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Abstract

The	Attirement	of	the	Bride,	painted	by	Max	Ernst	in	1940,	is	permanently	on	display	in	the	Peggy	Guggenheim	Collection	(PGC)	in	Venice.	Within	the	framework	of	a	larger	study	of	materials	and	techniques	of	works	by

Ernst	at	the	PGC,	researchers	carried	out	a	series	of	non-invasive	analyses.	A	combined	approach	based	on	Vis-NIR	multispectral	imaging,	Raman	Spectroscopy,	X-Ray	Fluorescence	(XRF),	and	External	Reflection	Fourier

Transform	Infrared	Spectroscopy	 (ER-FTIR),	was	conducted	 in	situ	 in	 the	museum	galleries.	 In	addition,	 two	micro-samples	were	analysed	with	SEM-EDS	and	μ-Raman.	This	approach	produced	vital	 information	on	 the

preparatory	drawing,	the	pentimenti,	the	pigments,	the	extenders	and	the	alteration	products	present	in	the	painting.	The	results	showed	also	the	presence	of	a	white	preparatory	layer,	under	the	pictorial	one	and	above	the

canvas,	composed	by	lithopone	(a	mixture	of	zinc	sulphide	and	barium	sulphate),	basic	lead	carbonate	and	calcium	carbonate.	The	latter	compound	is	probably	present	also	as	an	extender.	The	palette	included	both	traditional

and	new	synthetic,	commercial	pigments,	used	as	primary	colours	or	in	mixtures.	Moreover,	in	several	areas	of	the	painting,	zinc	oxalates	have	been	identified	as	alteration	products	and	more	rarely,	zinc	metal	soaps,	which

could	also	be	present	as	additives	in	the	paint	tube.	These	analyses	revealed	the	masterful	and	innovative	painting	technique	of	this	pioneer	of	Surrealism.



1	Research	aim
The	aim	of	this	study	is	to	provide	a	characterization	of	the	painting	materials	used	by	the	German	artist	Max	Ernst,	whose	painting	technique	has	never	been	widely	investigated	from	a	scientific	point	of	view.	He	worked	in	a

transition	period	where	the	use	of	new	synthetic	materials	increased	with	respect	to	the	traditional	ones.	The	purpose	of	the	research	was	achieved	by	studying	an	oil	painting	exposed	to	the	Peggy	Guggenheim	collection	in	Venice

through	a	multi-analytical	approach.	It	mostly	involved	non-invasive	technique,	adopted	directly	in	n	situ.	However,	there	was	also	the	possibility	to	analyse	two	micro-samples	in	laboratory.	The	combined	results	obtained	from	each

single	analysis	provided	valuable	information	for	a	better	understanding	of	the	artist’s	painting	technique.

2	Introduction
Conservation	of	20th	century	paintings	presents	challenges	for	scientists	and	conservators,	given	a	plethora	of	new	industrial	and	synthetic	materials	whose	response	to	environmental	conditions	and	evolution	over	time	are

still	not	well	known	[1–3].	Modern	art	has	not	been	as	thoroughly	investigated	as	more	traditional	and	historical	painting	techniques.	New	paint	recipes,	in	particular	commercial	oil	paint	formulations,	include	a	variety	of	relatively

unexplored	pigments	and	dyes,	drying	oils,	fillers,	extenders	and	stabilizers	[4–6].	Therefore,	the	characterization	of	the	materials	is	crucial	to	first	understand	the	choices	of	the	artist	and	secondly,	to	determine	suitable	environmental

conditions	for	the	display	and	storage	of	the	works	as	well	as	to	develop	a	conservation	strategy	when	needed.	In	particular,	the	integration	of	data	deriving	from	a	multi-analytical	approach	is	very	useful	to	overcome	the	limitations	of

each	single	analysis,	thus	providing	more	definite	information	about	constituent	materials	and	painting	techniques.	Among	the	possible	methodologies,	the	non-invasive	ones	applied	directly	in	situ	are	usually	preferred	as	providing

valuable	information	while	preserving	the	integrity	of	the	artworks	[7–11].

Within	the	framework	of	a	larger	collaborative	project	between	the	Italian	National	Research	Council	(CNR)	and	the	Peggy	Guggenheim	Collection	(Venice),	a	multi-analytical	approach	involving	Vis-NIR	multispectral	imaging,

X-ray	Fluorescence	(XRF),	External	Reflectance	Fourier	Transform	Infrared	Spectroscopy	(ER-FTIR),	Raman	spectroscopy,	and	Scanning	Electron	Microscopy	coupled	with	energy	dispersive	X-ray	analysis	(SEM-EDS),	was	adopted	to

investigate	several	works	of	Max	Ernst	in	the	holding	of	the	Peggy	Guggenheim	Collection.

Maximilian	Maria	Ernst	(Brühl,	1891	–	Paris,	1976),	an	influential	artist	of	the	early	20th	century,	was	renowned	for	his	embrace	of	unconventional	imagery	and	an	array	of	stylistic	and	technical	innovations.	His	talent	took

shape	under	the	influences	of	Expressionism	and	Dadaism,	but	over	time	he	became	one	of	the	most	representative	artists	of	Surrealism	Art,	through	which	he	developed	a	personal	style.	Notwithstanding	Ernst's	importance	in	art

history,	the	technical	studies	on	his	materials	and	techniques	are	still	very	rare.	To	the	authors’	knowledge,	there	exist	in	the	literature	only	few	studies	on	Ernst's	paintings	[12–15].	This	ongoing	project	aims	at	filling	this	gap,	by

investigating	paintings	by	Ernst	of	different	periods.

