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Theacidattack (1990)onRembrandt’sThe
Night Watch (1642). Reassessing the
painting’s condition through a multimodal
analytical approach
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In 1990, Rembrandt’s The Night Watch was attacked with concentrated sulphuric acid. This study

reassesses the affected area and aims to identify and characterise any secondary degradation

products, as well as any challenges for the conservation treatment. A comprehensive analytical

approach, using macroscopic X-ray fluorescence (MA-XRF), macroscopic X-ray powder diffraction

(MA-XRPD), optical coherence tomography (OCT), and light microscopy, scanning electron

microscopy combined with energy-dispersive X-ray (SEM-EDX) analysis, micro attenuated total

reflectance Fourier transform infrared (µ-ATR-FTIR) spectroscopy and synchrotron radiation micro

X-ray powder diffraction (SR-µ-XRPD) of three paint cross-sections, permitted the confirmation of

anglesite (PbSO4) and extensive lead soap formation in the affected areas. Additionally, mock-ups

were prepared and analysed to reconstruct the entire sequence of events of the acid attack. Current

estimations predict that some of the damage to the paint layers will become discernible after varnish

removal and that local consolidation of the fragile surface might be required.

On the morning of Friday 6 April 1990, Rembrandt’s The Night Watch
(1642) was attacked at the Rijksmuseum in Amsterdam for the third
time in its lifetime1,2. The painting, a large dynamic group portrait of
militiamen painted for the great hall of the arquebusiers’ civic guard
headquarters (Kloveniersdoelen) in Amsterdam (Fig. 1A), was sprayed
with concentrated sulphuric acid by a perpetrator with a documented
history of mental illness. The resulting flow pattern of trails and drops
spanned an area measuring ~79 cm in height by 52 cm in width, cov-
ering the face, neck, and right arm of Jan van der Heede, the red mus-
keteer positioned on the far left, as well as the face of sergeant Reijer
Engelen, the figure behind his right arm and shoulder, and the shield in
the space between them (Fig. 1B). Fortunately, greater damage was
averted thanks to prior emergency response planning, foresight and
prompt action by the guards and conservation staff. The museum staff

and press concluded afterwards that the shock caused by the acid attack
was greater than the effective damage done to the painting.

The painting, which was lined with wax-resin in 1975/76 and had
previously been varnished with a thick poppyseed oil-containing dammar
solution in 1975/76 and 1981 for addedprotection in the event of an attack3,
was thoroughly sprayed with demineralised water in order to dilute, neu-
tralise and remove the acid4. The sources seem to imply that six cannisters of
water were sprayed in a mist of water droplets, with each cannister con-
taining 8–10 l of water, amounting to a total of max. 60 l of water. Two
scientists from the former Central Research Laboratory for Objects of Art
and Science, Amsterdam (currently RCE) assessed the situation by taking
acid value (pH) readings of the affected area after the spraying.With the pH
of the surface close to that of the demineralised water, it was confirmed
evidence that no further spraying was necessary5,6. The painting was
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subsequently driedwithwhite paper tissue, taken off thewall andunframed.
The conservators involved evaluated the damage and concluded that only
the varnish had been affected4. The painting was then treated (a more
detailed discussion of which is provided below) and reinstalled within a
matter of weeks.

This act of vandalism was not an isolated incident, but rather part of a
series of attacks onworks of art that occurred primarily in art galleries across

Europe during the second half of the 20th century. These attacks involved
the use of mechanical force (e.g. the use of knives), corrosive or non-
corrosive substances, or a combinationof the aforementioned, leavingmany
(old master) paintings severely damaged. In addition to the earlier
(mechanical) attacks on The Night Watch in 1911 and 1975, a significant
number of paintings by Peter Paul Rubens, Albrecht Dürer, Nicolaes Maes
and Willem Drost, as well as three other works by Rembrandt, were sub-
jected to acid attacks in museums such as the Alte Pinakothek in Munich
(1959 and 1988)7–11, the Gemäldegalerie in Düsseldorf (1977)12, the
Gemäldegalerie Alte Meister in Kassel (1977)13,14 and the State Hermitage
Museum in St. Petersburg (1985)15.

The emergency response in these museums was contingent upon
the nature of the collection, and the condition and the (conservation)
history of the affected paintings played a significant role in the nature of
the damage. Some examples of the damage observed by the acid attacks
included paint swelling, crust formation, themixing and displacement of
paint and varnish, and the deterioration of the support. It is noteworthy
that, with the exception of the Rijksmuseum and the Hermitage16,
museums were notably reserved in their utilisation of water out of fear of
promoting further damage. In one instance, the relative humidity was
even kept significantly reduced to 35-37% for some time after the
attack10. This sentiment concerning the potentially exacerbating nature
of water is still shared today by institutions such as The National Gallery
in London and The Courtauld Institute of Art after testing a range of
corrosive substances on dummies and test paintings during in-depth
studies and practical workshops17–20.Whilst water did not appear to have
an adverse impact on the paint layers of TheNightWatch, it is important
to consider the role of the hydrophobic nature of the paint caused by the
wax-resin lining and the thick varnish, and whether the water spraying
method would have been as successful on any other painting in the
Rijksmuseum galleries, especially those not wax-resin lined. Further-
more, the canvas impregnation, ground and paint layers are all oil-based,
rendering them less water-sensitive than, for example, the ground layers
observed in Dürer’s paintings7–11.

In 2019, Operation Night Watch was launched: the largest inter-
disciplinary research and conservation project of The Night Watch to date.
This initiative presented a timely opportunity to reassess the affected area,
given the significant advancements since 1990 in the development of ana-
lytical techniques, especially in the field of non-invasive imaging
techniques21–25. At the time of the initial investigation in 1990, the scientists
involvedhad alreadyhypothesised that a small quantity of the sulphuric acid
could have reacted with chalk and lead white inside the paint to form
calciumsulphates (e.g.CaSO4.2H2O, gypsumorCaSO4, anhydrite) and lead
sulphates (e.g. PbSO4, anglesite or K2Pb(SO4)2, palmierite)26,27, as has also
been the case in other paintings affected by acid attacks9,12,13. However, as no
visible damage to the paint layers was observed following the attack, no
further analysis was conducted to monitor the formation of any secondary
degradation products. Given the association of lead sulphates with issues
such as consistency changes of the paint9,13, which could potentially com-
plicate the conservation treatment, verifying their potential formation was
highly relevant.

