K; (g) Correlation plot of Fe-K and Zn-K; (h) LEDE-IRR at 1060 nm; (i) LEDE-IRR at 1550 nm. 209 

3.1.2. Discussion 210 

By means of MA-XRF the iron gall ink underdrawing of the two examined panel paintings by Holbein the Elder (Inv. № 211 

HM 6 and Inv. № HM 15) became visible in all overview and detail scans by the of Zn-K distribution. In contrast to the 212 

Zn-K elemental images, the lines of the underdrawing were only poorly visible or even completely invisible in the 213 

elemental maps of Fe, Cu or Mn, although an increased number of counts per second (cps) could be detected in the 214 

XRF spectra of underdrawn areas. The connection of all four elements could only be visualised by correlating elemental 215 

signals (Figure 4 e–g). Iron gall ink lines became only partly visible within the Fe and Cu elemental maps of a detail scan 216 
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of King David’s harp, either due to the long dwell time of the scan or because some of the lines are only partly and 217 

thinly covered by painting layers. While the identification of Fe, Cu and Zn is consistent with previous SEM/EDX results, 218 

MA-XRF was also able to detect Mn. This further supports Dietz hypothesis, that a vitriolum goslarensis could be 219 

assumed for the production of the ink [4] (p. 138), as vitriols from this mining site contain approximately 9% MnSO4 220 

[6] (p. 130). However, although the Rammelsberg in Goslar was apparently the largest production site for vitriol in 221 

Germany in the 16th century (e. g. in 1577, 250 tons were produced), from German pharmacy price lists (taxae) we 222 

know of other German mining sites of which we do not know the chemical composition of the vitriol [7]. 223 

As there are no Zn-based historical pigments before the 19th century, using Zn-K elemental maps for visualising iron 224 

gall inks firstly seems unsusceptible to error. Yet, vitriols – with or without Zn – were also used as additives to alter the 225 

properties of paints [32] (p. 42). Moreover, Zn is a common impurity in copper-based pigments [12] (p. 18), as is also 226 

apparent in the MA-XRF overall scans of “Tree of Jesse” (Inv. № HM 6) (Figure 2 b, 2 d). Therefore, the presence of a 227 

Cu-based pigment cannot be completely excluded if only MA-XRF results are considered. Due to overlapping 228 

reflectance properties of iron gall ink and Cu-based pigments like azurite or malachite, both materials cannot be clearly 229 

distinguished from each other by wavelength-specific IRR. Moreover, in this case LEDE-IRR results varied strongly 230 

because the visibility of underdrawing lines is influenced by various parameters such as layer thickness and the 231 

admixtures of carbon-based black pigments. Nonetheless, the different reflectance properties of the underdrawing 232 

lines are not only consistent with the differing visibility of compositional lines in MA-XRF distribution images, but also 233 

the general material diversity of the Frankfurt altarpiece determined by Dietz [4] (p. 505–514). The dark black lines 234 

visible in IRR and invisible in the Zn-K distribution images could indicate, that next to iron gall ink pure carbon-based 235 

black pigments were used for underdrawing the “Tree of Jesse” (Inv. № HM 6). The complexity of the results presented 236 

as well as variations of quality and style described earlier by Dietz [4] (p. 3) hint at a multi-stage composition process, 237 

that was partly executed directly on the panel. Dietz was furthermore able to prove that Holbein the Elder deliberately 238 

used underdrawing lines as part of his final depiction [4] (p. 3). It is therefore likely to deduce from the results of the 239 

MA-XRF detail scan of King David’s harp, that iron gall ink could have been utilised within the painting process to partly 240 

characterise the wooden material and structure of the harp. 241 

3.2. Giovanni Battista Cima da Conegliano “Virgin and Child” (Inv. № 852) 242 

Giovanni Battista Cima da Conegliano (c. 1459–c. 1517) was an Italian Renaissance painter who worked in Venice for 243 

most of his life. The panel painting “Virgin and Child” (1500–1501), belonging to the collection of the Städel Museum, 244 

shows a typical motif of the artist (Figure 5 a). It was probably initially conceived for a full-figure altarpiece, but was 245 

later transformed into a half-figure format [33] (p. 136–137). Conventional IRR with a Vidicon (Figure 5 b) revealed 246 

only few underdrawing lines [33] (p. 131). 247 
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 248 

Figure 5 G. B. Cima da Conegliano, “Virgin and Child” (Inv. № 852). (a) Overall VIS image. (b) Overall IRR with halogen lamps. 249 

