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66CHEMICALL CHANGES IN OLD MASTER 

PAINTINGS:: DISSOLUTION, METAL SOAP 

FORMATION,, AND REMINERALISATION 

PROCESSESS IN LEAD PIGMENTED PAINT 

LAYERSS OF 17™ CENTURY PAINTINGS 

AA serious form of deterioration of lead pigmented paint layers was recently recognised in 

Thee Anatomy Lesson of Dr Nieolaes Tulp by Rembrandt van Rijn (Mauritshuis inv. no. 146). 

AlmostAlmost the entire surface of this painting shows small crater-like holes with a diameter of about 

100100 microns. Many of these holes are filled with whitish material that is sometimes seen to 

protrude.protrude. These 'protrusions' and related craters are a result of chemical changes in the compo-

sitionsition of the underlying ground layer leading to mechanical expansion and protrusion of the 

newlynewly fanned substances. The phenomenon is not unique for this painting but is much more 

widespread.widespread. Several paintings showing the same phenomenon have been identified in the collec-

tiontion of the Mauritshuis. This paper focuses on a presentation of the phenomenon, by means of 

imagingimaging microspectroscopic and chemical microscopic data of 'protrusions' in paintings by-

AlbertAlbert Cuyp (Girl with the Peaches: MH inv. no. 829}, Frans Hals (Portrait of a Man; MH inv. 

no.no. 982). Daniël Seghers (Garland of flowers around an image of the Madonna; MH inv. no. 

256)256) and Johannes Vermeer (Diana and her companions; MH inv. no. 406). Presentation of 

macromacro photographs and cross-sections will  be published in a companion paper by Noble. Wadum 

andand Boon. 

hihi cross-section, the protrusions are seen as irregularly shaped areas consisting of whitish 

opaqueopaque and more transparent parts. Under UV illumination, the mass fluoresces strongly, while 

thethe transparent parts show a higher fluorescence. Finely divided, layered materials (seen espe-

ciallycially with the Scanning Electron Microscope) suggest that precipitation of newly formed com-

poundspounds has taken place. In most cases small red particles are present in or around the protru-

sion.sion. Microspeclroscopy of the particles identifies these particles as minium (Pb^Oj. while SEM-

EDXEDX confirms the lead. 

AA general characteristic is the stunning difference in granulometry between the paint layer 

andand the protruding mass. The original mineral matter of the paint seems to have disappeared -

asas if dissolved - leaving a transparent gel-like mass behind. Imaging FT1R of these 'gels' shows 

strongstrong absorption in the 1510 cm ' region, which is due to asymmetric vibrations of the COO' 
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groupsgroups in metal carboxylates (soaps}. Absorption in the 2925 cm'1 region, due to CH vibrations 

ofof the fatty acid carbon chains, points to a high density- of oil network derived organic sub-

stances.stances. SEM-EDX studies demonstrate a high abundance of lead in these areas. Imaging sec-

ondaryondary ion mass spectrometry (SIMS) in positive and negative ion mode demonstrates high 

concentrationsconcentrations of fatty acids, lead, lead-palmitate, and lead-stearate in the protruding gels. 

TheThe protrusions in the different paintings show different degrees of remineralisation. In the 

casecase of the Rembrandt painting, lead hydroxychlorides were identified, which raises questions 

aboutabout the source of the chloride. Lead carbonate, lead hydroxycarbonate and minium are also 

presentpresent as precipitates. The latter compounds were also found in the protrusions in the investi-

gatedgated paintings by Vermeer, Cuyp, Hals and Seghers. The most complex protrusion was discov-

eredered in a lead white/lead-tin yellow paint layer from Vermeer 's Diana and her companions. 

TheThe causes for the protrusion phenomenon and the driving forces are presently unknown. 

PoorPoor quality batches of lead white may be the cause for an imbalance in the paint chemistn\ 

ThisThis might also explain the erratic occurrence of the phenomenon. We further suspect that mois-

tureture plays a crucial role in the formation of protrusions. Variable relative humidities conditions 

duringduring the lifetime of the painting or introduction of water during restoration treatments may 

havehave been enough to trip a delicate balance. The precipitation of minium in the protrusions 

pointspoints to extremely high pH values in the paint layer in question, well beyond the thermody-

namicnamic stability of lead white. 
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6.11 Introductio n 

Smalll  crater-like holes present in the entire surface of The Anatomy Lesson of Or Nicolaes 
Tulp,Tulp, painted by Rembrandt van Rijn in 1632. have been the subject of renewed microscopic and 
spectroscopicc investigations. An early hypothesis of their origin proposed that the 'craters' were 
formedd as a result of exposure to a fire in 1723, where the heat caused organic particles to 
migratee in the not yet completely dry paint. The microscopic studies by Noble et a/.151 point to 
chemicall  changes perhaps unrelated to fire damage. In cross-sections, the 'craters' appear re-
latedd to changes in the composition of the underlying ground/paint layer leading to mechanical 
expansionn and protrusion of the newly formed substances. The present study is part of an exten-
sivee survey of such phenomena in 17*  century paintings performed by Noble and Wadum.!i : The 
focuss of this paper is the determination of the infrared spectroscopic properties of the paint 
sampless using an innovative FTIR-imaging technique. This information is correlated with imag-
ingg data from Scanning Electron Microscopy (SEM), imaging secondary ion mass spectrometry 
(SIMS)) and visible and fluorescence microscopy. The optical examination of the pictures and 
theirr cross-sections are presented in the paper by Noble era/.1" It is concluded from these stud-
iess that the protrusion phenomenon is not unique to the Rembrandt paintings but is also present 
inn other paintings from various artists. 

Thee protrusion phenomenon appears more pronounced in the thinly painted areas. On the 
surfacee of the painting the holes are completely round and uniform in size and shape, although 
duee to abrasion some have a flatter profile and a more irregular contour. Some are filled with 
darkenedd material (often varnish residues), but in most cases a whitish substance protrudes. This 
phenomenonn originates in an underlying ground/paint layer, from which a whitish mass is ex-
trudedd that protrudes through the paint layers. In most of the cross-sections described by Noble 
etet at., the protrusions are irregularly shaped areas consisting of whitish opaque and more trans-
parentt parts situated in the granular matrix of the ground/paint layer. Under UV illumination, the 
transparentt parts show a higher fluorescence compared to the opaque parts. In many cases, the 
protrusionss contain a horizontally layered structure that suggests the precipitation of newly formed 
compounds.. Lead white is present in the paint around the protrusions in every case. Small red 
particless are present in or around most of the protrusions are identified as lead oxides. Earlier 
FTIR-imagingg and SIMS studies of The Anatomy Lesson oj'Dr Nicolaes Tulp have shown that 
thee protruding mass consists largely of lead carboxylates of fatty acids and drying oil derived 
networkk molecules. It has been proposed that these substances are formed from an oil-rich paint 
orr ground layer by 'dissolution' of the lead white mineral phase leaving an organically rich 
residuee of highly oxidised drying oil components charge balanced by lead ions."̂  

