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Long-term condition monitoring of works of art can provide new insights into object-specific deterioration
mechanisms. Detecting change over time allows us to determine whether deterioration is active, to
investigate its cause and to establish the efficacy of conservation interventions. However, long-term
condition monitoring poses both logistical and technical challenges. To address the latter, a 6-month pilot
study using model systems has been performed to investigate the approach to long-term monitoring of
chemical dynamic processes in oil paintings. The focus was placed on metal soap protrusions: a condition
phenomenon encountered in oil paintings that results from dynamic chemical pigment-binder interactions.
Eight portable non- or minimally invasive examination technologies available via the MOLAB facility of
IPERION HS were used to detect change in model systems. These model systems were designed to form
lead soap protrusions in situ in a short time frame by including reactive components in their stratigraphy,
providing changes on a scale more typical of years or decades in real paint systems. Raking light imaging or
commercial colorimetry did not provide sufficient resolution for detecting small-scale changes associated
with lead soap protrusions. X-radiography with consistent acquisition parameters in combination with a
form of automated recognition of protrusions was found to provide a relatively accessible method for
monitoring changes in the spatial distribution of protrusions. 3D techniques such as optical coherence
tomography and micro-profilometry were found to be suitable for detecting change in lead soap
protrusions, provided that they reach sufficient spatial resolution in the plane of a paint layer (<20 ym) and
depth (<2-3 um). Acoustic microscopy was found to provide insufficient spatial resolution for this purpose.
More specificity for lead soaps was provided by techniques that couple high resolution 2D or 3D imaging to
spectral information, such as micro-profilometry coupled to VIS-NIR spectroscopy.

Long-term condition monitoring is an integral part of a proactive approach  understand whether deterioration is actively occurring and to identify its
to conservation of works of art'. Monitoring goes beyond detection and  cause. Furthermore, detecting change allows us to evaluate the efficacy of
localisation of condition phenomena. Long-term monitoring involves interventions so that we can learn from past and current care practices’.
recording condition phenomena over time in a systematic manner to pro- ~ When changes are identified before they become apparent on the surface of
duce comparable observations’. Detecting change is necessary to the work of art, i.e. detected sub-surface, they can function as early warning
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signs. Currently, heritage institutions across the world are in the process of
redefining their indoor climate conditions’. As it is an open question
whether there are any long-term implications for the stability of the col-
lection, now is an opportune moment to start long-term monitoring to
collect data on the environmental response of collections.

Several practical and technical challenges are associated with
monitoring, particularly when carried out over a long period of time.
There are logistical challenges, for example ensuring repeated access to
the work of art and monitoring instrumentation, sustainable data
management, and continuity in monitoring methods when staff and
instruments change over time. In this work, we focus instead on the
technical challenges regarding long-term monitoring. Whilst short-term
monitoring of the effects of treatment is employed regularly in the
conservation of paintings™™, few formal, i.e. planned and systematic,
long-term condition monitoring projects have been carried out so far,
except for condition monitoring in the built heritage environment™".
Although re-assessment of objects after several years to evaluate inter-
vention efficacy is common in conservation practice, it is generally done
onanad hocbasis''. We refer to long-term monitoring when a significant
amount of time, e.g. weeks or years, passes between successive mea-
surements, which increases the risk of variation in experimental setup or
measurement conditions. Typically, the total duration of long-term
monitoring is in the order of decades.

Many deterioration phenomena in oil paintings are associated with
dynamic chemical processes, for example pigment alterations'*™*, liquifying
of binding medium'*'® and pigment-binder interactions such as metal soap
formation, the topic of this paper. Metal soaps result from saponification of
oil paint, a reaction between metal ions originating from pigments or
additives and free fatty acids in the oily binding medium'’™". Sometimes,
metal soaps were intentionally added to modern oil paints during
manufacturingm, but more often, their appearance in works of art is due to
chemical change over time. Metal soaps are found in paintings in different
manifestations, such as efflorescence, surface crusts, increased paint trans-
parency, and protrusions’ . Protrusions are aggregated metal soaps gen-
erally between 10-500 pm in diameter that, when formed at depth, push
through the paint layers towards the surface’ . While the formation of
metal soaps can also have a stabilising effect on oil paints, protrusions are
generally considered to be causing unwanted structural and aesthetic
changes to paint layers™. Despite our general understanding of metal soap
protrusions, many questions remain open, for example regarding the con-
ditions that favour protrusions over other metal soap manifestations.
Similarly, it is not well understood how sensitive metal soap protrusions are
to environmental influences and remedial treatments. Monitoring metal
soap protrusions in affected paintings over the long term could contribute to
answering such questions and support preventive and remedial conserva-
tion decision-making.

In this paper, we explore technical challenges associated with long-
term monitoring of metal soap protrusions that were encountered in Task
5.1 (‘Methodological and instrumental developments for preventive con-
servation’) of the EU-funded project Integrating Platforms for the European
Research Infrastructure ON Heritage Science (IPERION HS). Within this
task, a research consortium of six partners performed a pilot study in which
model systems were used as tools to evaluate non- or minimally invasive
monitoring techniques. The model systems were specifically designed to be
highly dynamic in a short time frame. The concept of the dynamic model
systems has previously been proved to be successful for in-situ lead soap
formation in a matter of months””*’. The model systems are multi-layered
systems that simulate a typical Old Master painting stratigraphy, consisting
of a sized canvas, a chalk-glue ground layer, and an oil paint layer with iron
oxide or smalt pigment. These pigments were selected to obtain an opaque
(iron oxide) and translucent (smalt) paint layer. In between the ground and
the paint layer a so-called ‘active’ layer was added that was composed of
reactive components with the specific aim to form lead soap protrusions
over several weeks. The non-invasive analytical techniques employed in this
pilot study are all part of the suite of techniques offered in the transnational

Mobile Laboratory (MOLAB) facility offered within the catalogue of ser-
vices of the IPERION HS framework, which will be continued in the Eur-
opean Research Infrastructure for Heritage Science (E-RIHS) framework™.
The model systems were prepared at the Rijksmuseum and sent to six
partners of the IPERION HS consortium where they were kept under
constant conditions for a monitoring experiment of six months. Changes in
three different properties related to lead soap protrusions were followed over
time: chemical properties of the protrusions, visual appearance of the model
systems and structural properties of the protrusions.