The central question this paper addresses is if the concentrated sul-
phuric acid affected the paint layers of The Night Watch, and particularly
whether it led to the formation of lead-sulphur degradation products, due to
the presumed greater impact of the sulphur on the paint layers compared to
water. This information is important to identify any potential challenges for
the painting’s conservation treatment. The condition of the paint layers in
the affected area was assessed by identifying any secondary degradation
products at both macroscopic and microscopic levels using a wide range of
complementary analytical techniques. These included macroscopic X-ray
fluorescence (MA-XRF) imaging todetermine the elemental compositionof
the paint layers; and macroscopic X-ray powder diffraction (MA-XRPD)
imaging in reflection mode to identify and spatially map crystalline
degradation products, and optical coherence tomography (OCT) to
examine the varnish layers.

Fig. 1 | Rembrandt van Rijn. The Night Watch Militia Company of District II

under the Command of Captain Frans Banninck Cocq, 1642. Oil on canvas,

410 × 485 cm. Rijksmuseum, Amsterdam. A The painting in its current condition

(before restoration)BDetail of a black and white picture taken immediately after the

acid attack in 1990.
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The non-invasive macroscopic imaging was complemented with the
analysis of three micro-samples taken from both affected and unaffected
nearby areas. The embedded samples were examined by scanning electron
microscopy combined with energy-dispersive X-ray (SEM-EDX) analysis,
micro attenuated total reflectance Fourier transform infrared (µ-ATR-
FTIR) spectroscopy and synchrotron radiation micro X-ray powder dif-
fraction (SR-µ-XRPD) analysis to gain a deeper insight in the stratigraphy
and potential degradation of the paint. Additionally, a selection of varnish
removal tests was conducted to further characterise the current condition of
the paint layers. Finally, a series of mock-ups was prepared and exposed to
sulphuric acid and subsequent water rinsing in order to gain further insight
into the formation of anglesite, with particular attention paid to the influ-
ence of (1) the ground, (2) the composition of the pictorial layer, (3) the
presence or absence of a varnish and (4) the time of exposure to drops of
concentrated sulphuric acid.

Methods
Macro X-ray fluorescence (MA-XRF) imaging
The chemical elements mapping of The NightWatchwas conducted by the
Operation NightWatch team of the Rijksmuseum usingmacroscopic X-ray
fluorescence (MA-XRF) imaging spectroscopy. The painting was scanned
over the course of three months and in order to scan it as a whole, the
painting was divided into 56 different sections, each measuring
580 × 780mm. The analyses were performed with a M6 Jetstream (Bruker
NanoGmbH,Berlin,DE)MA-XRF scanner22. The scanner is equippedwith
a 30WRh-target microfocus X-ray tube with amaximum voltage of 50 kV,
a maximum current of 0.6 mA, a polycapillary lens, and two 60mm2

X-Flash silicondrift detectors that aremovedover the surface of thepainting
bymeans of anX,Y-motorised stage. Themeasurementswere performedby
collecting X-ray photons emitted by the painting material, employing a
spot-size of the primary X-ray beam of around 250 µm, an acquisition time
of 35ms per point and a step size of 500 µm. In addition to the scanning of
the entire painting, high-resolution detail scans were taken from specific
areas, including the c. 90 × 110mm detail of the acid attack (no. D00), with
an acquisition timeof 110msper point and a step size of 250 µm.Finally, the
acquired data cubeswere then exported andprocessed using the PyMca and
Datamuncher software packages to produce the elemental distribution
maps28,29.

Macro X-ray powder diffraction (MA-XRPD) Imaging
The MA-XRPD measurements on The Night Watch were performed by
means of an in-house built mobile scanner (AXIS, University of Antwerp,
BE)21. The device is set-upwith a low power X-raymicro source (50W, IμS-
Cu, Incoatec GmbH, DE) that produces a monochromatic and focused
X-ray beam (Cu–Kα; 8.04 keV) with a photon flux of 2.9 × 108 photon s−1

(focal spot diameter: ca. 140 μm,output focal distance: ca. 20 cmand abeam
divergence: 2.4mrad).Aprimary beam impingement angle of 10° relative to
the surface of the painting was chosen. This resulted in an elliptical beam
footprint with dimensions of 0.8 mm in the horizontal and 0.2 mm in the
vertical direction. To record 2D diffraction patterns at each measurement
position, A PILATUS 200K (DECTRIS Ltd., CH) area detector was utilised.
All components were mounted on a motorised platform capable of move-
ment in the X, Y and Z directions. To mitigate the impact of local topo-
graphy and curvature of the painting surface on the diffraction data, the
distance between the artwork and the scanner was automatically adjusted
using a laser distance sensor (Baumer GmbH, DE) at all positions. The in-
house developed software package XRDUA was utilised for the processing
of the diffraction data. XRDUA provides the necessary tools for extracting
crystalline-specific distributions from the large number of 2D diffraction
patterns obtained during XRPD imaging experiments30.

Optical coherence tomography (OCT)
Optical Coherence Tomography (OCT) images were collected using two
OCT devices. The Thorlabs Ganymede OCT device functioning at the
centre wavelength of 930 nm. The axial and lateral resolution were 3.0

micrometre in air and8.0micrometre, respectively.Volumetric imageswere
collected of an area of 7 by 3mm using 1024 by 1024 pixels. The OCT
Images were post-processed using ImageJ version 1.54 f, whereafter the
varnish and paint layerwere segmented in automated fashion and corrected
for the refractive indexusing a customdeveloped script inMATLABversion
2020a [Natick, Massachusetts: The MathWorks Inc.] to obtain the height
maps. A refractive index of 1.5 was used for varnish to convert optical
pathlength to physical distance.

Paint micro-samples and sample preparation
Three samples were taken in the acid attack area in The Night Watch.
Sample SK-C-5_024a was taken in a highlight of the right hand palm of Jan
van der Heede, the musketeer in red. Additionally, two samples were taken
in the grey shield grey shield behind him. Sample SK-C-5_035 was taken
from within an acid trail and sample SK-C-5_036 was taken from a nearby
unaffected area (see Supplementary Fig. 2).