Sincee the discovery of protrusions in The Anatomy Lesson of Dr Nicolaes Tulp, other ex-
ampless of protrusions have been found in other paintings. Koller and Burmester,1" Wallertm 

andd White,ss all mention phenomena that resemble the protrusions found in 77if Anatomy Les-
sonson of Dr Nicolaes Tulp. Brunnenkant156 compared a small number of paintings having a red 
groundd layer and found that protrusions only were present where minium (lead tetroxide) was 
foundd in the ground layer. Unn Planter and Simonsen Plahter157 recently revised their earlier 
interpretationn of a gellified lumps in a cross-section of a painting by Teodoer van Baburen when 
neww analyses pointed to the presence of lead carboxylates and minium. 
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Unpublishedd reports by the Canadian Conservation Institute (CCI) were made available that 
describee similar phenomena in 19th century paintings by Charles Eastlake and W. Harris.'^-'̂  
Thee analytical data indicates the presence oflead soaps of palmitate, stearate, azelate and related 
di-acids. . 

Thee underlying study re-examines data on The Anatomy Lesson ofDr Nicolaes Tulp by R. 
vann Rijn and presents new data on paintings by Cuyp. Hals, Seghers/Bosschaert and Vermeer. 

6.1.11 Advanced imaging methodology 
Eachh imaging technique has its own analytical window and spatial resolution. It is therefore 

off  vital importance to be aware of the inherent possibilities and restrictions of each technique 
whenn data of different analytical techniques are compared. An explanation of all techniques 
usedd in this investigation is given below. 

Reflectionn visual light microscopy reveals the stratigraphic structure, colour, and granulometry 
off  layers in a paint cross-section with a resolution of about I \xm. Specific layers or chemical 
substancess in the cross-section can be highlighted by illumination with ultraviolet light and 
observationn of the fluorescence in the visible spectrum. We developed a visible light spectrom-
eterr as an attachment to the visual light microscope that can record spectra of transmitted or 
reflectedd light with a spatial resolution of about 1 fim. An extensive explanation of the working 
principlee of this microscopic VIS spectrometer is given in Chapter 2 of this Thesis. Visible light 
microscopyy and spectroscopy does not provide detailed chemical information. Infrared spec-
troscopyy on the other hand reveals chemical information on functional groups, e.g. -OH, -CH, 
-COC-.. -C=0, -COOH, -CN. It is therefore particularly useful for the identification of organic 
componentss in paint.'"-m Complete identification of molecules is not possible, although the chemi-
call  class of the observed compounds can normally be derived from the specific functional group 
absorptions.. Apart from organic compounds, some inorganic groups, e.g. -CO, {carbonate) and 
Si044 (silicate) groups that absorb infrared light can be identified. 

Thee scope of FTIR microscopy for the analysis of painting materials has been reviewed by 
Derrick.-'11 Reflection FTIR microscopy of cross-sections presents many complications because 
specularr reflection and diffuse reflection of the infrared light produce a mixed spectral signature 
off  the painting materials, which is very difficult to interpret chemically. Selection of the sample 
spott takes place in normal visible light. The analysis is therefore a spot analysis. FTIR-imaging 
iss a new technique that provides infrared spectra with a spatial resolution of about 6 u.m from an 
areaa of about 400 by 400 u.m.(*  This makes it possible to examine the spatial distribution of 
chemicall  functionalities without any prior assumptions about specific features in the cross-sec-
tion. . 

Otherr kinds of chemical microscopy used in this paper are Time Of Flight-Secondary Ion 
Masss Spectrometry (TOF-SIMS) and Scanning Electron Microscopy (SEM) combined with 
Energyy Disperse X-ray detection (EDX). SEM provides very high-resolution images (better than 
0.011 Jim). Normally, heavy atoms give a high electron emission intensity in the SEM image, 
whilee the lighter atoms result in a lower or no intensity. This is very useful in the investigation of 
paintt cross-sections, because the pigments, usually rich in heavy atoms, can be seen with a very 
highh resolution and contrast in the paint matrix that contains mainly low atomic weight atoms. 
Energyy Disperse X-ray detection (EDX) is used as an attachment to the SEM and gives elemen-
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ta!!  analytical data of a spot. This technique is also more sensitive to the heavier elements. EDX 
iss very useful in the identification of pigments. X-Ray diffraction (XRD) is used for a precise 
determinationn of molecular structure, but is only sensitive to crystalline materials. 

Secondaryy Ion Mass Spectrometry measures the mass spectrum of a sample after desorption 
andd ionisation of atoms and molecules with an ion beam. The sensitivity of this technique is 
determinedd by the desorption and ionisation efficiency of the sample and therefore dependent on 
thee composition of the materials. A spatial resolution of 0.1 p.m is achieved in the analysis of a 
cross-sectionn reported here. 

6.22 Methods and techniques 

6.2.11 Sampling and embedding 
Opalescentt material was isolated from protrusions in Rembrandt's Anatomy Lesson of Dr 

NicolaesNicolaes Tulp (sample 39) and Garland of Flowers around an image of the Madonna by D. 
Segherss and W. Bosschaert (sample 5). The whitish material in the protrusions was removed 
usingg a scalpel. A description of sampling procedures and the position of the other paint-samples 
investigatedd is given by Noble et a I.1''2 Samples were embedded in polyester resin Poly pol using 
thee Easysection™ system. After an initial grinding and polishing using silicone carbide paper, 
thee surface was dry polished using Micromesh™ cloths (final step 12 000 mesh). 

6.2.22 Microscopy 
Microscopicc studies on cross-sections were performed on a Leica DMR microscope (Leica, 

Wetzlar,, Germany). Normal light was provided by a 100W Halogen projection lamp. An Osram 
HBOO 50 lamp and Leica filter D (excitation 360-425 nm, emission > 460 nm) were used for 
fluorescencee microscopy. 

6.2.33 FTI R Imaging 
FTIR-imagingg results were obtained using the Bio-Rad Stingray (Bio-Rad. Cambridge, USA). 

Thiss system consists of a step scan interferometer (Bio-Rad FTS 6000). an infrared microscope 
(Bio-Radd UMA 500) and a 64 x 64 pixel Mercury Cadmium Telluride (MCT) focal plane array 
cameraa (Santa Barbara Focal Plane, California. USA). A detailed description of this system is 
givenn by Lewis/*  The measurements on cross-sections were done in reflected light mode, using 
aa ZnSe disc as a background. Transmission spectra were recorded using a Graseby Specac P/N 
25500 diamond cell (Graseby Specac, Orpington Kent, UK), using the empty diamond cell as a 
background. . 