3.2.1. Analysis 250 

MA-XRF parameters (Table 1) were chosen in accordance with results gained from the examination of the panel 251 

paintings by Holbein the Elder (chapter 3.1). Again, an initial MA-XRF overall scan was able to reveal the presence of 252 

Zn in a noisy distribution that shows resemblance to the few underdrawing lines visible with conventional IRR (Figure 253 

5 b). To clarify results, a MA-XRF detail scan of the Virgin’s dress was performed (Figure 6 a). Again, solely thickly 254 

applied strokes were visible in the elemental distribution of Fe (Figure 6 b, red arrows), while the very detailed and 255 

complex underdrawing became apparent in total in the Zn-K elemental map (Figure 6 c). The correlation plot of Fe and 256 

Zn indicate their co-occurrence within the underdrawing (Figure 6 d, red). In contrast to the iron gall ink detected in 257 

the first case study, this underdrawing does not contain a joint appearance of Fe and Cu or Mn, as evinced by their 258 

correlation plots (Figure 6 e–f). Furthermore, XRF spectra of underdrawn areas show a lower cps value of Cu and Mn. 259 

The MA-XRF detail scan revealed not only the liquid application, but also at least two different steps in the 260 

compositional planning. Firstly, the depicted scene appears to have been captured directly on the white gypsum7 261 

priming with a few thick sketchy lines that show characteristics of a reed pen. In a second step, details of the drapery 262 

and shadows were elaborated with finer lines and hatching, possibly applied with a brush and further washes (Figure 263 

6 c). In contrast to conventional IRR, underdrawing lines could be visualised more clearly with wavelength-specific IRR. 264 

Although visible with greater contrast at 1060 nm (Figure 6 g), all lines are still apparent in varying degrees at 1300 nm 265 

(Figure 6 h) or even 1550 nm (Figure 6 i). 266 

 
7 Identified by SEM/EDX during this study. 
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 267 

Figure 6 G. B. Cima da Conegliano “Virgin and Child” (Inv. № 852). (a) Detail of the Madonna’s dress; (b) MA-XRF Fe-K element 268 

map; (c) MA-XRF Zn-K element map; (d) Correlation plot of Fe-K and Zn-K; (e) Correlation plot of Fe-K and Cu-K; (f) Correlation plot 269 

of Fe-K and Mn-K; (g) LEDE-IRR at 1060 nm; (h) LEDE-IRR at 1300 nm; (i) LEDE-IRR at 1550 nm. 270 

By stereomicroscopy two different types of underdrawing could be distinguished from each other (Figure 7 a–b). Visual 271 

features of type 1 show translucent lines whose colour vary from light- to dark-brown depending on the thickness of 272 

the layer (Figure 7 a). In thickly applied areas, a unique ageing pattern characterised by fine drying cracks becomes 273 

visible. In addition, paint layers covering dark brown lines appear to be damaged, too. Particularly blue areas, such as 274 

the Virgin’s dress, are shaped by thick drying cracks with a diameter up to up to 1 mm, in which the underlying brown 275 

underdrawing layer is revealed. In contrast, white or red painting layers are more stable and only show a pattern of 276 
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very fine losses (<1mm), in which the underdrawing is either revealed or partly lost.8 The aforementioned ageing 277 

pattern of the brown-black underdrawing becomes further apparent in dark field illumination of a cross-section 278 

sample taking from a thickly applied composing line, as the dark translucent layer is divided by drying cracks every 20 279 

to 50 µm (Figure 7 c). When exposing micro-samples to UV radiation (Figure 7 d) the underdrawing appears black. By 280 

means of SEM/EDX analysis, Fe, Zn and Al could be identified within the underdrawing layer, indicating the usage of 281 

iron gall ink. The ink was probably mixed with an organic component. 282 

By stereomicroscopy, type 2 could solely be localised below the light violet cord of the Virgin’s dress (Figure 7 b). While 283 

appearing to be of green colour under the stereomicroscope, cross-section reveals a particle-rich thin black layer 284 

(Figure 7 e–f).9 In contrast to the brownish underdrawing lines, this type of underdrawing remains slightly darker when 285 

excited with 1500 nm. By SEM/EDX, carbon-black particles could be determined, which are embedded in an Fe-, Zn- 286 

an Al-rich matrix. 287 

 
8 In this study, typical damage symptoms of the ink and covering layers are limited to areas, where the underdrawing has been 

applied thickly or overlying paint layers contain blue pigments. Hence, this ageing pattern does not necessarily appear when an 

iron gall ink has been used, as e. g. Frankfurt Dominican Altarpiece, and might be dependant on the recipe used for the production 

of the ink [4] (p. 134), or other reasons. 