The paint samples were prepared as cross-sections by embedding
them in Technovit 2000 LC mounting resin - a one-component
methacrylate that cures under visible blue light (Heraeus Kulzer GmbH,
Germany) - (SK-C-5_024a) or Poly-pol PS230 polyester mounting
resin with M.E.K.-peroxide harder (Poly-Service, Amsterdam, Neth-
erlands) (SK-C-5_035 and SK-C-5_036) and polished using a sample
holder and Micromesh sheets up to grade 12,000 (Micro-Surface Fin-
ishing Products Inc., Wilton, Iowa, USA) to expose the paint
stratigraphy31. The cross-sections were examined using light micro-
scopy, SEM-EDX, µ-ATR-FTIR, and SR-µ-XRPD.

Light microscopy
Lightmicroscopy of the paint cross-sections was carried out on a Zeiss Axio
Imager.A2mmicroscope equipped with a Zeiss AxioCam506 colour digital
camera. The cross-sections were examined in dark field (DF) mode and
under ultraviolet radiation (UV365nm) at magnifications of up to 1000×.
White light was provided by a LED lamp. For UV luminescence, a 365-nm
LED Colibri 2 was used and a filter cube composed of a 365-nm excitation
filter (EX G365), a beam splitter at 395 nm (BS FT 395), and an emission
longpass filter at 420 nm (EM LP 420). Images were captured at spatial
resolutions of 0.27 μm/pixel (200x) and 0.11 μm/pixel (500×) using the
image-acquisition software Zen 2 pro (blue edition) with extended depth of
focus (MEDF) facilities.

Scanning electron microscopy energy-dispersive X-ray (SEM-
EDX) spectroscopy
Scanning electronmicroscopy in combination with energy dispersive X-ray
spectroscopy (SEM-EDX) was performed on a FEI NovaNano SEM 450
variable pressure electron microscope equipped with a ThermoFisher NSS
EDX system. The uncoated samples were first examined under low vacuum
and backscattered-electron (BSE) images were collected at an acceleration
voltage of 15 kV, spot 3,GADdetector, 90 Pa and a 5mmeucentricworking
distance. The samples were then analysed under high vacuum with a thin
gold coating (SK-C-5_024a) or a 4 nm thick tungsten coating using a Leica
EM ACE600 Coater (8E−3mbar) (SK-C-5_035 and SK-C-5_036) to
improve surface conductivity. The EDX maps were also collected under
high vacuum conditions, with an accelerating voltage of 20 kV, spot 5 and a
map resolution of 1024by 682 pixels, 60 s frame time, 85 μs dwell time and a
total of 30 frames.

Micro attenuated total reflectance Fourier transform infrared (µ-
ATR-FTIR) spectroscopy
FTIR spectral data of cross-sections SK-C-5_035 and SK-C-5_036 were
collected employing the Perkin Elmer Spectrum 100 FTIR spectrometer
combined with a Spectrum Spotlight 400 FTIR imaging system equipped
with a 16 pixel mercury cadmium telluride linear array detector (16/2
MCT). A Perkin Elmer ATR imaging accessory consisting of a germanium
crystal was used to impinge the sample prior to data collection. The spectral
resolution employed corresponded to 16 cm−1 while the mapped area
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shown in S.I. measured was 400 by 400 μm2 in size employing a spatial
resolution of 1.56 μm per pixel.

Synchrotron radiation micro X-ray powder diffraction (SR-
µ-XRPD)
The SR-μ-XRPD analysis was performed at two different beamlines: P06
(PETRA III, DESY, DE) and ID13 (ESRF, FR). At ID13, the analysis was
conducted on reconstructions only; at P06, however, all three cross-
sectioned paint samples were examined in addition to the reconstructions.
P06 is a hard X-ray micro- and nanoprobe beamline suited for XRPD
imaging experiments on the microscale. A Kirkpatrick-Baez optical system
was utilised to focus the beam to a diameter of 0.5 μm and a flux of 1010

photons s−1 with selected primary energies of 13 and 21 keV. The samples
were positioned within a sample holder capable of movement in the X, Y
and Z directions across several millimetres. An EigerX 4M detector
(DECTRIS Ltd., CH) was employed to collect the diffraction signals. The
collected diffraction data were corrected for attenuation effects.

The ID13 beamline is an ESRF undulator beamline dedicated to high-
lateral resolution diffraction and scattering experiments using focused
monochromatic X-ray beams. The ID13 beamline offers high-brightness
(sub)micrometric X-ray beams coupled with fast-reading, highly sensitive
area detectors. This combination makes the beamline ideal for scanning
experiments at high spatial resolutions. The mock-up samples were pri-
marily investigated at the ESRF, where a rapid acquisition time enabled
comprehensive analysis at the micro-branch end station. Samples were
mounted vertically, perpendicular to the X-ray beam, and the energy of the
incident beam was selected to be ~13.0 keV. The beam was focused to
≈2 × 2 µm2 (flux ~2 × 1012ph/s, at I = 128mA electron beam current; atte-
nuated to ~1011ph/s by detuning the undulator) using a compound
refractive lens (CRL) set-up mounted in a transfocator. SR-µ-XRPD maps
were obtained by raster-scanning the samples and collecting 2D XRPD
patterns, in transmission, similarly to P06. Additionally, this beamline
employs an EigerX 4M (DECTRIS Ltd., CH) single photon counting
detector that acquires frames with 2070 × 2167 pixels (75 μm pixel size).
Access to beamtime at ESRF was facilitated by the Historical Materi-
als BAG32.

Stereomicroscopy
The paint surface was examined using a Zeiss Stemi 508 stereomicroscope
equipped with a Zeiss Axiocam 503 colour digital camera.

Varnish removal tests
The varnish removal test (test no. SK-C-5_005-0025E) discussed in this
paper was conducted with 1 × 1 cm Evolon® CR (manufactured by Freu-
denberg, marketed by Deffner & Johann), a non-woven polyamide/polye-
ster tissue33,34. The tissue was loaded with a 45% ethanol load a day prior to
testing, and then brought into contact with the varnish surface and covered
with Mylar®. After a 60-second contact time, the tissue containing the
dissolved and absorbed varnish was removed.