Alll  measurements were recorded with a resolution of 16 cm"1 and an undersampling ratio of 
4.. Win-IR Pro 2.5 software (Bio-Rad) triggers both the interferometer and the WinIR 2.1 image 
acquisitionn software. The described measurements result in a data cube consisting of 4096 inter-
ferograms.. Further data processing such as Fourier transformation and background correction is 
donee using Bio-Rad Win-IR Pro software. The reflection measurements were corrected by the 
Kramers-Kronigg transformation. 

Analyticall  results of the FTIR-imaging system are displayed as infrared spectra and false 
colourr images. A reflection infrared spectrum is representative for one spot {one pixel) selected 
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onn the surface. A false colour plots show the intensity distribution of a particular infrared hand 
onn the surface. The wavenumber of that spectral band is indicated in each plot. 

6.2.44 SEM-EDX 
SEM-EDXX measurements were performed to identify heavy elements present in pigments, 

dryerss or other compounds. These measurements were carried out on a JEOL JSM 5900 LV 
scanningg electron microscope scanning with a 25 kV electron beam. Samples were coated with 
aa thin carbon coating to improve the conductivity of the sample and so prevent the accumulation 
off  charge.. EDX analyses were performed at various points throughout the cross-section by mea-
suringg the emitted X-rays with a Noran Vantage EDS-system with Pioneer Norvar detector. 

6.2.55 TOF-SIM S 
Timee of Flight- Secondary Ion Mass Spectrometry (TOF-SIMS) measurements were per-

formedd on a TRIFT II instrument of PHI Electronics Inc. <USA).,N) The surface of the sample 
wass scanned with a 25 keV primary ion beam from an Indium liquid metal ion gun. Positive or 
negativee ions emitted by the primary beam were mass analysed and detected on a position sensi-
tivee detector. The surface of the sample was charge compensated with electron pulsed in be-
tweenn the primary ion beam pulses. A surface coating to improve conduction is not necessary. 

6.2.66 Visibl e light imaging microspectroscopy 
Visiblee light spectroscopic imaging studies were performed on a Leica DMRX microscope 

(Leicaa Inc., Wetzlar, Germany), equipped with a Specim Imspector V7 imaging spectrograph 
(Specimm Inc.. Oulu, Finland) and a Princeton MicroMax CCD camera (Princeton Instruments 
Inc.,, Trenton, USA). The sample movement during measurement was controlled by a DynaOptic 
Motionn CTC-512-1 Single Axis Translation Stage {DynaOptic Motion Inc., Laguna Hills, USA). 
Dataa recording routines controlling the translation stage and the CCD camera were written in 
Visuall  basic 6.0 (Microsoft). Data processing procedures were written in Matlab 5.3 (The 
Mathworkss Inc.). This spatially resolved spectroscopic imaging system is sensitive in the visible 
regionn (400-720 mil). It has a spectral resolution better than 5 nm and a maximum spatial reso-
lutionn of about I \im in the current set-up. 

AA 50x magnifying objective was used for the experiments reported. Shutter time of the CCD 
cameraa was 18 ms. while 500 accumulations were made for every image. Spectra are corrected 
forr dark current and background corrected using a white Teflon surface. Spectra of the orange 
particless were automatically selected by subtracting the images obtained at 580 and 541 nm. 
Puree litharge was obtained from Aldrich (Lead(II) oxide, 99.9999%), while the minium refer-
encee was taken from the Von Imhoff collection (code no. S892). 
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6.33 Results 

6.3.11 Rembrandt' s 'Th e Anatomy Lesson of Dr  Nicolaes Tulp ' 
Fig.. 6.1 summarises the investigations on cross-section 146/1, taken from the background in 

Rembrandt'ss The Anatomy Lesson ofDr Nicolaes Tulp. All plots in this figure present data on 
thee opalescent protrusion in the same cross-section. Figs. 6.1a-c present the results of electron, 
visiblee and fluorescence microscopy; Figs. 6.1d-g display the microscopy FTIR images. Fig. 
6.Inn is a reflectance infrared spectrum and Figs. 6.1i-I display elemental and chemical com-
poundd maps as obtained by imaging SIMS. 

Visuall  light microscopy (Fig. 6.1 b) shows a semi-transparent, non-particulate protrusion with 
aa diameter of about 100 p.m in an opaque, light grey ground layer and a dark paint layer. The 
protrusionn is not homogeneous, as the outer parts seem to be more transparent than the core. 
Underr UV illumination (Fig. 6.1c) this inhomogeneity is more apparent as the transparent parts 
showw a stronger fluorescence. On the left side of the protrusion, two small orange particles are 
presentt (see arrows in Fig. 6.1b). These red areas are not visible as discrete particles in the SEM 
image,, but EDX showed the presence of lead in these areas. 

Thee reflection FTIR image in Fig. 6. Id outlines the embedding material as a yellow red area 
duee to the high carbonyl absorption of the embedding resin at 1724 cm1. The carbonyl absorp-
tionn in the sample itself is low, as indicated by the blue colour of the sample in this image. 
Smearingg of embedding medium over the sample has thus been avoided. From this image, the 
outlinee of the sample is clear which facilitates comparison with the microscopic images in Figs. 
6.. la-c. Dashed white lines outline the perimeter of the protrusion. 

Redd high absorption regions in Figs. 6.1e and 6.If are located within the perimeter of the 
protrusion.. The FTIR spectrum of a point (marked * in Fig.6.1e) inside the protrusion (Fig. 6.1h) 
showss absorption peaks after Kramers-Kronig transformation at 2925, 1510 and 1406 cm1. 
Absorptionn at 1510 cm~! (map in Fig. 6. le) is due to asymmetric vibrations of the COO-group in 
metall  carboxylates.106 These metal carboxylates are carbon acid functionalities most likely from 
oill  derived fatty acids and di-acids, in which the acidic proton is replaced by a metal ion. The 
metall  in the carboxylates in this protrusion must be lead, as lead is the only metal found in SEM-
EDXX measurements. Absorption at 2925 cm-1 is duee to CH vibrations of the fatty acids carbon 
chains,, and is primarily observed inside the protrusion (Fig. 6. If). The amount of aliphatic moi-
etiess in the protrusion is clearly higher than in the intact ground and the paint layer. Close com-
parisonn of images le and If shows that the highlighted area in the image at 1510 cm-1 is larger 
thann in the image at 2925 cm-1. The outer parts of thee protrusion have lower CH bond absorption 
thann the core. We infer that this implies that differences exist in the relative concentration of the 
metall  carboxylate moieties and the aliphatic moieties within protrusions. 