9 The thin layer pobably only appears to be green due to the surrounding red paint layers. 
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 288 

Figure 7 G. B. Cima da Conegliano “Virgin and Child” (Inv. № 852). (a) Microscopic image of the brown translucent underdrawing; 289 

(b) Microscopic image of the second type of underdrawing underneath the cord of the Virgin’s dress; (c) Cross-section S1 in dark 290 

field of the brown translucent underdrawing; (d) Cross-section S1 in UV; (e) Cross-section S2 in dark field of the second type of 291 

underdrawing; (f) Cross-section S2 in UV. 292 

3.2.2. Discussion 293 

All characteristics identified by MA-XRF, stereomicroscopy, cross-section in dark field and UV as well as SEM/EDX are 294 

typical for iron gall inks. The only feature that does not hint at an iron gall ink is the visibility of the underdrawing at 295 

1550 nm, which is either due to the partly thick application of the lines of type 1 (Figure 7 a, c–d) or on the admixture 296 

of carbon-black pigments in type 2 underdrawing (Figure 7 b, e–f). 297 

Published art-technological results of other paintings by Giovanni Battista Cima da Conegliano describe a comparable 298 

use of different materials. In the underdrawing of the unfinished painting “Virgin and Child with S. Andrew and S. 299 

Peter” at the National Gallery Scotland (Inv. № 1190), a small amount of carbon-black pigment particles could be 300 
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identified within the iron gall ink underdrawing. This could either indicate the mixture of both materials or, as 301 

Dunkerton and Roy concluded, a preliminary drawing executed with charcoal that was afterwards redrawn with an 302 

iron gall ink, as recommended in Cennino Cennini’s famous tract “Il Libro dell'Arte” written around 1390 [26] (p. 8) 303 

[34] (p. 18). Moreover, uncovered underdrawing lines of this unfinished painting show characteristics both of a quill 304 

and a brush, which is well in accordance with quill traces identified within the Zn elemental distribution map of the 305 

Städel’s painting. Iron gall ink could also be determined in the underdrawing of Cima da Conegliano’s “Incredulity of 306 

St. Thomas”, painted between 1502–1504, at the National Gallery London (Inv. № NG 816) [1] (p. 31). Carbon-based 307 

black pigment underdrawings have been further detected in other panel paintings, such as the “Pala” from 1492, part 308 

of the high altarpiece of the cathedral of Conegliano, by cross-section analysis [35] (p.36). 309 

By means of MA-XRF and SEM/EDX a high amount of Zn could be identified within the underdrawing. It can be hence 310 

concluded, that a vitriol from a Zn-rich extraction site was used for the production of the ink. 311 

Formerly believed to be underdrawn with only a few lines and an unspecified liquid material, the recent examination 312 

of Cima da Conegliano’s “Virgin and Child” (Inv. № 852) was not only able to visualise the complex and detailed 313 

composition, but even more, to enclose the materiality of the underdrawing by determining the inorganic components 314 

by MA-XRF (Fe and Zn). In this case, IR reflectance properties studied by LEDE-IRR were not very significant, which 315 

could be ascribed to different reasons, such as an admixture of carbon-black pigments or the thick application of the 316 

ink underdrawing. Visual properties observed by stereomicroscopy – especially the ink’s colour, translucency and 317 

typical ageing pattern – were more informative and led to the conclusion, that an iron gall ink was used. This was 318 

confirmed by SEM/EDX analysis that detected further organic components, which cannot be deduced by the applied 319 

approach. 320 

4. Conclusions 321 

For the very first time, two iron gall ink underdrawings could be deliberately visualised and studied in their overall 322 

application, characteristics and style by using non-invasive analysis. Although material identification solely based on 323 

non-destructive spectroscopic methods such as IRR and XRF is controversial, the combination of different analytical 324 

techniques allowed to enclose the materiality of the underdrawing. 325 

In all cases, Zn signals deriving from a vitriol with a high amount of ZnSO4 were essential for MA-XRF mapping, not only 326 

to visualise underdrawing lines, but also for material characterisation. The potential invisibility of an iron gall ink 327 