This paper starts by discussing the analysis of samples taken from the
model systems, to characterise the systems and the protrusions. Following
the cross-section analysis, the results of the non- or minimally invasive
monitoring will be discussed, beginning with the monitoring of chemical
changes using external reflection Fourier-transform infrared (FTIR) spec-
troscopy. External reflection FTIR is routinely employed for the in-situ
investigation of metal soaps™ . Next, three relatively accessible techniques
will be discussed: raking light photography (RL) and colorimetry which
provide information about the visual appearance of the model systems, and
X-radiography, which has been successfully employed to detect and localise
protrusions in works of art™. Also, a photography-based technique with
automated recognition has been used before to detect metal soap protru-
sions in paintings™. The results of these techniques will be compared to
high-tech imaging techniques that are able to capture the structure of the
protrusions in three dimensions: optical coherence tomography (OCT),
acoustic microscopy and micro-profilometry. OCT, too, has been employed
to detect and localise protrusions in oil paintings’**. As the monitoring was
not performed on the same set of model systems the primary goal of this
study is not to compare the observed trends between the different techni-
ques. Instead, we aimed to test the suitability of the techniques and data
analysis approaches for the quantitative monitoring of lead soap protrusions
in painted model systems with different chemico-physical characteristics.
The ultimate goal of this pilot study is to inform and explore non- or
minimally invasive monitoring approaches in preparation for the imple-
mentation of long-term monitoring of paintings in museum collections,
such as Rembrandt’s The Night Watch (1642) at the Rijksmuseum,
Amsterdam. This painting is the subject of a large-scale research and con-
servation project called Operation Night Watch and suffers from lead soap
protrusions™. The findings we present may guide others in designing long-
term quantitative condition monitoring in collections.

Methods

Model system preparation

A linen canvas (80 x 60 cm, Van Beek Art Supplies “Antwerp” 220 g/m’)
stretched onto a wooden stretcher was sized twice with 8% w/v rabbit skin
glue (Gerstaecker). The canvas was further prepared with a calcium
carbonate-animal glue ground, applied in three layers with a broad brush.
The ground consisted of 100 g Champagne chalk (CaCOj;, Gerstaecker)
which was added to 200 mL 4% rabbit skin glue solution while stirring. Next,
the ‘active layer’ was applied. This layer contained 1.0 g margaric acid
(3.70 mmol) (heptadecanoic acid, 98%, Alfa Aesar), 1.0 g (2.64 mmol) lead
(II) acetate trihydrate (Merck) and 8 mL cold-pressed linseed oil (de Kat).
The margaric acid was dissolved in acetone before adding to the linseed oil.
The lead acetate was ground in a mortar with a pestle. After the acetone was
left to evaporate from the linseed oil mixture, the lead acetate was added and
briefly mixed with a palette knife. The mixture, which became viscous upon
adding the lead acetate, was applied onto the prepared canvas with a
drawdown bar (wet thickness 50 um). Four days later, two different types of
paint layers were applied on top of the active layer, applied with the
drawdown bar (wet thickness 100 um). A paint layer containing smalt was
prepared by grinding 2.5 g smalt (de Kat, 0.212-0.300 mm particle size) in
2 mLlinseed oil with a glass muller on a glass slab for 20 min. A second batch
of smalt oil paint was prepared in the same manner with 1.3 g smaltin 1 mL
linseed oil. A paint layer containing iron oxide was prepared by grinding
4.0 g red iron oxide (120 M, synthetic iron oxide >3 nm, Kremer Pigmente)
to 4 mL linseed oil. These two types of pigments were chosen to create one
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Table 1 | Monitoring dates

Time label Week Date
TO-Active layer application - 07 Feb 2022
TO-Paint layer application 11 Feb 2022
T1 1 21 Feb 2022
T2 2 28 Feb 2022
T3 3 07 Mar 2022
T4 4 14 Mar 2022
T5 5 21 Mar 2022
T6 6 28 Mar 2022
T7 7 04 Apr 2022
T8 8 11 Apr 2022
T9 12 09 May 2022
T10 16 06 Jun 2022
Tend 31 19 Sep 2022

opaque and one translucent paint layer. Small pieces (+2 x 2 cm) were cut
from the canvas three days later, while the paint was still sticky. Carefully
pinned onto a composite board and wrapped in plastic zip lock bags, the
model systems were sent to all partners. In addition to a smalt and iron oxide
model system, each partner also received reference pieces of plain sized
canvas, sized canvas with the ground, and sized canvas with the ground and
active layer.

Parallel cross-section analysis of the model systems

Parallel to the non- or minimally invasive monitoring of changes in the
model systems, cross-sections were prepared of samples from the model
systems to characterise the chemical process of lead soap formation. The
cross-sections were analysed with a combination of microchemical imaging
techniques: light microscopy, scanning electron microscopy with energy
dispersive X-ray analysis and micro-attenuated total reflection Fourier-
transform infrared spectroscopy. In addition, the active layer was analysed
using bulk attenuated total reflection Fourier-transform infrared spectro-
scopy. Finally, the surface of the model systems was scanned using micro-
external reflection Fourier-transform infrared spectroscopy. The details of
the cross-section analysis and the micro-imaging instrumentation are listed
in the Supporting Information (henceforth SI) section S1.1.