Thee peak seen at 1406 cm-1 in Fig. 6.1h is an overlay of a symmetric CO., stretch from metal 
carboxylatess and a C-0 stretch vibration from carbonates. The image of the 1406 cm-1 peak in 
Fig.. 6.If mainly shows the intact ground layer, where many carbonates are present as chalk 
(CaC03)) or lead white (PbCO, Pb(OH):). The peak position at 1406 cm"1 in transmission FTIR 
indicatess the presence of lead white."7 An absorption at 1406 cm' in reflection FTIR also points 
too lead white, although chalk patches can lead to absorption shifts as is pointed out by reflection 
FTIRR work on reference materials.9- Presence of lead in several particles in the ground layers 
wass proven by EDX measurements. Calcium is not found at all in this layer. 
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Noo reflection FTIR data could be obtained on the dark paint areas visible in the LM picture of 
Fig.. 6.1b, most probably because of complete absorption of the infrared light. 

Additionall  information on the distribution of lead, lead palmitate soaps and free fatty acids 
wass obtained by imaging SIMS (see Figs. 6.1i, j and k). Lead, displayed by the isotope peaks at 
m/zz 208. is highly concentrated inside the protrusion and in some smaller areas with relatively 
largee lead white particles. Compared to the intact ground layer, lead metal carboxylates of palm-
iticc acids are concentrated inside the protrusion as pointed out by the distribution of the mass 
fragmentt peaks of the lead salt of palmitic acid at mass m/z 461-464 (Fig. 6. lk).n'; Palmitic acid 
displayedd in the map of mass m/z 255 (the negative parent ion of palmitic acid) is also more 
concentratedd in the protrusion. The molecular information on these oil derived compounds cor-
relatess with the FTIR observations on the metal carboxylates, which are interpreted as lead 
carboxylates.. Palmitic acid is present in many kinds of drying oil but it does not contain double 
bonds,, and is therefore not build in into polymeric networks. The compound is chemically very 
stablee however and therefore representative of the original oil binding medium. 

Fig.. 6.11 is the negative ion map of chlorine (mass m/z 35). which shows a remarkable resem-
blancee to the lead distribution map. This high correlationn is a result of the presence of crystalline 
basicc lead chloride (Fiedlerite: Pb^Cl4(OH) J, which was confirmed by X-ray diffraction studies 
off  a small amount of sample taken from a protrusion. The origin of this rare mineral is puzzling 
butt may be related to impurities in the lead white produced in the 17lh century. The highest 
relativee concentration for the chlorine is clearly associated with the body of the protrusion. 

Thee following scenario for the formation of thee protrusions has been proposed by Heeren and 
Boon:liyy the original, relatively oil-rich lead-white containing ground seems to have contained 
locall  areas where the oil paint was chemically unstable. It is not yet understood what triggers the 
processs of chemical change that dissolves the mineral phase (i.e. the lead white). The source of 
thee chlorine is not known, although a poor quality lead white could contain various lead 
hydroxychlorides.1611 After dissolution of the mineral phase, the remaining cross-linked oil net-
workk polymer appears as opalescent semi-translucent material. The metal ion cross bridging in 
thiss oil network could be significantly reduced, because the chloride anions compete for co-
ordinatingg Pb:+ ions with the anionic carboxylic acid groups in the polymeric network. New 
mineralisationn in the form of lead hydroxychloride precipitation starts off another competing 
reactionn for lead. Consequently, the original tight ionomeric structure of the polymer system in 
thee ground loosens up and becomes a chemical sponge for small organic compounds. Both 
processess could lead to a considerable increase in polymer volume and could be the main driv-
ingg force for protruding eruptions. Such volume changes could be intensified by exposure to 
solventss during restoration. 

6.3.22 Seghers' 'Garlan d of Flowers around an image of the Madonna' 
Thee cross-section (256/5) taken from the black background of the Garland of Flowers around 

anan image of the Madonna by Daniel Seghers and Thomas Willeboirts Bosschaert is shown in 
Fig.. 6.2. Figs. 6.2a-c display the images obtained by electron, visual light and fluorescence 
microscopy.. Figs. 6.2d-i are FTIR images of the cross-section. Figs. 6.2j and 6.21 represent 
infraredd reflection spectra of the areas marked by an asterisk in Figs. 6.2f and 6.2h respectively. 
Fig.. 6.2k is a diamond cell infrared transmission spectrum of a protrusion isolated manually 
fromm the painting. 
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Fig.Fig. 6.1. Microscopic and microspectroscopic analytical investigations of a paint cross section from The anatomy 
lessonn of Dr Nicolaes Tulp. by Rembrandt van Rijn (MH 146/11 Doited white line indicates the protrusion. Solid 
blackblack line outlines the area of study in the cross section, (a) SEM image show s a protrusion as a homogeneous area 
inin a ground layer, (b) Visible light microscop) slums the protrusion as a transparent mass, (c) (c) Part of the protrusion 
showsshows strong fluorescence under UV illumination, id) A FT1R image at 1724 cm ' outlines the embedding material. 
TheThe colour map scale ranges from high /red) via medium (yellow-green) to low (blue) absorption, (e)-(f) FTIR 
imagesimages at 1510 and 2925 cm ' show the presence of aliphatic metal carboxylales localised in the protrusion, (g) 
FURFUR at 1406 cm images carbonates that are mainly present in the paint layer as lead white, (h) FTIR reflection 
spectrumspectrum of a point in the protrusion (indicated * in figure le). The observed bands are characteristic for metal 
carhoxylates.carhoxylates. (i)-(l) SIMS images the distribution of lead. C16:0 fatty acid, lead salt and chlorine inside the protrusion, 
(see(see colour image at the end of this 'Thesis) 
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Fig.Fig. 6.2. Microscopic and microspectroscopic analytical investigations of a cross section from Garland of flowers 
aroundd an image of the Madonna by Seghers and Bosschaert IMH 256/5). Dotted white line indicates the protrusion. 
SolidSolid black line outlines the urea of study in the cross section, (a) SEM image showing a homogeneous protrusion, 
inin which a small square particle is observed. Remaining granular paint matrix is present on the sides, (b) Visible 
lightlight microscopic image. The whitish protrusion contains some orange particles (see arrow), (c) U\'-fluorescence 
imageimage shows fluorescence in most of this cross-section, (d) FTIR at 1724 cm ' images the outline of the embedding 
material,material, (e)-(g) FTIR images showing the presence of CH-moieties (2928 cm '). carhoxxlates (1508 cm j and 
carbonatescarbonates {140} cm ) in the protrusions. <h)-(i) FTIR images at 1534 and 1648 cm ' highlight the brownish part 
onon the right side of the protrusion (see Fig. 6.2b). A spectrum of the highlighted part is displayed in figure 21. (j) 
RefectionRefection FUR spectrum of a point in the protrusion (indicated * in Fig. 6.2f). (k) Transmission FTIR spectrum of 
aa protrusion isolated manually. The higher quality of this spectrum compared to the refection spectrum in Fig 6.2j 
allowsallows identification of the mineral basic lead carbonate (specific absorptions indicated by arrows). (I) Reflection 
FTIRFTIR spectrum of the brownish part I red highlighted in Figs. 6.2h and 6.2i) shows the presence of protein, probably 
introducedintroduced in the painting during relining. (see also coloured version at the end of this Thesis) 
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Thee small paint sample (Fig. 6.2a) shows next to the whitish protrusion only small areas of 
thee cream coloured ground surrounding the mass and a tiny piece of the black background on the 
left.. The brownish part on the right, which fluoresces white under UV illumination (Fig. 6.2c). is 
gluee from the tacking edge. Small diffuse orange particles are visible in the transparent mass of 
thee protrusion (see arrow). An investigation by SEM using Energy Disperse X-ray analysis (EDX) 
showss that lead is present in the whitish protrusion as well as in the orange particles. Visible 
lightt spectra of these orange particles were obtained with the imaging spectroscopic attachment 
too the microscope and compared to spectra obtained from a reference minium (Pb,04, red lead. 
Vonn Imhoff collection) and litharge (massicot, PbO, obtained from AldrichJ.The high similarity 
off  the spectroscopic data of the orange particles found in the painting by Seghers and the minium 
referencee shown in Fig. 6.3 identifies the orange particles as red lead (Pb,04) rather than lith-
arge. . 