Mock-up sample design and preparation
The objective was to create model samples that were as representative as
possible ofTheNightWatch and the acid attack event. Eighteenof the thirty-
six mock-ups were prepared with a preparation and ground layer (codeG);
the other half of the mock-ups only have a support and a pigmented layer
(code N). A varnish layer was applied to half of the mock-up samples (code
V; the unvarnished samples have codeU). The stratigraphy of themock-up
samples was as follows:

0. Support: polycarbonate slide (the choice for a polycarbonate sub-
strate in lieu of canvas was to allow for an easier preparation of the
microtomed cross-sections).

1.Preparation layer: composed of amixture of lead-rich linseed oil and
sand (composed of pure quartz crystals: SiO2), with an average thickness of
less than 50 µm. Pure litharge β-PbOwas amalgamated with oil in a ratio of
1:10 by weight, subjected to boiling (temperature between 180 and 200 °C)

and reaction until all PbO particles were no longer discernible following a
recipe by Turquet de Mayerne (1573–1654)35. The identification of a lead
and oil-rich sizing layer was previously identified and discussed by Broers
et al.36. The addition of sand to the leadedoil layer was to ensure its adhesion
to the polycarbonate substrate.

2.Ground layer: composed of a quartz-rich clay mixed with linseed oil
obtained with m% of 3:1 to obtain a workable paste to apply on top of the
preparation layer37.

3. Pigmented layer: All thirty-six samples were prepared employing
paint with different lead white content in the pigmented layer but always
keeping the same m% between pigments and oil of 1:3;
• with pure (hydrocerussite-rich) lead white; sample code: 100%

(reflecting the mass percentage of lead white in oil);
• with amixtureof leadwhite (20m%), ochre (20m%), boneblack (20m

%), vermillion (20m%), andmadder lake (20m%); sample code: 20%;
• with a mixture of lead white (10m%), ochre (22.5m%), bone black

(22.5 m%), vermillion (22.5m%), andmadder lake (22.5 m%); sample
code: 10%.

4.Varnish layer: A newly prepared varnish, characterised by the same
composition as the varnish applied in 1975 by Kuiper (30 parts turpentine
oil, 10 parts dammar and 1 part poppyseed oil by volume) was employed to
varnish the mock-ups3.

Following the preparation, the simulation samples were then subjected
to artificial ageing for a period of 450 h (~19days) in a climate chamber (UV
200RB/20 Weiss Technik, BE). The purpose of this process was to weaken
anddegrade the protective varnish (if present) and the oil binder. To achieve
this, lamps were utilised that imitated sunlight, operating at a fixed tem-
perature of 50 °C and a relative humidity of ~80%.

The mock-up samples were sprinkled with a concentrated sulphuric
acid solution (≥95 w%) to replicate the acid attack in 1990 and to ascertain
the effect of different contact times between the acid and the pictorial
stratigraphy. To emulate the swift intervention of museum security per-
sonnel, three different contact times were employed: 5, 10 and 20min,
respectively (with designated sample codes 5min, 10min and 20min).
After the termination of a designated timeframe, the paint surface, held
vertically, underwent extensive rinsing with deionised water for a duration
of 15–20min to remove the sulphuric acid solution, thus simulating the
intervention of themuseum staff after the attack.While the precise duration
of the spraying has not been documented, it is generally assumed, based on
circumstantial evidence and oral sources, that it took a significant amount
of time.

Following the exposure to the acid and the water spraying, the thirty-
sixmock-up sampleswere subjected to a second roundof artificial ageing for
448 h. This was conducted under similar conditions as the previous round
(50 °C and 80% relative humidity) with the same lamps previously descri-
bed. These conditions were selected to promote ion- and compound
migration within and among the paint layers of the mock-up samples.

Results
The current condition of the paint and varnish layers
On initial observation, The Night Watch does not bear witness to the
acid attack of 1990. Under regular light circumstances its condition
remains seemingly unaffected after all these years. Even at close range,
no clear acid flow pattern can be distinguished and subtle changes
caused by the attack are easy to miss. However, in raking light, it
becomes evident that the varnish applied over the affected area is
slightly more matt and possibly also thinner than in the surrounding
areas. This is corroborated by observations in UV-induced fluores-
cence, in which the flow pattern can easily be recognised, and where the
varnish shows a weaker fluorescence in the areas that have been in
contact with the sulphuric acid (Fig. 2). This difference in fluorescence
is probably the result of the varnish being thinner, younger and of a
slightly different composition4. OCTmeasurements confirmed that the
varnish is indeed much thinner in the trails (see Supplementary Fig. 1).

https://doi.org/10.1038/s40494-025-02233-5 Article

npj Heritage Science |          (2026) 14:130 4



Despite assurances of the former conservation staff that solely the
varnishhadbeen affected, and that thepaint layers had remainedunscathed,
the precise extent of the impact on the varnish remains uncertain, with the
possibility that it might have been lost entirely in some areas and that some
of the sulphuric acid did in fact reach the paint. There is no known written
report of the precise condition and nature of the conservation work carried

out at the time.Oral accounts suggest that, where possible, the degraded and
embrittled varnish was mechanically removed using small brushes before
new dammar varnish was applied, first locally, then with a final overall
layer4,38. It is unclear whether solvents were employed in the removal pro-
cess, and towhichextent residual varnishwas left on thepaint surface.Given
the timeconstraints underwhich the remedial treatmentswere conducted, it
is plausible that varnish residues swollen by the acid may have remained on
the paint surface.

Close examination of the paint surface under highmagnification (up to
50×) reveals that the paint layers did, in fact, suffer the consequences of the
attack, particularly in the lead white-rich areas. In some areas, most notably
in the white cuff of the red musketeer, crystalline-looking surface deposits
are visible on the flattened tops of thick lead white brushstrokes (Fig. 3A). It
appears that some type of reaction has taken place with the lead white, and
that the flattening is either due to corrosion of the paint by the acid or the
softened paint being abraded during the subsequent varnish treatment. This
phenomenon is also visible in other areas of the acid attack area where lead
white is present in the upper layers of the paint stratigraphy, but not in areas
outside the acid trails.