Monitoring conditions

After distribution, the model systems were stored in the dark at 30 °C and
50% relative humidity (RH) using a saturated solution of magnesium nitrate
hexahydrate. Variation in conditions in the different laboratories was
reported (RH between 46 and 60%, T between 27.5 and 30 °C). The model
systems were removed periodically for analysis. In the first seven weeks of
the monitoring campaign (21 February to 4 April 2022), measurements
were performed weekly (T1-T7). From week eight onwards, the measure-
ments were performed monthly for the next three months (May, June, July)
(T8, T9, T10). The final measurement was performed mid-September
(Tena), see Table 1 for the precise monitoring dates. The dates in bold were
used for data analysis, as they represented the time points with most
complete sets of analyses.

External reflection Fourier-transform infrared spectroscopy

External reflection FTIR spectroscopy in the mid-IR range is a surface
technique and depending on the optical geometry and surface optical
properties, the first few microns (less than 10 um) are probed. Measure-
ments were performed with a compact, portable FTIR spectrometer
(ALPHA, Bruker Optics, Germany/USA—MA) that is equipped with a SiC
Glowbar source, a RockSolid™ interferometer with gold mirrors and a
DLaTGS detector. All data were collected using Opus software (v7.2). The
optical layout of the external reflectance module is 22°/22°. Pseudo-

absorption spectra (log(1/R); where R = reflectance) were acquired from
areas of about 20 mm’ using 144 scans in the spectral range of
7000-375 cm™, at a spectral resolution of 4 cm™". Spectra collected from a
flat gold mirror were used as background. Three spectra were acquired on
different areas of the sample.

Colorimetry

A spectrophotometer (Konica Minolta mod. Chroma Meter CM-700d)
registered the colour coordinates L*, a* and b* on selected areas (5 mm in
diameter) for each monitoring step. Colour measurements were per-
formed with standard illuminant D65 and observer 10° (EN15886 2010)
following the standardised method CIELAB 1976. The calibration against a
SPECTRALONZ® white reference was performed before any measurement.
Each colorimetric value (L*, a*, b*) was the auto-averaging of three sub-
sequent measurements. Measurements were taken on the same locations
on the model system surface by using a transparent mask to indicate the
areas. The colour coordinates of each specimen corresponded to the mean
value of five measurements. Colour distance AE values were calculated
according to Eq. 1.

AE= \/(AL? + (Aa)’ + (8b) (1)

Multispectral colorimetry coupled to micro-profilometry
Colorimetric coordinates (L*a*b*) were calculated from the visible
range of the reflectance spectra measured with a multispectral visible to
near-infrared (VIS-NIR) scanner, developed in-house at the Italian
National Institute of Optics”. The procedure for the extraction of the
colorimetric data has been published elsewhere®. The VIS-NIR scanner
acquires, in a point-by-point modality, the backscattered light from a
surface with a spatial sampling of 250 um (~4 point/mm), generating 32
monochromatic images in the visible (from 380 to 780 nm) and in the
infrared region (from 790 to 2500 nm) with a spectral sampling step of
20-30 and 50-100 nm, respectively. The constant motion of the optical
head, which acquires a single point in circa 1 ms, prevents the surface of
the painting from being heated significantly. The instrument works at
12 cm distance from the surface in a 45°/0° (illumination/detection)
configuration according to CIE standards. The system is operated
through a custom-developed software, with simultaneous control of the
movement of the scanner head, autofocus and image acquisition. The
CIELAB 1976 colour-space and D65 illuminant with observer at 2° were
used. L*a*b* coordinates are reported as average values related to the
entire area of the model system (30 x 30 mm?®) or to a specific region of
interest. AE values were calculated according to Eq. 1. The pixel size of the
acquired VIS-NIR images is 250 x 250 um’*. Only the monochromatic
images in the visible light range were considered for calculation of the
colorimetric coordinates.

Raking light photography

Raking light (RL) images were taken using a modified Canon EOS 7D (18
megapixels, CMOS sensor) camera body, operated in manual mode. The
lens used was a Canon EFS 18-135 mm f/3.5-5.6 IS mounted witha B + W
468 UV/IR cut filter. The flashes were positioned at approximately 30 cm
distance and at an angle of 10° to 30° relative to the plane of the model
system surface. Data analysis was performed in Image].

X-radiography

The model systems were imaged in transmission using a Balteau Baltograph
X-ray system (Baltograph generator XSD225 with X-ray tube TSD225/0).
Tube settings: 32 kV; 2.5 mA; focal spot size 1 mm (640 W); dwell time 60 s;
X-ray source and image plate distance 112 cm. The image plate (resolution
25 pm) was scanned using a Duerr HD-CR 35 NDT CR-scanner. Midway
through the monitoring period, the X-ray tube was replaced (Comet MXR-
320HP/11) due to planned maintenance. The X-radiographs were analysed
using the Analyze tools in Image]”.
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Fig. 1 | Left: Model systems containing an active t=0

t = 6 months

layer with reactive components to form lead soap
protrusions in situ in a short time frame. Right:
Photographs of the model systems with smalt and
iron oxide oil paint. Arrows indicate locations where
materials were sampled.
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Optical coherence tomography