Thee reflection FTIR-image at 1723 cm ' in Fig. 6.2d depicts the embedding medium by the 
highh carbonyl absorption of the embedding medium (red) and outlines the sample circumference 
(blue),, which can be correlated to the microscopic image. The black line in Fig. 6.2d outlines the 
completee paint cross-section, while the white dotted line outlines the protrusion. Images of ab-
sorptionn peaks at 2924 cm"1 (Fig. 6.2e, CH bonds), 1508 cm"1 (Fig. 6.2f. carboxylate), and 1403 
cm"'' (Fig. 6.2g, carboxylate) show that these absorptions are located inside the protrusion. They 
aree all attributed to aliphatic lead carboxylates, as EDX showed the presence of lead. The ab-
sorptionn peak at 1403 cm-1 is again an overlay of the symmetric -C02 stretch absorption in the 
carboxylatess and the C-0 stretch absorption from carbonates. This explains the differences 
betweenn the images at 1508 cm-1 and 1403 cnr' (Fig. 6.2f and 6.2g). 

AA reflection infrared spectrum taken from the protrusion (asterisk in Fig. 6.2f) is shown in 
Fig.. 6.2j. In this spectrum the peaks at 2924, 1508 and 1403 cm-1 are clearly visible. The peaks 
att 1723, 1270 and around 1100 cm"1 (marked V) show that on the surface of this cross-section 
aa smearing layer of embedding medium is still present. 

Fromm this painting also a tiny sample from an isolated protrusion was available. This protru-
sionn sample was squeezed in a diamond cell of the FTTR instrument and produced the transmis-
sionn spectrum shown in Fig. 6.2k. The quality of this spectrum is better than the quality of the 
reflectionn spectrum in Fig. 6.2j. Furthermore, as no embedding material is used in this experi-
mentt the spectrum contains no IR absorptions of a smearing layer of embedding material. The 
peakk positions are at similar frequencies in the transmission and reflection experiments, which 
supportss the validity of the Kramers-Kronig transformation of reflection spectra. Strong absorp-
tionn peaks at 2920,2850, and 1520 cm'1 point to aliphatic carboxylates, i.e. lead soaps. The large 
absorptionn at 1404 cnr' is assigned to a carbonate group. Because of the higher quality of the 
transmissionn spectrum, it is possible to prove the presence of lead white, based on absorptions at 
35355 (OH ) and 1086cm '. Lead white in the protrusion is not the same as the lead white in the 
paintt layer, as it does not appear as discrete particles. This could be due to partial dissolution of 
thee existing lead white or due to formation of new lead white through recrystallisation. A pos-
siblee role of chlorine in lead white mineral phases remains to be demonstrated by SIMS in the 
future. . 

Thee brownish part on the right side of the cross-section (Fig. 6.2b) shows absorption maxima 
att 1534 and 1648 cm-1 (cf. Figs. 6.2h en 6.2i). The brownish part is identified as a protein, based 
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Fig.Fig. 6.3. Visible light spectroscopy of two lead pigments and orange particles in the paintings studied. The spectra 
fromfrom the reference materials minium (PbOj and litharge (PbO) are indicated by the fat orange and yellow curves, 
respectively.respectively. Spectral curves directly recorded from orange particles in various pain cross-sections show a sharp 
kneeknee around 560 nm which identifies these particles as minium, 
(see(see coloured image at the end of this Thesis) 

onn the reflectance spectrum in Fig. 6.2k. As this proteinaceous part of the cross-section is not 

pigmentedd and the painting in question is painted in oil. this proteinaceous matter must be part 

off  the glue introduced during relining of the painting. Intense fluorescence is not normally ob-

servedd for aged proteins. No further explanation for the current observation of fluorescence was 

found. . 

6.3.33 Vermeer's 'Diana and her  companions' 
Fig.. 6.4 shows the results of measurements on a part of a paint cross-section (406/16) taken 

fromm the background in Vermeer's Diana and her companions. Fig. 6.4a is the SEM image; 

Figs.. 6.4b and 6.4c are light microscopic and UV-fluorescence images. Part of the dark 

undcrmodellingg layer beneath the surface of the embedding material is outlined by a white line, 

whichh marks the border between the parts of the sample at and beneath the surface of the embed-

dingg resin. FTIR images are shown in Figs. 6.4d-h. Fig. 6.4i is an FTIR spectrum of the area 

markedd by an asterisk in Fig. 6.4g. The visual image of the cross-section in Fig. 6.4b shows three 

layers.. The dark paint layer contains many angular particles of smalt (Cobalt confirmed by SEM-

EDX).. The intermediate whitish paint layer contains lead-tin yellow, lead-while, orange par-

ticless and several relatively transparent areas. The latter are interpreted as protrusions in statu 

nascendi.nascendi. The imprimatura layer is dark-coloured and finely grained. The light ground is below 

thee embedding material. The protrusion docs not erupt through the top layer but its diameter is 
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clearlyy bigger than the thickness of the paint layer from which it originates. The fluorescence 
imagee in Fig. 6.4c shows a crack in the upper paint layer (arrow), which is possibly a first step 
towardss the protrusion of these structures through the top paint layer. 

Thee paint layer with the protrusion is rather inhomogeneous. The SEM picture in Fig. 6.4a 
showss the 'protrusion' as relatively homogenous vaguely layered areas marked as I, 2 and 3 
outlinedd with a white dotted line for easy comparison. Between these areas particles with a high 
electronn emission are visible as white particles in SEM image. The visual microscopic image 
(Fig.. 6.4b) shows lead white and yellow particles in that part of the cross-section. SEM-EDX 
(redd arrow) shows lead and tin from a lead-tin yellow pigment. The cross-section contains also 
manyy orange to red coloured pigment particles near the protrusion. A large cluster of orange 
particless is seen in light microscopy on the left hand side. These orange crystals were not found 
ass separate entities in the SEM image, implicating that their secondary electron emission is 
similarr to that of the adjacent lead-containing matrix. These particles are identified as minium 
onn the basis of their visible light spectrum (Fig. 6.3) and their lead content determined by EDX. 