After varnish removal tests, it was possible to obtain an unobstructed
view of the paint layers in a few selected locations within the acid attack area
(Fig. 3B–D). In the grey shield, the trails marked by the acid become clearly
visible without the presence of a varnish (Fig. 3B, C). High-magnification
examinations of the paint surface confirm the flattening and abrasion of the
tops of brushstrokes.Here it appears as if the acid has caused the top layer to
react away, exposing the lead white-containing underlayer. Pigment parti-
cles lay bare, and the paint surface appears to be highly porous and broken
up,manifesting as a pitted appearance.A comparable porositywas observed
in the Munich Dürer paintings, and it was partially attributed to the for-
mation of CO2 gas bubbles shortly after the attack

9. It is plausible that some
of the round craters inTheNightWatchpaint surface are causedby the same
type of process, albeit on such a superficial level and small scale that the
bubbling effect of the acid may not have been observed at the time.

The desaturated, whitened appearance of the paint surface of the grey
shield visible after varnish removal is most probably caused by a scattering
effect of the porous, roughened surface. As this issuemostly disappears after
temporarily saturating the surface with ShellSol T (aromatic-free hydro-
carbon solvent), it is hypothesised that the bindermay have been affected by

Fig. 2 | Detail of the current situation of the acid attack area of The Night Watch in

UV illumination showing the musketeer in red, Jan van der Heede.

Fig. 3 | Stereoscopic micrographs of the paint

surface revealing traces of the acid attack.

A Flattened brushstrokes and crystallisation are

visible in the white cuff (indicated with arrows).

BThe same type of flattening is visible in raking light

in an acid trail (indicated with white dashed lines) in

the grey shield after varnish removal. CUpon closer

inspection it becomes apparent that the grey surface

layer is absent, and that the white layer beneath is

very porous. D Upon temporary saturation with

ShellSol T some of the paint degradation becomes

less visible due to reduced scattering of the broken-

up surface.
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the acid to some degree (Fig. 3D), as was also the case in Rembrandt’s
Danaë39. In this context, “saturating” refers to the (temporary) visual dee-
pening and clarification of the paint layer when a varnish (or in this case a
solvent) reduces surface scattering by wetting and thus unifying the surface,
allowing the original colour and tone to appear more vivid. It is expected
that, similarly to the application of ShellSol T, a newly applied varnish will
most likely also visually negate this effect. However, as the painting is set to
undergo a comprehensive restoration treatment, including the complete
removal of the existing varnish, it is essential to gain a thorough under-
standingof the chemical degradation of the paintwithin the acid attackarea,
and how it could potentially affect the treatment.

MA-XRF imaging
In the grey shield (Fig. 4A), the acid flow pattern can be clearly identified in
the high-resolution elemental distributionmaps of lead (Pb-M, Fig. 4D) and
sulphur (S-K, Fig. 4E), and correspondsprecisely to thepattern captured in a
photograph from 1990 (Fig. 1B) and in UV (Fig. 4B). The absence of this
pattern in the L-line mapping of lead (Fig. 4C) suggests that the attack
predominantly modified the chemical composition of the surface layers of
the paint stratigraphy. Pb-L signals are of a higher energy and convey
information from both surface and deeper layers within the paint strati-
graphy (<200 μm) in comparison to the lower energy Pb-Mphotons, which
mainly arise from areas located closer to the surface (<10 μm). The sulphur
S-K photons are in the same energy range as the Pb-M photons and must
also derive from the upper layer(s).

Elevated Pb-M and S-K intensities were discerned in the acid trails
when compared to the surrounding paint. The direct contact between lead
ions and sulphuric acid may have resulted in the potential precipitation of
one or more insoluble lead-sulphur compounds on the surface. It is hypo-
thesised that the sulphur detected in this area derives from the presence of a
newly formed secondary compound, as can be observed in the diffraction
and SEM-EDX images (see Figs. 6 and 7), rather than from free sulphuric
acid left in the paint or varnish. However, further characterisation is
necessary to ascertain the precise origin of the sulphur in question. This
includes determining whether the formation of sulphur-rich products is
confined to the uppermost 10 µm of the paint stratigraphy, or if they have

also formeddeeperwithin thepaint.Care shouldbe takenwhen interpreting
the Pb-M map. As OCT confirmed that the varnish in the acid trails is
thinner than in the adjacent regions, it will cause less attenuation of the Pb-
M signal emerging from underneath. Additionally, the potential migration
of lead ions into the superficial regions of the varnishmay be a contributing
factor aswell. Finally, the partial spectral overlap between the Pb-Mand S-K
lines must be considered, as this can artificially enhance the apparent Pb
distribution in areas where anglesite is present.

MA-XRPD imaging
Figure 5E–G present the macroscopic distribution maps of the most rele-
vant identified crystalline phases (measured down to a depth of 10 µm)
within a small area of the affected region. This area encompasses part of a
metal shield and part of the right leg of sergeant Reijer Engelen (Fig. 5J), the
figure seated on the right side of Jan van der Heede, the musketeer in red
(Fig. 5A). In the leg of the former, calcite (CaCO3) was discovered alongside
weddellite (CaC2O4·2H2O) (Fig. 5E), a calcium-containing alteration pro-
duct that is frequently encountered in paintings21,40,41.

In the area examined, lead white was predominantly identified in the
light grey highlight of the grey metal shield, as illustrated in Fig. 5I. This
highlight is characterised by an abundance of hydrocerussite
(2PbCO3

.Pb(OH)2), along with a minor presence of cerussite (PbCO3).
Additionally, two lead-sulphur-containing alteration products, palmierite
(K₂Pb(SO₄)₂) and anglesite (PbSO4), were also identified. Their distribution
is shown in Fig. 5F and G, respectively.