Two OCT setups with different wavelengths have been employed in this
study, 850 nm and 1300 nm. The 850 nm OCT setup was developed in-
house at the Institute of Physics, Nicolaus Copernicus University in Torun,
Poland, as a portable instrument for the examination of cultural heritage
objects. The 850nm OCT instrument contains a broadband
(770 nm-970 nm) source (Broadlighter Q-870-HP, Superlum, Ireland) and
a spectrograph (Cobra CS800-840/180 spectrometer, Wasatch Photonics,
USA) as a detector. The instrument is fitted with a telecentric lens (LCM04
from Thorlabs, F = 54 mm) and two HR CCD cameras to precisely annotate
the examination spot. The lateral resolution is 13 um and the axial (in-
depth) resolution is ca. 2.2 pm (in paint) and 3.2 pm (in air). The distance to
the object examined is 43 mm. In this study, an area of 12 x12 mm” of the
model systems was scanned and a data cube of 4000 x 150 x 1024 voxels (x,
,z) was acquired in approximately 30 s with a voxel size of 3 x 80 x 1.85 um’
(%, y, z). From this data B-scans (cross-sectional brightness scans) were
extracted and presented in false colour scale: strong scattering areas are
shown in warm colours (red to yellow), low scattering ones in cold colours
(green to blue) whereas areas not scattering light or not accessible as black.
The position of the air-paint boundary was extracted from the same data
cube. The resultant surface maps were interpolated ten-fold in y-direction to
reach 4000 x 1500 pixels or 3 x 8 um’ pixel size. A detailed instrument
description with standard post-processing procedures for the visualisation
of cross-sections has been published elsewhere®.

The OCT measurements at 1300 nm were performed with a Thorlabs
Telesto II system. The axial resolution was 5.5 um in air and 3.7 pm in paint,
although the practical resolution was lower due to strong sidelobes. The
lateral resolution was 13 um. Cubes of 500 x 500 x 1024 voxels (x, y, z) were
collected with a voxel size of 20 x 20 x 3.48 um® (x, y, z). The sampling
resolution was chosen to be worse than the optical resolution as a trade-off
between the field of view and image cube size limited by the PC’s RAM. The
A-scan (depth profiles) frame rate was 76 kHz resulting in a B-scan capture
time of 7 ms.

Laser scanning interferometric micro-profilometry

Laser scanning interferometric micro-profilometry was performed with a
device built in-house at the Italian National Institute of Optics*'. It is based
on a distance meter (655 nm, ConoPoint-10, Optimet, Jerusalem Israel)
with a 25 mm lens mounted on an XY scanning system. To create a constant
positioning reference system for the 3D measurements at different times
and to minimise the deformation of the canvas, the model systems were
fixed to a wooden panel with epoxy resin (a small amount placed in the
corners of the samples). Anchored samples were then positioned vertically
in front of the micro-profilometric scanning system. The scanned areas

(45 x 50 mm®) were acquired with a 20 um lateral step size at a 3 um
resolution in depth. The laser (655 nm wavelength) is focused to approxi-
mately 27 um spot size and power set to 0.17 mW for the iron oxide model
system and 0.78 mW for the smalt model system. The data was processed
with in-house software.

Acoustic microscopy

Acoustic microscopy measurements* were taken using a 175 MHz piezo-
electric transducer (Panametrics-NDT model V3965) and an analogue-
to-digital converter (Acquisition Logic Data Acquisition card AL8xGT 2.0)
with 1 G sample/s sampling rate. The area of investigation was approxi-
mately 15 mm’. The lateral resolution of the setup used here was 50 x 50 pum’
and the depth resolution was approximately 20 pm. An ultrasonic hydrogel
(Aquasonic 100) was applied to the surface of the model systems as a
transmission agent and gently removed after every measurement using a
damp cloth.

Results

Cross-section analysis of model systems to contextualise non-
invasive monitoring

The model systems and the lead soap protrusions were characterised by
micro-invasive techniques parallel to the non-invasive monitoring. First of
all, following the reaction between the two reactive components in the active
layer, lead acetate trihydrate (PbAc) and heptadecanoic acid (FA17) in a
separate experiment, it became clear that lead soaps likely already formed
during the mixing of the active layer (S1.2 in the SI). The monitoring data at
T1, 2 weeks after the application of the active layer, showed that the surface
of the model systems at that point already experienced protrusions-like
deformations. This is well visible in the raking light images (Fig. 6). In the
absence of monitoring data before T1 no conclusions can be drawn about
the early-stage development of the protrusions.

The cross-sections indicated that the model systems roughly evolved
into three forms. An overview of all cross-sections can be found in section
S$1.3 in the SI. In the areas without protrusion-like formations (first form),
the active layer is not or minimally visible under the microscope or in the
backscattered electron (BSE) images (Fig. 1a and Figs. S2, S3 in section S1.4),
suggesting that lead-rich components are less present here. In other areas
(second form), the active layer expanded in size without forming
protrusion-like structures (Fig. 1b). In the third form, protrusion-like
aggregations formed (Fig. 1c). Overall, the protrusion-like structures varied
in size between approximately 100-500 pm at approximately 0-50 um in
depth. The concentration of lead soaps in the active layer varies. Examples
were found of a thickened layer or protrusion-like structures in which the
bulk of the material was oil-like and contained only small, localised domains
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Fig. 2 | BSE images of cross-sections of protrusion-like structures sampled from the model system with iron oxide oil paint layer. a Sample taken at T1. b Sample taken at T7.

oflead soaps (Fig. 2a). On the other hand, examples of higher concentrations
of lead-containing structures were also encountered that, in some cases,
even broke through the paint surface (Fig. 2b).