Thee FTIR images in Figs. 6.4d to 4h show an area of observation by the FTIR microscope 
thatt is smaller than the LM and SEM maps. The outline of the protrusion found in the SEM 
picturee is also plotted in these images for easy comparison. The absorption map at 1064 cm' 
presentedd in Fig. 6.4e is due to silicates from smalt in the upper paint layer. Smalt was identified 
onn the basis of Cobalt found in many particles in this layer by EDX. 

Thee absorption maps at 2928 cm-1, 1516 cm~' and 1401 cm ' (Figs. 6.4 f, g, h) point to the 
presencee of aliphatic carboxylates in the intermediate white paint layer in question. The spec-
trumm in Fig. 6.4i taken from protrusion 1 shows the different characteristic carboxylate peaks at 
2925,, 1516 and the combined lead white/metal carboxylate peak at 1401 cm'. Comparison of 
thee white dotted outlined protrusions from the SEM picture with those in the FTIR images 
demonstratess that the aliphatic carboxylates are not restricted to the transparent areas, but are 
alsoo prominent in other parts of the paint film. This suggests that the conversion of the original 
paintt to the present composition is not confined to the transparent areas 1 -3. A possible scenario 
iss that an original lead white and lead-tin yellow paint has been converted by 'dissolution' of this 
paintt producing a lead carboxylate rich composition with local residues of the original mineral 
pigmentss and newly formed mineral matter. Examples of the latter are in our view the orange 
miniumm particles that appear near the borders and partly inside the transparent protrusion areas. 

6.3.44 Cuyp's 'Gir l wit h the peaches' 
Resultss from analytical microscopic investigations on a cross-section taken from the Girl 

withwith the peaches by Albert Cuyp are shown in Fig. 6.5. Sample 829/1 is taken from the flesh 
colour,, and consists of a relatively homogenous fine-grained yellowish flesh layer broken up by 
aa protrusion area. The SEM image in Fig. 6.5a zooms in on the protrusion and the intact flesh 
paintt layer on the left and right hand sides of the cross-section. The flesh paint consists of a 
poorlyy sorted mass of pigment particles. A tiny amount of residual grey ground is present on the 
leftt side of the protrusion. Inside the protrusion defined particles are absent; cloudy areas with 
clearr differences in secondary electron emission density are seen instead. SEM-EDX only shows 
leadd in the high intensity emission parts of the protrusion. As lead is the only heavy element 
observedd inside the protrusion, intensity differences are interpreted to be depending on the rela-
tivee lead concentration. 
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Left-handLeft-hand image: Fig. 6.4. Microscopic and microspectroscopic analytical investigation of a cross section from 
VermeerVermeer 's Diana and her companions IMH 406/16). Doited white line indicates the protrusion. Solid black line 
outlinesoutlines the area of study in the cross section, la) The SEM image shows 3 more or less separated protrusions 
II  numbered I -J) that are homogeneous and without granular pigments, (b) Visual light microscopy reveals presence 
ofof many orange particles in this cross section, especially in a cluster on the left side of the protrusion. The bright 
paintpaint layer contains lead ami tin IEDX data), (c) 'The UV- fluorescence image shows the beginning of a craquelure 
inin the top-paint layer I white arrow). Some red particles are visible around the fluorescing protrusions, (d) FTIR at 
17251725 cm images the outline of embedding material, (e) The FTIR image at 1064 cm localises silicates. This is 
probablyprobably due to small, as EDX confirms the presence of cobalt in this layer. (J)-(h) FTIR images at 2928, 1516 and 
14011401 cm indicate that carboxylates are present in the protrusions, but they are not so strictly localised in the 
protrudingprotruding masses and also present in other parts of the paint layer, (i) Reflection FTIR spectrum of a point in the 
protrusionprotrusion {indicated * in Fig. 6.4g). Peaks marked S are indicative for a smearing layer of embedding material. 

Fig.Fig. 6.5. Microscopic and microspectroscopic analytical investigations of a cross section from Cuyp's Girl with the 
peachess (MH 829/1). Dotted white line indicates the protrusion. Solid black line outlines the area of study in the 
crosscross section, (a) SEM image shows that the paint layer characterised by a very detailed pigment particle distribution 
isis completely replaced by the protrusion with a dramatically different granulometry. (b) Visual light microscopy of 
thisthis yellow paint layer reveals that the protrusion is not completely homogeneous. EDX identifies only lead in the 
protrusion,protrusion, while lead and calcium we re found in small remnants of the ground layer, (c) UV-fluorescence microscopy 
showsshows the similarity between fluorescence of the small varnish layer on top of the paint layer and the top part of the 
protrusion,protrusion, (d) FTIR at 1726 cm images the outline of embedding material, (e) FTIR image at 1393 cm ' localises 
thethe carbonates in the intact paint layer, (f)-(g) FTIR images at 1515 and 2927 cm ' show that carboxylates 11515 
cmcm ') and C-H moieties are found mainly in the protrusion. The C-H stretch vibration is also observed in the intact 
paintpaint layer, (h) 'The image at 1140 cm ' shows a small region in which silicates are found. Similar results were 
obtainedobtained at 1180 cm~'. (i) Reflection FTIR spectrum of a point in the protrusion I indicated * in Fig. 6.5/). 
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Opaquee whitish areas inside the protrusion visible in the light microscopic images (Fig. 6,5b) 

correlatee with the high emission lead enriched areas in the SEM picture. UV-fluorescence mi-

croscopyy reveals a fluorescent varnish layer on top of the paint (Fig. 6.5c), The top part of the 

protrusionn also shows a relatively high fluorescence. Small remnants from the grey ground layer 

aree present on the left side of the protrusion. EDX demonstrated both lead and calcium on this 

position,, presumably from lead white and chalk. 

Fig.. 6.5d shows the FTIR image of the embedding medium, outlining the circumference of 

thee sample {black line). This outline is also plotted in the other FTIR images (5e-5h) to enable 

theirr mutual comparison. The FTIR image in Fig. 6.5e shows the distribution of carbonates 

(13933 cm ' ). This image closely resembles the light microscopic distribution, where the distri-

butionn of carbonates corresponds to the opaque area. Comparison wim the outline shows that the 

unpigmentedd varnish layer on top of the paint layer is devoid of carbonates. The transparent 

matterr in the protrusion has a very specific FTIR image at 1515 cm ' pointing to metal carboxy-

latess (Fig. 6.5e). The circumference of the 1515 cnr' map is reproduced in the other FTIR 

imagess with a white dotted line. The metal carboxylates are very pronounced in the protrusion. 