underdrawing in the Fe, Cu and Mn distribution could be a major issue if a Zn-free vitriol was used for the ink’s 328 

production. As shown in the case of the “Tree of Jesse” by Holbein the Elder (Inv. № HM 6), this problem could be 329 

partly solved by using correlation plots (Figure 4 e–g). Further, the identification of two differing Zn-containing 330 

underdrawings in Cima da Conegliano’s painting shows that material identification cannot be solely based on one non- 331 

destructive analytical technique. Therefore, this paper presented an advanced use of IRR using specific IR wavelengths 332 

for illumination. This method was able to distinguish between different types of underdrawing in the first case, 333 

whereas results were not significant in the second study presented. As IR reflectance properties are dependent on 334 

different factors, gained results are not unequivocal. Since the use of a vitriol or verdigris as drying agents are further 335 

likely for 16th century paintings, e. g. for coloured inks used by Hans Holbein the Elder [4] (p. 137), results have to be 336 

interpreted cautiously. In both cases, additional stereomicroscopy proved essential for allocating signals and studying 337 

visual properties of the material. Complementary SEM/EDX analysis was helpful to verify results obtained by the non- 338 
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destructive approach. In general, the outcomes of this study prove, that only by combining different analytical and 339 

post-processing methods with microscopical observations, a final conclusion on the materiality can be drawn (Table 340 

3). 341 

By visualising iron gall ink underdrawings, a new access for further studies with wider application possibilities is created 342 

– overhauling a system, in which the materiality of an underdrawing media could only be examined in case studies, 343 

which required the punctual removal of micro-samples and their examination by analytical techniques, that are only 344 

limitedly accessible. The presented analysis approach enables not only a new way of studying the whole underdrawing 345 

and not merely a selected point that might not be representative for the entire object, but also promotes 346 

interdisciplinary exchange as the gained results are readily accessible to disciplines without deep knowledge in natural 347 

sciences, as e. g. art-historians. Moreover, results can be more easily used for art education of the general public. 348 

Table 3. Overview about gained results. 349 

Object Microscopy MA-XRF LEDE-IRR SEM/EDX 

Holbein the Elder 

“Tree of Jesse” 

(Inv. № HM 6) 

Brown-black, transparent, no 

particles visible 
Fe, Cu, Zn 

Various lines, either 

transparent between 

1060–1300 or clearly 

visible up to 1550 nm 

Fe, Cu, Zn, Al 

Holbein the Elder 

“Bearing of the Cross” 

(Inv. № HM 15) 

Brown-black, transparent, no 

particles visible 
Fe, Cu, Zn 

Visible up to 1500 nm 

with a slightly 

enhanced transparency 

Fe, Cu, Zn, Al 

Cima da Conegliano  

“Virgin and Child” 

(Inv. № 852) 

Type 1: brown-black, 

transparent, no particles visible Fe, Zn 

Visible up to 1500 nm 

with a slightly 

enhanced transparency 

Fe, Zn, Al 

Type 2: green(?)/ black, thinly 

applied with visible particles 
Fe, Zn Visible up to 1500 nm 

Fe, Zn, Al 

5. Outlook 350 

Iron gall ink is commonly thought to have been used only rarely for underdrawing paintings. Considering that this is 351 

solely assumed because non-carbon-based underdrawings poorly register in conventional IRR and invasive analysis is 352 

only applied in single in-depth studies on individual paintings, the results presented in this article could hint at a much 353 

broader use in Italy and Germany around 1500. A broad application of this novel non-invasive analytical approach 354 

could therefore expand knowledge on non-carbon-based underdrawings and overturn current beliefs. However, a 355 

more detailed evaluation of the possibilities and limits of the analysis of different iron gall inks requires further 356 

research on test specimens, which is currently being conducted at the Städel Museum Frankfurt. Further unidentified 357 

components in the underdrawing of Cima da Conegliano’s “Virgin and Child” (Inv. № 852) will be analysed by additional 358 

analysis such as FTIR/FPA imaging, which is going to be conducted on micro-samples in the next months. A few of the 359 

depicted portraits of the Dominican Altarpiece are based on portrait studies, that were beforehand drawn on paper 360 

by Holbein the Elder, e. g. a Dominican monk [36] (p. 222). Technology and style of the portraits’ underdrawings will 361 

be compared to new results on the materiality and execution of the portrait studies on paper [37] (p. 56). 362 
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