u-ATR-FTIR analysis on the cross-sections confirmed the observation
that the lead soap concentration varies. Smearing of the embedding medium
due to a short drying time was visible on the surface of all cross-sections. The
lead soap domains in two cross-sections taken at T1 and T3 are small
(Figures S4, S5 in section S1.5), in the order of a few micrometres to several
tens of micrometres. Figure 3 shows an example of a cross-section taken in
the final week (week 31, T.,q) of the monitoring campaign of the model
system with an iron oxide paint layer. Here, the lead soap domain is larger,
around 200 um in diameter. The infrared spectrum extracted from an area
of lead soaps (Fig. 3d) shows a crystalline structure (sharp v(CH,) at
2848 cm ™', sharp v,(CH,) at 2916 cm, sharp v,(COO~) doublet at 1510 and
1536 cm ™, distinct 8(CHS,) zig-zag pattern between 1186 and 1340 cm™)"".
Due to the limited number of cross-sections and the local information they
provide, it is not possible to make conclusions about how the lead soaps
evolve over time. It is clear, however, that we can observe variations in the
shape and thickness of the active layer and the size and degree of crystallinity
of the lead soap domains within the active layer.

Monitoring chemical changes with external reflection FTIR
External reflection FTIR was used for non-invasive detection of lead soaps.
The external reflection FTIR spectra for the iron oxide and smalt model
systems at time points T1, T3, T8 and T,,,4 are visible in Fig. 4. In both model
samples, the main features are due to the bands of linseed oil (v + 8 (CH),
v(CH), v(C = O) and v(C-0)) and calcium carbonate from the ground layer
(at 2500 cm ™). The lattice mode (Fe-O) is present in the spectra acquired
on the iron oxide samples (Fig. 4a), while the silicate components (v(Si-O)
and § (Si-O) at about 1080 and 470 cm ™) are observed in the smalt samples
(Fig. 4b). The FTIR spectra do not clearly highlight the presence of spectral
features due to crystalline lead carboxylates characterised by the typical
sharp v(COO-) band in the range 1500-1560 cm ™. Only at the longest
ageing time in the iron oxide sample (T,,q) the COO™ stretching region
shows an inverted band (at about 1510 cm™) that could be assigned to
crystalline lead soaps (Fig. 4a).

To evaluate the effect of the lateral resolution on lead soap
detection by the portable external reflection FTIR, the iron oxide model
system was also analysed with external reflection FTIR on the micro-
scale. A benchtop FTIR microscope with a Focal Plane array (FPA)
detector was used to achieve a chemical mapping of the surface at the
microscale at T8 and T.,q. At T8, external reflection micro-FTIR
imaging reveals the presence of crystalline lead carboxylates as small
nuclei (10 pm) and larger agglomerates (not exceeding 30-40 pm),
while macro-FTIR spectroscopy did not detect crystalline lead soaps
(Figure S6 in section S1.6). Similarly, at T.,q micro-FTIR imaging
indicates the presence of lead carboxylates as agglomerates with vari-
able micro-scale dimensions (not larger than 60-70 um) (Fig. 5), even

though the macro-FTIR setup only shows a hint of the signal assignable
to lead carboxylates.

u-ATR-FTIR imaging on the cross-sections (Fig. 3 and section S1.5 in
the SI) supports the observations made with external reflection micro-FTIR
imaging. Multiple examples of small (several micrometres to several tens of
micrometres in diameter) crystalline lead soap domains were encountered in
the cross-sections, alongside larger crystalline domains. The p-ATR-FTIR
study further evidences the variability of crystalline lead soap domain dis-
tribution along the stratigraphy, not always present at the very near surface
and thus not detectable by non-invasive FTIR spectroscopy sensitive to the
first superficial microns. Furthermore, the sampled area by the portable FTTR
system using the smallest pinhole is around 3 mm (diameter size) and the
dimensions and number of the newly formed lead carboxylates are too small
to be revealed by the macro-FTIR setup. The signals from the sampled area
are mainly due to the paint matrix covering the carboxylate bands associated
with the micrometre-size lead soap agglomerates.

Monitoring protrusion distribution using raking light photography
Raking light (RL) photography was performed to assess the suitability of this
low-tech imaging technique for protrusion monitoring. A region of interest
was selected manually for all RL images and converted to 8-bit greyscale.
The histogram was normalised, and pixels were selected based on their
greyscale value. Two thresholds were compared: grayscale values >200 and
>250 (out of 256). Figure 6 shows the results of this analysis for the smalt
model systems. It became clear that dust on the surface, differences in
lighting conditions, heterogeneity of the paint layer and the canvas structure
heavily impacted the analysis. Particularly in the case of the iron oxide
systems, heterogeneity in the gloss of the surface made the quantification
unreliable. See Figure S7 in section S2.1 in the SI for the RL images of the iron
oxide model system.

Monitoring protrusion distribution using X-radiography

X-radiography was employed to monitor the elemental distribution of lead in
the model systems. As the contrast in X-ray absorption between the lead-
containing areas and the surrounding material was better in the smalt model
systems compared to the iron oxide model systems, the results of the smalt
system were analysed further. Additional information about the
X-radiography can be found in S2.2 of the SI. As maintenance of the
instrumentation prevented measurement from being taken for the entire
length of the experiment, only two time points are compared as an illustration
of the potential of this technique (Fig. 7). Because the differences in dis-
tribution between the two time points are small, the number and size of the
lead-containing areas were analysed using an automated approach. The
contrast of the X-ray photographs was enhanced by normalising the histo-
gram (Fig. 7a, b), followed by the isolation of high-intensity pixels using a
greyscale threshold (Fig. 7c, d). These pixels were interpreted as lead-
containing areas. Analysis of these pixels revealed that the area covered by
lead-based materials stays constant over this time (1.7% of the total area);
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Fig. 3 | Cross-section of iron oxide model system. Sample taken in week 31 (Tpa)-
a Visible and UV light microscopy. Red dashed lines indicate the layers of the
stratigraphy. b p-ATR-FTIR maps, analysed with PyMCA™*. The wavenumber range
1700-1740 cm ™" corresponds to the ester vibration band. High intensity (yellow)
corresponds to the embedding medium and lower intensity (blue) corresponds to
the ester of oil. Red vertical hashed lines indicate insufficient contact between the
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sample and the ATR crystal. 860-880 cm ™' range corresponds to a carbonate
vibration band of calcium carbonate (in the ground layer). 1500-1560 cm ™' range
corresponds to the lead carboxylate vibration band of lead heptadecanoate.