Thee image of the absorption by CH vibration of aliphatic carbon chains at 2927 cm ' in Fig. 6.5f 

showss aliphatic moieties in the protrusion as wel! as in parts of the paint layer. The protrusion 

showss maxima in the FTIR maps of aliphatic moieties and metal carboxylates pointing to lead 

soapss as the body of the transparent matter in the cross-section. This interpretation is confirmed 

byy the FTIR spectrum (Fig. 6.i). Additionally, a strong absorption at 1393 cm-1 is present point-

ingg to carbonates inside the protrusion mass. The cloudy patches with a higher electron density 

mustt be due to lead carbonates or lead hydroxycarbonates, since lead is the only cation detected 

byy EDX. 

Comparisonn of the 2927 cm ' map to the outline of the sample shows that the varnish layer 

doess not reflect much IR radiation at 2927 cnr' although an unpigmented varnish layer usually 

containss many CH functionalities. In our experience, it is difficult to obtain FTIR reflection 

spectrall  data on resins in specular reflectance. The varnish on top of the protruding mass seems 

too have penetrated the metal soap mass as deduced from the UV fluorescence picture (Fig. 6.3c). 

Thee FTIR image of 2927 cm ' is affected by this varnish as the distributions of metal carboxy-

latess (1515 cm ' map) and aliphatic CH vibrations do not match at the top of the protruding 

mass. . 

6.3.55 Hals's 'Portrai t of a man' 
Fig.. 6.6 summarises the results of investigations on cross-section 928/2 taken from the thin 

darkk drapery in the Portrait of a man, painted by Frans Hals. An almost rectangular relatively 

transparentt mass resembling the protrusions in the examples above is present in a thick cream 

colouredd ground layer protruding through the dark paint layer (Fig. 6.6b). Above this are several 

layerss of varnish, dirt, and overpaint. The SEM picture in Fig. 6.6a shows the cream ground 

layerr as a poorly sorted granular mass of lead white particles with a relatively homogenous 

protrusionn within. The protrusion shows a layered structure in the bottom part and almost no 

structuree in the top part. The varnish layer is not observed in the SEM image (Fig. 6.6a). as it 

containss no heavy elements. Lead is the only element observed by SEM-EDX in the ground 

layerr and the transparent material of the protrusion. One circular dark particle seen as a dark 
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Fig.Fig. 6.6. Microscopic and microspectroscopic analytical investigations oj a cross section from Hals's Portrait ol a 
mann (MB 928/2), Dotted while line indicates the protrusion. Solid black line outlines the area of study in the cross 

section,section, (a) SEM image shows a layered structure in the bottom of the mainly transparent protrusion. Particle size 

distributiondistribution in the protrusion is completely different from the distribution in the intact paint layer, (h) Visible light 

microscopicmicroscopic image of the same cross section. The protrusion is indicated by a while dolled line, (c) The protrusion 

andand varnish layers fluorescence in UV light, (d) FTIR at 1723 cm ' images the outline oj embedding material t black 

line).line). The thick varnish layer shows a small amount of absorption I see arrow), (e) FTIR image ai 1519 cm ' clearly 

highlightshighlights the protrusion, where lead carboxylates are localised. (/) FTIR image ai 1397 cm shows high absorption 

ofof carbonates in the paint layer. Varnish layers are not highlighted, (g) Reflection FTIR spectrum oj a point in the 

protrusionprotrusion I indicated * in Fig. 6.6e). 

iseeisee also the coloured version at the end oj this Thesis) 
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brownn spot in the cream ground (Fig. 6.6b) contains iron and manganese and is interpreted as a 
smalll  addition of umber. 

Thee dark semi-transparent varnish layer clearly consists of several layers when observed in 
UV-fluorescencee mode (Fig. 6.6c). In and around the protrusion small orange particles are present. 
Visiblee light spectroscopy identifies these as minium (Fig. 6.3). 

Thee FTIR image at 1723 cm ' from the embedding material shows the circumference of the 
samplee (Fig. 6.6d). In addition, some evidence for the varnish layer can be seen in this image 
(arrow)) as a result of IR absorptions from acidic and ketone functionalities. The 1519 cm ' metal 
carboxylatee absorption is imaged in Fig. 6.6e, and is maximal in the protrusion. It is remarkable 
howw well the outline of this map follows the contours of the protruding mass in theSEM picture. 
AA density difference at the top in the SEM protrusion picture is also observed as a low absorp-
tionn in the metal carboxylate FTIR map. The carbonate absorption map at 1397 cm ' from lead 
whitee (Fig. 6.6f) mainly highlights the paint layer. The bottom part of the protrusion however 
alsoo contains carbonates that correspond to more opaque areas seen in visible light. 

Thee horizontal pattern observed in the bottom part of the protrusion by SEM (Fig. 6.6a) could 
veryy well be newly precipitated lead white or lead carbonate and so explain the increased car-
bonatee absorption observed in this position. 

Fig.. 6.6i shows a typical infrared spectrum of the protruding mass. Compared to the spectra 
obtainedd from the other cross-sections (Figs. 6.1g. 2i, 4i and 5i) discussed earlier, the peak 
positionss are similar but the peak intensities are quite different. In this protrusion the absorption 
off  metal carboxylates at 1519cm ' is considerable lower than the carbonate peak at 1397 cm1, 
whilee the CH absorption is very low. This suggests that the degree of remineralisation of this 
protrusionn is much higher than in the other cases. The map of aliphatic moieties of this sample is 
ratherr unspecific and suggests that the surface of the sample may be contaminated. 

6.44 Discussion 

Protrusionss appear as opalescent, partly transparent globules in the cross-sections. In normal 
lightt microscopy, no or very few pigment particles can be seen inside the protrusions, even if the 
protrusionn appears embedded in a coloured layer. The grain size distribution in the paint layer 
andd the protruding mass differs substantially. It appears that the mineral matter in the paint layer 
hass 'dissolved". Light microscopy, and particularly SEM shows that residual or new mineral 
phasess with a relatively homogeneous grain size distribution are present. Protrusions are areas 
withh a clearly distinct texture and chemistry that differ greatly from the surrounding paint. 

Thee extensive analysis of cross-sections from the different paintings provides a consistent 
imagee of the chemical constituents in the protrusions. It is clear from FTIR-imaging data that 
metall  carboxylates are present in all protrusions investigated. DTMS and SIMS identify the 
carboxylicc acid groups as stearic and palmitic acid derived from the drying oil in the paint. EDX 
andd SIMS measurements identify the metal to be lead, probably derived from lead white, which 
iss found in the residual ground/paint layer around every protrusion. 