The distribution of palmierite (Fig. 5G) is akin to that of potassium
(Fig. 5D), which is present in the leg of sergeant Engelen. It is widely
acknowledged that palmierite frequently develops in areas where
potassium-containing pigments, such as smalt, organic lakes, ultramarine,
and earth pigments, are present alongside lead-containing pigments such as
lead white21,27,42,43–49. The Pb-M map (Fig. 5C) indicates that lead is indeed
present in this area, albeit to a lesser extent than in the shield. Interestingly,
the distribution map of palmierite (Fig. 5G) does not appear to exhibit the
distinctive drip pattern (Fig. 5C), contrary to that of anglesite (illustrated in
Fig. 5F). The latter compound is less frequently encountered in oil paintings
and was also not identified in other areas of The Night Watch that were

Fig. 4 | High-resolution MA-XRF imaging of the acid attack area in The Night Watch. A Detail of the grey shield in VIS and B in UV light; MA-XRF distribution maps

(scan location marked in white in (A)) of: C Pb-L, D Pb-M and E S-K. Brighter areas indicate a higher elemental intensity.
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analysedusingMA-XRPD50. As illustrated in Fig. 5G, palmierite has formed
in the leg of the seated musketeer, creating a fairly uniform sulphate-rich
layer. It seems plausible to suggest that this layer has probably formed
gradually over the400-year existence ofTheNightWatch, whichwouldhave
resulted in the majority of the K+ ions being trapped within the palmierite
precipitate. Following the acid attack, the absence of an adequate con-
centration of available K+ ions within the affected area may have hindered
the local precipitation of additional palmierite (Fig. 5D), allowing solely the
formation of anglesite as a secondary product.

Paint cross-sections
Three cross-sectioned samples from the acid attack area inTheNightWatch
were subjected to comprehensive analysis in order to ascertain whether the
formation of anglesite was indeed caused by exogenous factors such as the
sulphuric acid attack, and not by natural alteration (i.e. pigment and binder
interaction over the course of time). Two of the samples were taken in close
proximity to each other in the grey shield: one sample inside one of the acid
trails (SK-C-5_035) and the other in an unaffected area just outside of a trail
(SK-C-5_036) (Fig. 6, and Supplementary Fig. 2). The third sample was

obtained from the end of an acid drip in a lead-rich highlight on the proper
right palm of the redmusketeer (SK-C-5_024a) (Fig. 7, and Supplementary
Fig. 2). Their location was selected based on the results obtained through
MA-XRF and MA-XRPD and the confirmed presence of lead white and
anglesite.

During sampling of cross-section SK-C-5_024a, it was observed that
the paint exhibited a notable degree of softness and a consistency remi-
niscent of butter, which is contrary to the characteristics onewould typically
associate with a lead-rich 17th-century oil paint. This type of softening of
leadwhite-containing paints has been observed in other paintings following
acid attacks and has been attributed to the conversion of lead carbonate to
lead sulphate9,13. The concentrated sulphuric acidmay also have affected the
oil binding medium, such as causing hydrolysis of the ester bonds, which
can also lead to softening of the oil paint. Given that no softening was
observed during sampling in the shield, it was hypothesised that the higher
lead white content and longer exposure to a greater quantity of sulphuric
acid at the endof the acid trailwere responsible for the change in consistency
and hardness of the paint in the hand. A similar observation or even amore
marked reaction at the end of acid drippings was also made after the attack
of a painting by Rubens in Düsseldorf in 197712.

Figure 6 shows the lightmicroscopy images of samples SK-C-5_035 and
SK-C-036 in dark field (DF) and UV (365 nm) illumination, as well as the
SEM-BSE images and a selection of SR-µ-XRPD maps (see also Supple-
mentary Figs. 4, 5). The two samples contain the complete stratigraphy with
the exception of the quartz-containing ground layer. The comprehensive
microscale analysis reveals multiple brown and grey paint layers of similar
composition; four in sample SK-C-5_035 and three in SK-C-5_036.Among a
wide array of other pigments, lead white is present in varying quantities and
condition states throughout the complete stratigraphyofboth samples. Figure
7 illustrates the findings of the microscopic analysis of sample SK-C-5_024a,
obtained from the hand palm of the red musketeer (see also Supplementary
Fig. 3). As a result of the aforementioned difficulty encountered during the
sampling process caused by the soft consistency of the paint, the sample
comprises solely the uppermost paint layer, which is rich in leadwhite aswell.

In the BSE images of the samples taken from the affected areas, SK-C-
5_035 (Fig. 6C, D) and SK-C-5_024a (Fig. 7C, D), the dissolution of lead
white pigment due to saponification (as substantiated by µ-ATR-FTIR ana-
lysis of sample SK-C-5_035, see SupplementaryFig. 6) becomesdiscernible in
the BSE images as greyish areas or halos encircling the lead white particles.
This phenomenon can also be recognised in sample SK-C-5_036 (Fig. 6I, J,
SupplementaryFig. 7), albeit to amuch lesser degree.Additionally, it becomes
evident from the BSE images that the paint surface in the samples from the
affected areas has been severely disrupted, characterised by an uneven and
fragmented surface layer. The lead white exhibits an amorphous and light
grey appearance, while the lead white particles in the surface layer of sample
SK-C-5_036, taken from the unaffected paint, remain intact. In accordance
with thefindings of the surface examination, it can be hypothesised that (part
of) the bindingmedium in the upper layer has reacted away (shown by layer
5a in Fig. 6D). In contrast, the BSE image of sample SK-C-5_036 does not
demonstrate the aforementioned fragmented or irregular surface morphol-
ogy, nor does it exhibit an absence of binding material (Fig. 6J).

Moreover, the SEM-EDX maps of sample SK-C-5_035 indicate an
enrichment of sulphur at the paint surface (see Supplementary Fig. 4). A
comparable phenomenon can be discerned for SK-C-5_024a, although the
evidence is less conclusive (see Supplementary Fig. 3). As expected, this
enrichment is not evident in sample SK-C-5_036 (see Supplementary Fig.
5). By means of SR-μ-XRPD, it is possible to identify and visualise the
presence of anglesite in the top layer of the pictorial stratigraphy in sample
SK-C-5_035 (Fig. 6F). The thickness of the anglesite layer in SK-C-5_035 is
~5–10 μm, which is consistent with the sampling depth of the MA-XRPD
instrument employed during the macroscopic investigation. Interestingly,
anglesite was confirmed to be present throughout the entire top paint layer
(~30–40 μm) of sample SK-C-5_024a (Fig. 7G), rather than solely at surface
level. It seems plausible to suggest that the deeper formation of anglesite can
be partially attributed to the sampling location of sample SK-C-5_024a at