¢ Sampling location. d ATR-FTIR spectrum extracted from the area in the p-ATR-
FTIR carboxylate map indicated with a star. e SEM-BSE image and EDX elemental
maps of Fe-K, Ca-K, and Pb-M. The blue dotted box corresponds to the area in (a).

however, the number of isolated areas goes down (1019 to 841), and size
distribution shifts towards higher values (Fig. 7g). These numbers suggest that
the lead-based materials are aggregating.

Monitoring colour change using colorimetry

The third technique considered relatively accessible is colorimetry
using the commercially available spectrophotometer. It was hypothe-
sised that the formation and growing of lead soap protrusions could
lead to a colour change related to the thinning or disruption of the paint
layers. As it was not known beforehand which colour coordinate would
be most sensitive to this change, we report here on the total colour
difference (AE). The corresponding L*a*b* coordinates are reported in
S2.3 of the SI. Figure 8 shows the AE values indicating the colour
changes in the model systems. The superficial heterogeneity and
roughness of the model systems lead to high standard deviation values.
A strong yellowing of the smalt model systems is registered over the
6-month monitoring period, showing an increase of the b* coordinate.

The AE parameter (CIE 1976) therefore shows significant change over
the 6-month monitoring period (AE > 5). The yellowing is associated
with the yellowing of the oil, not with the growth of protrusions. Cross-
section analysis further confirmed that the colour change is not due to
colour change of the smalt pigment particles themselves. In the case of
the iron oxide model system, the AE stays below about 4. For this model
system, a slight decrease in L* over the six months is visible and fluc-
tuating a* and b* coordinates. It is not possible to relate these colour
changes to protrusion formation or growth.

Monitoring structural changes in three dimensions using OCT

Two OCT systems with different wavelengths were employed to visualise
protrusions below the painted surface and monitor changes in their size. The
850 nm OCT system was capable of imaging the smalt model systems down
to the ground layer but could not penetrate sufficiently below the surface for
the iron oxide model systems. Iron oxide oil paint has low transparency in
this wavelength region®. In Fig, S12 in $2.4 a comparison is shown of an 850
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Fig. 4 | FTIR spectra recorded in external Fe-O
reflection mode. a FTIR spectra recorded on iron a
oxide model system. b FTIR spectra recorded on

smalt model system. Spectra are vertically offset. The

expanded spectra in a restricted mid-IR range are

also reported (on the right) to highlight the changes

that occurred with ageing.
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Fig. 7 | X-ray photographs of the smalt model system. a, b Normalised 8-bit
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OCT scan to a cross-section taken in the same location. The 850 nm OCT
images of the smalt systems revealed the wave-like pattern of the ground on
top of the canvas structure and the varying thickness of the ground and paint
layers. Figure 9 shows a series of 850 nm OCT cross-section views taken at
different monitoring times at the same location on the smalt model system
featuring a protrusion that seems to be growing. The protrusions in the
model systems appeared as dark areas, as they did not scatter the probing
light. Figure S13 in S2.4 shows an example of a manual measurement of the
size of a protrusion at T1 and T,4. Quantification of this apparent growth is
unreliable, due to the low lateral separation of the 850 nm OCT scans in y-
direction (80 pum) using the measurement protocol that was followed in this
experiment. This could slice the protrusion-like structure differently and
obtain a different measure of the dimensions.

The higher lateral resolution of the 1300 nm OCT dataset com-
pared to the 850 nm OCT dataset allowed the assessment of the growth
of individual protrusions-like structures (Fig. 10). Due to its longer
wavelength, the 1300 nm OCT system was able to visualise the pro-
trusion sub-surface in both the smalt as well as the iron oxide model
system. The height or size in vertical direction of each protrusion was
considered as the difference between the top (air/protrusion interface)
and the bottom of the protrusion (protrusion/paint interface), which is
below the painted surface (Fig. 10b, ¢). Eight protrusion-like structures
were selected and isolated based on the 3D surface profile. Figure 10a
follows the size of these protrusions over time and shows that there is no
strong indication for growth in height. More information about the
procedure can be found in S2.5 in the SI.
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Fig. 9 | Repeated 850 nm OCT line scans of the smalt model system on T1, T3, T8 and Te,q. Images are corrected for the approximate refractive index of linseed oil,
ng = 1.5. The vertical scale is stretched fivefold for better legibility. The red arrow indicates the location of a protrusion.

Acoustic microscopy to visualise sub-surface features of
protrusions

Acoustic microscopy was able to visualise and localise protrusion-like
structures in the model systems. The technique could penetrate both the
smalt and the iron oxide paint layers because acoustic waves can propagate
inside many types of materials, including opaque objects. This is in contrast
to OCT which is based on electromagnetic waves. However, for acoustic
microscopy, a coupling gel has to be applied between the surface and the
probe. Therefore, the technique cannot be classified as non-invasive.
Figure 11 shows protrusion-like structures in the iron oxide model system,
which appeared as dark areas in the scans. The procedure of the acoustic
microscopy measurements and scans of the smalt model system can be
found in S2.6 of the SI. Both the depth (approximately 20 pm) and lateral
resolution (50 x 50 um’) were not sufficient to quantify the protrusion
growth in the acoustic microscopy scans.