Leadd soaps are not introduced into the paint as such, but have developed as a result of the 
ageingg of lead white oil paint. Lead white will act as a catalyst in the oxidation and cross-linking 
off  the unsaturated triglycerides of drying oil. Cross-linked oil is de~esterified upon ageing.|[> -m 
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Neww ionic bonds between acid groups of the residual oil network polymer and dissolved lead 
ionss form an ionomeric structure in which lead acts as the main co-ordinating ion. These ionomers 
aree confined to the surface of the mineral matter and the interstitial pore space. The relatively 
largee accumulation of lead soaps, which act as colloidal gels in the paint layers, points to major 
changess in the local chemical environment. Dissolution of thee mineral phase inside a paint must 
leadd to very high local concentration of lead and other substances. 

SIMSS revealed the presence of chlorine inside the protrusions in the case of The Anatomy 
LessonLesson of Dr Nicolaes Tulp. Until the pending SIMS research on the cross-sections from the 
otherr paintings presented in this paper is carried out, it is unclear whether The Anatomy Lesson 
ofof Dr Nicolaes Tulp is a special case. Chlorine could be a normal contamination of 17th century 
leadd white, because the production process is far from well defined. We have observed chlorine 
stronglyy associated with intact lead white in SIMS data from other 17th century paintings. It is 
thereforee possible that Rembrandt used a bad batch of lead white paint. However, it is not yet 
clarifiedd if the presence of chlorine affects the paint during the life-time of the painting. 

X-rayy diffraction studies of an isolated protrusion revealed the presence of fiedlerite, i.e. a 
water-solublee basic lead chloride. Fiedlerite is a water soluble substance, and therefore one 
wonderss how it has survived the water based lining procedure and the rain water exposure that 
aree part of the history of this painting.1M Related chlorine containing lead corrosion minerals 
existt and a more precise distribution map of lead-chloride compounds would be desirable. 

Dissolutionn of the mineral phase of the paint would release this chlorine as chloride. It is clear 
fromm the SIMS data that a relatively large amount is presently concentrated in the protruding 
mass.. The lead hydroxy chlorides are highly concentrated in the protrusion as finely divided 
particless and have a banded structure reminiscent of Liesegang precipitation bands. Such bands 
pointt to concentration gradients of lead and chloride inside the gel of the protrusion. Further 
studiess on the presence of chlorine in protrusions in other paintings will be performed to inves-
tigatee whether chloride is present and plays an active role in the gellification process. Lead 
hydroxychloridess are not the only new mineral phases inside protrusions. Carbonates, indicated 
byy the FTIR data of all protrusions, are assigned to new precipitation products of lead white or 
relatedd lead carbonates. In an infrared spectrum of one protrusion that could be isolated manu-
ally,, lead white, i.e. basic lead carbonate was positively identified. Although the presence of lead 
whitee inside the protrusions is clearly shown by FTIR spectroscopy, the SEM images indicate 
thatt it is present in an entirely different form compared to the lead white of the intact paint layer. 
Forr example, the pigment particles of the original paint layer in the painting by Cuyp show 
poorlyy sorted angular lead white particles. Lead white inside the protrusion occurs as cloudy 
massess of amorphous or extremely finely divided particles that are homogeneously distributed. 
Thee same phenomenon is also obvious in the other protrusions investigated. We infer that disso-
lutionn of the mineral phase of the original paint layers has occurred and new mineralisation in 
thee form of basic lead carbonate and lead hydroxychloride precipitation is taking place in the 
residuall  lead soap gel. 

Anotherr indication for remineralisation is the presence of lead oxides. Diffuse orange par-
ticless seen in and around most protrusions were identified as minium (Pb.,04) by EDX and vis-
iblee light spectroscopy. These particles were always found in close proximity to lead carboxylate 
protrusionss and in many cases in paint layers where no red lead would be anticipated. Contrary 
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too the interpretation of Planter1^7 and Brunnenkant1^ we hypothesise that these red lead particles 
weree not added to the paint as such, but are newly formed after dissolution of the original lead 
whitee paint. 

Thesee new mineralisation processes provide clues on the chemical environment inside the 
protrusions,, which determines the course of the demineralisation process. The stability of min-
erall  matter in different chemical environments can be derived from thermodynamical data. Garrels 
andd Christ16- developed this methodology for the calculation of the stability field of corrosion 
productss on top of ore deposits. The influence of the electrical Nemst potential (Eh), the acidity 
(pH)) and the partial CO, pressure on the stability of mineral phases have to be taken into ac-
count.. Eh-pH diagrams show that lead oxides {minium and massicot) are the most stable mineral 
phasess in a highly alkaline environment (pH > 12). Also basic lead carbonate (lead white, 
hydrocerussite)) is found to be in a stable form at high pH values (>10). 

Wee conclude from the mineralisation towards these products that the environment in and 
aroundd the protrusion is very basic, with pH values exceeding pH 10. It is likely that the dissolu-
tionn of the lead white mineral phase provides the OH" moieties that lead to these high pH-values. 

Thee driving force for the dissolution of the original paint layer is unknown. We infer that 
impuree lead white may have a different thermodynamic stability under the conditions that have 
developed.. This aspect, combined with a relatively high binding medium content of thee affected 
ground/paintt layer and exposure to relatively wet conditions, may be enough to trip the balance. 
Thee phenomenon is not typically limited to one particular spot in the paintings; in some cases 
thee whole painting is affected equally. The globular aspect of protrusions suggests that they 
groww and affect their immediate environment. There is no indication that the process is presently 
halted.. The products found inside the protrusion are a result of remineralisation of the com-
poundss that were present in the paint and became available through de-esterification of the 
dryingg oil triglycerides and the dissolution of lead white particles. The composition of the origi-
nall  mineral pigments, the morphology of the protrusion, the nature of the remineralisation prod-
uctss and their distribution provide important information about the phenomenon. In further re-
search,, we hope to clarify the process that triggers the dissolution of the mineral lead white and 
leadss to the formation of protrusions. However from our investigations presented here, it is clear 
thatt this triggering process has occurred in many paintings and plays an important part in the 
ageingg process of paintings. Paintings respond in various ways to the external and internal envi-
ronment,, and should be considered as chemically dynamic systems. The awareness that organic 
substancess in paintings are vulnerable is growing. Mineral phases and metal co-ordinated or-
ganicc networks appear to be equally sensitive to chemical change. Some paintings have still not 
reachedd completely stable conditions even after hundreds of years. 

Aree we presently looking at the top of the iceberg? 
Itt is difficult to say at this moment whether other opalescent globules observed in paintings 

byy other investigators11'1M ," are comparable to the protrusions described here. It is likely that 
thiss is the case considering the very similar characteristics for protrusions wc found in a large 
numberr of paintings. We expect that more paintings will be found that show this same 'disease'. 
However,, more comparative studies with the same analytical techniques arc necessary. Further 
studiess on how to reconstruct this phenomenon in simulated paintings are planned. 