Fig. 5 | MA-XRF and MA-XRPD imaging of the acid attack area in The Night

Watch. A The area investigated is marked in white; MA-XRF distribution maps of:

B calcium (Ca-K), C lead (Pb-M) and D potassium (K-K); Corresponding MA-

XRPD distribution maps of: E weddellite, F anglesite, G palmierite, H calcite and

I hydrocerussite; J subarea within the acid attack area. Brighter areas indicate a

higher XRF or XRPD intensity value.
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Fig. 6 | Results of themicroscale analysis of cross-sections SK-C-5_035 and SK-C-

5_036. Light microscopic images in dark field illumination (A, G) and UV light

(B, H); Backscattered-electron (BSE) images (C, I); High-resolution BSE images

(D, J) (location marked in blue in images C, I); SR-µ-XRPD maps (location

marked in red in images C, I) showing the hydrocerussite (E, K) and anglesite

(F, L) distributions. Brighter areas indicate a higher local abundance. Layer 1 in

both paint samples contains a mixture of earth pigments, bone or ivory black, lead

white, blue copper-containing particles (probably azurite), red lake, vermilion,

some chalk and possibly smalt. Layer 2 in both samples contains the same

pigments as layer 1. Additionally, these layers contain an organic brown (poten-

tially Kassel earth), a few particles of gypsum and chalk and some lead-tin yellow.

Layers 3 and 5 in sample SK-C-5_035 are similar in composition to layer 2,

although they contain a higher amount of bone or ivory black. Layer 4 in this

sample indicates interfacial material such as an oil skin, characterised by a high

concentration of organic compounds. Layer 3 in sample SK-C-5_036 contains a

mixture of bone or ivory black, (intact) lead white, vermilion, red lake, earth

pigments and chalk. The top layer in both samples (layer 6 in SK-C-5_035, layer 4

in SK-C-5_036) is a natural resin varnish.
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the endof the acid trail, whichwas exposed for a longer periodof time and to
a greater quantity of sulphuric acid in comparison to that of sample SK-C-
5_035, which was taken in themiddle of the trail. In comparison, in sample
SK-C-5_036, which was sampled from a nearby area not affected by the
sulphuric acid, neither anglesite nor any other crystalline sulphate could be
detected.

Mock-up samples
To improve our comprehension of the interaction between the sulphuric
acid and the paint layers, a series of 36mock-up samples was prepared. The
series comprised a number of variables, including (1) the presence or
absence of the lead-rich preparation and ground layers. These were created
by adding lead monoxide (PbO) to linseed oil as a drying agent. Further-
more, (2) the composition of the paint layer, (3) the presence or absence of
varnish, and, (4) the time of exposure to drops of concentrated sulphuric
acid were systematically varied. The latter was controlled by rinsing the
mock-upwithdemineralisedwater after a set amountof time, simulating the
emergency response protocol in the case of a corrosive attack. As illustrated
in the overview of the mock-up samples in Table 1, each mock-up sample
was assigned a unique code to describe the nature of each layer. These codes
are used in the discussion below. A more detailed description of the mock-
up sample preparation can be found in the methods section.

Initially, all mock-up samples were analysed with the MA-XRPD
instrument to ascertain the formation of anglesite. The resulting data are
presented in Table 1. Afterwards, all samples were analysed employing SR-
μ-XRPD imaging analyses at thePETRA-III andESRF synchrotron facilities
to investigate the newly formed secondary compounds and their
distribution.

A number of observations can be readily made:
1. It was observed that an increase in the exposure time of the paint to

sulphuric acid from 5 up until 20min resulted in a significant increase
in the likelihood of anglesite formation.

2. The samples containing a greater quantity of lead white exhibited the
formation of anglesite after a mere 5min of contact time. Upon
increasing the exposure time to 10min, anglesite began to form with
greater frequency. After 20min of exposure time, anglesite was iden-
tified in nearly all mock-up samples.

3. During the scanning of the mock-up samples, the presence of
palmierite was not confirmed, despite the use of a potassium-
containing pigment, madder lake, in addition to lead white. This
observation is at odds with historical samples, in which this secondary
product was detected. This discrepancy is likely due to the substantial
age difference between the historical and mock-up samples, as
palmierite appears to form only over longer timescales under these
conditions.

The SR-µ-XRPD analysis enabled the mapping of the distribution of
anglesite in the cross-sections obtained from the mock-up samples (see
Supplementary Fig. 8), and revealed that the thickness of the anglesite layer
increases in proportion to the duration of the acid exposure. Subsequently,
the impact of the paint layer’s lead white concentration was examined. An
increase in the quantity of leadwhite present in the paint layerwill result in a
greater availability of dissolved lead ions for the formation of anglesite. It
may therefore be anticipated that a positive correlation will be observed
between the abundances of leadwhite andanglesite.As illustrated inTable 1,
a paint layer comprising 100% lead white typically leads to the formation of
anglesite. The observed trend in the model samples is consistent with the
expected outcome, namely that the amount of anglesite formed increases
with the concentration of lead-containing pigment (in this case, primarily
hydrocerussite). Three examplesof anglesite distributionmaps canbe found
in the supplementary information (see Supplementary Fig. 8). It is also
noteworthy that even a low concentration of lead white (10%) can result in
the formation of anglesite. However, this does not yield a complete layer of
anglesite, but instead results in the formation of isolated spots of this pre-
cipitate. When the concentration of lead white in the pictorial layer is

Fig. 7 | Results of the microscale analysis of cross-section SK-C-5_024a. Light

microscopic images in dark field illumination (A) and UV light (B);

Backscattered-electron (BSE) image (C); High-resolution BSE detail (D, J)

(location marked in blue in image C); SR-µ-XRPD maps (location marked in red

in image C) showing the hydrocerussite (E), cerussite (F) and anglesite (G) dis-

tributions. Brighter areas indicate a higher local abundance. Layer 1 contains

vermilion, red lake, lead white, yellow earth, chalk and possibly smalt. Layer 2 is a

natural resin varnish.
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increased to 20%, layered structures begin to form and become visible in the
upper part of the paint layer.