Micro-profilometry to monitor changes in the height of individual
protrusions

Micro-profilometry produces high-resolution surface maps and was
employed to monitor changes in the size of individual protrusions. Micro-
profilometry probed the surface with a red laser (655 nm) and created a

surface three-dimensional map. Data acquired from the smalt model systems
produced results with a low signal-to-noise ratio due to absorption of the laser
radiation by the smalt-containing paint layer. Therefore, only the results of
the iron oxide model systems are discussed below. Figure 12 compares two
micro-profilometry surface maps of 4 x4 mm’ of the iron oxide model
system at T1 and Te,q. The protrusion-like structures appear as locally raised
surfaces, indicated on the maps in red. It is possible to observe several changes
in the size and distribution of the protrusions-like structures as indicated in
Fig. 12. Below, two approaches to quantifying these changes are discussed.

Similar to the 1300 nm OCT data, the high lateral resolution of the
micro-profilometry data allowed the assessment of the height of individual
protrusion-like structures above the paint surface—note that this is different
from the size of the protrusion in the vertical direction measured above. In
Fig. 13, surface profiles at four time points are overlayed at the exact same
location to follow the height of two individual protrusion-like structures.
Analysis of another coordinate can be found in S2.7 in the SI. Selecting a
local baseline proved challenging, as the surface of the dynamic model
systems changed rapidly. Baseline correction can strongly impact the
measurements, particularly when evaluating changes in the micrometre
order. Therefore, Fig. 13 shows the surface profiles that are not locally
aligned.
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Monitoring the distribution of protrusions with 850 nm OCT and
micro-profilometry

Assessment of the spatial distribution of the protrusion-like structures
provides a different approach to quantifying change. Applying a
threshold to the three-dimensional micro-profilometry surface map in
z-direction makes it possible to determine the fraction of the surface area
that is covered by protrusion-like structures. The same approach can be
applied to the 850 nm OCT surface data acquired from the iron oxide
model system. Four steps, described in detail in S2.9 in the SI, were
necessary to calculate this area fraction. Here, we evaluate a 40 um and
70 pum threshold (Fig. 14). Evidently, the absolute fraction of the surface
above the threshold is affected by changing the threshold value.
Nevertheless, it seems that the absolute fractions calculated for the two
types of data sets (OCT and micro-profilometry) are comparable. The
trend based on the 850 nm OCT data indicates a slight increase in surface
area that stabilised after T8. The trend based on the micro-profilometry
shows no reliably recorded change, also due to the absence of the final
time point. Overall, both trends indicate relatively little change in the
surface area during the monitoring experiment.

Multispectral colorimetry coupled to micro-profilometry to
monitor local colour changes

The final technique discussed is micro-profilometry combined with mul-
tispectral imaging, which allowed the calculation of local colorimetric

coordinates. Each measurement in the multispectral image corresponded to
250 x 250 pm” (1 pixel). The colorimetric coordinates were averaged over at
least 3 points. By registering the multispectral images to the micro-
profilometry surface maps, it became possible to calculate local AE values
(CIE 1976) at a much higher spatial resolution than the commercially
available colorimetry system (submillimetre versus 5 mm). Figure 15 shows
this analysis for the iron oxide model system only, as the micro-profilometry
data of the smalt systems had a low signal-to-noise ratio due to the
absorption of the laser. The AE of the entire sample surface of the iron oxide
model system (averaged from a 30 x 30 mm” area) is in the range of 2-4,
similar to the results obtained with the commercial system. In addition, two
types of areas were characterised based on the micro-profilometry height
map. Areas A, B and C correspond to flat areas that were unaffected by
protrusion growth and areas 1, 2, 3, 4 and 5 correspond to “unstable”
protrusions that increased in dimensions after T1 (Fig. 15a). From these two
types of areas L*a*b* coordinates and AE were extracted and compared to
the coordinates of the entire sample surface (Fig. 15c—e). The L*a*b*
coordinates can be found in S2.8 of the SI. The AE values in the flat areas
remain relatively constant (AE about 3). Interestingly, the AE values for the
regions associated with unstable protrusions are higher (AE > 5) than those
for the flat areas, owing to an increase of L*, a decrease of a* and an
oscillation of b* values. An increase of L* and a reduction of a* could be a
sign of thinning and/or disruption of the paint layer due to the pressure
caused by the lead soaps. This phenomenon is indeed visible in photographs
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of the iron oxide sample and in cross-sections (see Table S1 in S1.3 of the SI),
where the pale-yellow colour of the protrusion-like structures is visible
through the thin iron oxide paint layer. Therefore, Fig. 15¢ indeed shows the
change that is associated with protrusion growth.

Discussion

In this pilot study, we explored several technological approaches to non- or
minimally invasively detect changes in lead soap protrusions in dynamic
model systems with the aim of performing long-term monitoring of metal
soap protrusions in paintings in the future. The model systems were created
to form lead soaps in situ in a short time frame. To meet this condition,
reactive components were added in substantial amounts that are not
representative of the conditions in historical paintings. Cross-section ana-
lysis (microscopy and micro-chemical imaging) performed parallel to the
monitoring experiment showed variation in the morphology of the active
layer. In some areas, the active layer had expanded homogeneously, whereas
in other areas, protrusion-like structures formed. Lead soap domains
formed with sizes varying from several micrometres up to 100 pm in dia-
meter. Interestingly, protrusion-like expansions that contained lead soaps in
very small concentrations were observed, as detected by u-ATR-FTIR
imaging on cross-sections. It is unclear which mechanisms are responsible
for the expansion of the active layer in those cases. These low concentrations
of lead soaps in protrusion-like structures are reminiscent of model systems
created by Romano et al. that formed zinc soap protrusions after four years
that contained oily, gel-like inclusions™. Despite their heterogeneity and

complex dynamics, the model systems were valuable tools for exploring
monitoring approaches. They represented some of the complexities of long-
term monitoring of real works of art, for example how reference points may
alter over time and how the chemical processes responsible for the detected
changes are not well understood. The cross-section analyses confirm that
the model systems are dynamic systems, i.e. components in the active layer
react, expand and move through the paint stratigraphy. Overall, it proved
challenging to capture this change using the non-or minimally invasive
monitoring approaches.

Portable external reflection FTIR did not detect characteristic vibration
bands related to lead carboxylates due to low concentrations of lead soaps in
the measured volume. While these low concentrations of lead soaps may be
a feature specific to the model systems, it does illustrate an important lim-
itation of the portable external FTIR for the early detection of metal soaps.
Out of the three techniques that could be considered relatively accessible,
X-radiography was successful in detecting and quantifying small changes
related to lead soap protrusions. An important requirement is good contrast
in absorption between the protrusion and the surrounding materials, which
may be reduced where paint passages in historical paintings use pigments
containing heavy elements. Raking light photography and colourimetry did
detect change, but this change could not be explicitly related to the lead soap
protrusions. The results of the raking light photography in combination
with simple image analysis using a greyscale threshold, were strongly
impacted by interfering factors, such as the canvas structure visible through
the paint layer. Similarly, the colour change detected by the commercial
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colorimetry was overwhelmed by yellowing of the oil rather than lead soap
protrusion growth.

When colorimetry with a much higher resolution was used and in
combination with three-dimensional information from the micro-profilo-
metry, a colour change that was specific to the protrusions could be isolated.
In the case of all techniques providing three-dimensional surface and sub-
surface information, resolution was critical for change quantification.
Acoustic microscopy was used for the first time to detect and localise pro-
trusions in this experiment, however the depth resolution was insufficient to
quantify changes in the protrusion-like structures. Examination with the
850 nm OCT instrument revealed the importance of the measurement
protocol adopted. The one used here, although usually sufficient for struc-
tural examination of paintings on canvas, was insufficient for correct esti-
mation of protrusions size due to the large scan distance (80 um in
y-direction). However, this could be easily adjusted in subsequent studies.
For the 1300 nm OCT instrument, which had sufficient depth of penetra-
tion and resolution (20 x 20 x 3.48 um?), the size of individual protrusions
can be reliably measured over time. Micro-profilometry also provided
sufficient resolution for the purpose of quantifying change in individual
protrusions in paints where the composition allowed sufficient signal-to-
noise ratio. However, for all 3D imaging techniques, even with sufficient
resolution, baseline and angular tilt correction had to be considered in order
to reliably follow individual protrusions over time.

As an alternative to monitoring individual protrusions, we quantified
protrusion growth by evaluating the increase in height of the total model
system surface compared to a threshold. The 850 nm OCT surface data
indicated that the surface area occupied by protrusion-like structures
increased, but the micro-profilometry data showed no signs of increase.
Overall, the non- or minimally invasive monitoring experiment yielded only
very small changes in the protrusions in the model systems.

The pilot study generated several learning points that help answer the
question, “How to approach long-term monitoring of chemical dynamics in
oil paintings?” It became clear that a hypothesis on the expected change is
necessary for developing long-term monitoring protocol, especially quan-
titatively. It is very challenging to measure change without knowing
beforehand which change is expected. This challenge sets long-term

monitoring apart from detection and localisation. Condition phenomena in
paintings can have multiple properties that can be individually monitored. It
should be clear from the outset how a change in these properties relates to
the research question. This is important because the degree of change that
one detects depends strongly on how that change is defined. For example, in
the micro-profilometry data of this pilot study, change in individual pro-
trusions was evaluated in terms of growth in the z-direction. Therefore,
other changes in protrusion shape due to aggregation or merging of the lead-
containing compounds were overlooked.

Conclusion
This pilot study found that three-dimensional (sub-) surface scanning
techniques are suitable for monitoring lead soap protrusions in oil paintings
if they provide sufficient lateral and depth resolution. It was possible to
detect small-scale changes in the size and shape of protrusion-like structures
in painted multi-layered model systems, although no specific chemical
identification of lead soaps is obtained. Critical for quantifying small
changes is the alignment of the 3D profiles acquired over different points of
time. For alignment or registration, reference points that do not change over
time should be selected. As long-term monitoring will likely focus on
regions of interest in a painting that is unstable, care must be taken to select
robust reference points. In addition, X-radiography proved suitable for
detecting changes in the spatial distribution of metal soap protrusions. By
systematically approaching X-radiograph acquisitions that are already
routinely carried out in many museums, this could form a relatively
accessible tool for long-term monitoring of protrusions in easel paintings.
In conclusion, long-term monitoring of chemical dynamic processes in
paintings is challenging for a variety of reasons. This pilot study helps to
develop and refine a hypothesis about the expected changes around lead
soap protrusions and improving measurement protocols. Despite the
challenges that long-term monitoring poses, it has the potential to generate
valuable insights into material degradation and the environmental response
to support the preservation of oil-based paintings.

Data availability

No datasets were generated or analysed during the current study.
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