Contrary to expectations, the anglesite distribution maps of varnish-
coveredmock-up samples (Fig. 8F, H) suggest that the presence of a varnish
layer allows anglesite to form deeper below the surface compared to
unvarnished mock-ups samples (Fig. 8B, D). Considering its significant
oxidative power, it is not implausible that the sulphuric acid rapidly pene-
trates and partially dissolves (‘eats away’) the varnish layer. In such a
situation, even after rinsing the paint surface with water, some (diluted)
sulphuric acidmight remain trapped in the remainingvarnish, continuing to
reactwith allmaterials in its proximity. In sucha scenario, afterwater rinsing,
the next critical step should then be to completely remove the varnish in
affected areas to prevent residual acid from triggering further reactions; time
would then be of the utmost importance, requiring swift intervention by the
conservator. It should be noted however that the hypothesis that the varnish
prevents some of the sulphuric acid from being rinsed away, needs to be
investigatedmore in detail via a set ofmock-up samples specifically designed
for this purpose, which is beyond the scope of the current investigation.

The influence of the presence or absence of a ground layer containing
PbO-rich oil has proven to be more complex to interpret. Table 1 indicates
that when a lead-rich ground is present, anglesite is identified with greater
frequency. This suggests that thePbOdryermayhave acted as source of lead
required for the formation of anglesite. However, when the distribution
maps of anglesite of samples without and with a PbO-rich ground layer are
compared (see Supplementary Fig. 8), only subtle differences are noticeable
among both groups of mock-ups, rendering it difficult to draw any clear
conclusion regarding the influence of the ground.

Discussion
Close examination of the paint surface and analytical researchhas revealed a
discrepancy between the conclusions drawn shortly after the attack took
place and the present findings. The initial conclusion that the paint had
remained undisturbed can now no longer be maintained. The presence of
crystalline surface deposits and a very broken-up and porous paint surface
alluded to the disruption of both pigments and bindingmedium, whichwas
confirmed by the identification of the lead sulphate anglesite. This principal
secondary product resulting from the interaction of the sulphuric acid with
the upper paint layer(s) of The NightWatchwas found to form a crystalline
precipitate at the paint surface composed of sulphate ions originating from
the strong acid, and lead ions originating from lead white containing-paint.

The superficial distribution of anglesite is consistent with the photo-
graphs of the acid flow pattern taken immediately after the acid attack.
Multimodal microscopic analysis of paint samples taken from within and
immediately adjacent to the affected area confirmed the presence of
anglesite in paint layers directly exposed to the sulphuric acid, down to a
depth of ~5–10 μm in the middle of acid trails and 30–40 μm in areas that
were exposed the longest. This resulted in the paint becoming porous and
fragmented, or even soft at the bottomof the trail. Anglesitewasnot detected
in the examined paint samples from The Night Watch at greater depths
below the surface. This finding indicates that, while the impact of the sul-
phuric acid was not restricted to the varnish layers, it only affected the paint
surface at a relatively superficial level. In contrast, no anglesite was
encountered in areas not directly exposed to the acid.

The analysis of the series of paint mock-ups exposed to concentrated
sulphuric acid andwater rinsing indicates that it is possible to readily induce
the formation of anglesite, resulting in a thin (ca. 10 μm) crust of crystalline
lead sulphate that is very similar to that encountered in the affected areas of
The Night Watch. Anglesite is formed in many circumstances even when
only 10% of lead white is present. In the absence of a varnish layer, a mere
10min of exposure time to sulphuric acid is sufficient to induce anglesite
formation, irrespective of the other parameters investigated. The findings
further demonstrate that, in the presence of a varnish, in situ formation of
anglesite can be observed after 10min when there is a lead-containing
ground layer present and/or when the paint layer in contact with the acid is
rich in lead white. Additionally, it has been demonstrated that any residual
affected varnish may act as a trap for acid, thus potentially promoting any
further reactions and damage. Consequently, complete removal of the
varnish in similar scenarios is imperative.

Current estimations predict that some of the damage will become
discernible after varnish removal and that the flow pattern of the attack will
become identifiable as such. As evidenced by the varnish removal tests, the
porous paint surface has been shown to cause a degree of light scattering due
to binder-breakdown, which in turn has been demonstrated to result in a
desaturating effect on the paint surface. Temporary saturation resolves this
issue, and it is anticipated that a newvarnishwill produce a similar outcome.
Further assessment of the paint surface after varnish removal will be
necessary to ascertain whether local consolidation of the fragile surface will
be required, especially where anglesite has formed. Adhering to varnish
removal methods with low mechanical action will, it is predicted, avoid
problems with the porous and potentially softened paint. Thanks to the

Table 1 | Schematic overview of the 36 mock-up samples

The followingcodingwasused:G:PbOcontainingground layer;N:noground layer. 100%, 20%or10%:marks the relativeabundanceof leadwhite used in themock-upsamples;other usedpigmentsareochre,

bone black, vermillion and madder lake. V: varnishedmock-up sample; U: unvarnishedmock-up sample. 5 min, 10min or 20 min marks the exposure time of the mock-up sample to sulphuric acid. Green cells

indicate that anglesite was not identified; red cells indicate that anglesite could be identified by MA-XRPD.
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encouraging outcome of this scientific research, there is currently no con-
cern that the treatment will exacerbate any of the existing damage or that it
will induce new issues within the affected area, as long as these areas will be
treated with the utmost care.

In a more general sense, this research has demonstrated that the
swift actions undertaken by the museum staff as part of the emergency
response protocols appear to have been effective in protecting the
integrity of the painting. Although small traces of the attack still
remain, the dilution of the sulphuric acid with large volumes of
demineralised water shortly after the attack, and the subsequent
removal of the degraded varnish, protected the painting from further
damage. However, the hydrophobic nature of the painting should not
be disregarded as an important factor in the success of this particular
case, especially when bearing in mind the lessons learned by other
institutions regarding their experiences with water. It is therefore still
recommended that future research be focused on a critical reassess-
ment of the current emergency response protocols, and on whether
they need to be adapted and implemented to ensure optimum pro-
tection for the collection’s paintings that could be classified as more
sensitive in similar emergency situations (i.e. panel, glue-paste lined
and/or unvarnished paintings).

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the supplementary information file. Additional data related to
this paper may be requested from the authors.
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