This	paper	reports	on	the	study	of	the	materials	and	the	condition	of	the	painting	Attirement	of	the	Bride.	The	artwork	(Fig.	1),	an	oil	on	canvas	painted	in	1940,	is	one	of	Ernst's	masterpieces.	It	is	representative	of	his	veristic

or	illusionistic	Surrealism,	whereby	a	traditional	technique	is	applied	to	an	anomalous	and	disturbing	subject.	An	owl	headed	female	figure,	dressed	with	a	splendid	red	robe	that	opens	to	reveal	her	body,	dominates	the	picture.	On	the

right	is	another	female	nude,	while	on	the	left	a	green	large	bird-man	approaches	[16].	In	the	upper	left	corner,	the	picture-within-a-picture	presents	the	bride	in	the	same	pose,	surrounded	by	a	landscape	of	overgrown	classical	ruins.

The	splendour	and	elegance	of	the	image	contrasts	with	its	primitivizing	aspects	–	the	loud	colours,	the	zoomorphism	–	and	the	blunt	phallic	symbolism	of	the	spearhead.	Ernst	had	long	identified	himself	with	a	bird	and	in	1929	had

invented	an	alter	ego,	Loplop,	Superior	of	the	Birds.	While	the	bride	is	generally	thought	to	be	the	young	English	surrealist	artist	Leonora	Carrington	[17].
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The	painting	is	also	the	best	example	of	Ernst's	use	of	decalcomania,	invented	in	1935	by	Oscar	Domínguez.	The	technique	involved	diluted	paint	spread	over	some	areas	of	the	canvas	and	then	covered	and	pressed	on	with	a

piece	of	glass	or	a	sheet	of	paper	[18].

The	most	visible	use	of	decalcomania	is	in	the	picture-within-a-picture	at	the	upper	left	of	the	painting.	This	rectangular	surface	was	initially	treated	with	decalcomania	and,	after	drying,	the	sky	and	the	nude	female	body	were

brushed	in	the	contrasting,	smooth	and	unified	colour	creating	the	spatial	illusion	of	the	figure-ground	relationship.	Decalcomania	was	also	used	to	develop	the	marbleized	right	edge	of	the	main	composition,	the	headdress	of	the

otherwise	nude	female	(right),	and	the	feathered	cloak	of	the	central	figure.	In	these	areas,	however,	Ernst	also	used	a	combination	of	scumbling	and	elaborate	minute	brushstrokes	to	create	veils	of	colour	that,	to	varying	degrees,

obscure	the	decalcomania	base.	The	nude	bodies,	the	tiled	floor	and	background,	the	green	bird	with	a	spear	(left),	and	all	other	elements	of	the	composition	were	brushed	in	afterwards,	the	outermost	contours	of	the	feathered	forms

being	the	last	elements	to	be	retouched	[19].

Along	with	the	figure	of	the	bird,	Ernst	added	lights	and	shadows	with	a	small	detailed	brush.	The	colours	consist	of	blue,	white,	yellow,	and	a	different	tone	of	green	feathering.	To	further	emphasis	the	contrast	of	light,	the

author	painted	along	the	arrow	with	a	delicate	hand	in	order	to	add	smoothness.	To	create	lustrous	volume,	Ernst	used	numerous	colours	to	gain	depth,	shape	and	dimension.	Along	with	small	details,	Ernst	used	two	different	motions

of	painting,	rapid	and	fresh	or	slow	and	detailed.	Finally,	there	is	a	deep	red	undertone	over	the	direct	painting	clearly	visible	in	the	incisions	of	horizontal	lines	of	the	floor.

The	painting	was	dated	in	the	front	part	and	signed	on	both	front	and	reverse	parts.	Sometimes	between	1964	and	1969	it	was	wax-lined	[19]	and	other	interventions	were	done	in	the	same	period	including	dusting,	keying	out

of	the	canvas	and	addition	of	a	new	Plexiglas	frame	[20].

This	paper	shows	the	results	of	a	non-invasive	and	 limited	micro-invasive	analytical	approach	to	 the	study	of	Ernst's	painting	materials,	with	a	 focus	on	 the	chemical	composition	of	pigments	and	binders,	as	well	as	 their

alteration	products.

3	Materials	and	methods
The	Attirement	of	 the	Bride	(129.6	×	96.3 cm)	was	analysed	 in	 situ	 in	 the	PGC	exhibition	gallery.	A	preliminary	 analysis	 of	 the	painting	was	performed	by	 scanning	 the	 entire	 surface	with	Vis-NIR	multispectral	 imaging.

Information	about	the	binder,	composition	of	pigments	and	possible	alteration	products	was	provided	by	portable	X-ray	spectroscopy,	Raman	spectroscopy	and	ER-FTIR.	The	analysed	points	were	chosen	in	order	to	obtain	information

about	the	global	palette,	selecting	paints	with	different	colours/hues.	Twenty-eight	points	were	analysed	with	XRF,	25	points	with	Raman	spectroscopy	and	11	points	with	ER-FTIR	(Fig.	S1	in	Supplementary	Materials).	In	addition,	two

Fig.	1	Attirement	of	the	Bride	(129.6	×	96.3 cm),	1940.	Courtesy	of	the	Peggy	Guggenheim	Collection,	Venice	(The	Solomon	R.	Guggenheim	Foundation,	New	York),	76.2553	PG	78©	Max	Ernst,	by	SIAE	2008.



micro-samples	were	taken	from	the	painting	that	spilled	out	on	the	canvas	tacking	edge.	These	cross-sections	were	analysed	by	a	bench-top	micro-Raman	and	SEM-EDS.	The	observed	results	were	compared	with	those	obtained	with

the	non-invasive	techniques	adopted	in	situ.

The	Multispectral	Imaging	system	is	equipped	with	a	high-resolution	Moravian	G2-8300	camera	(CCD	detector	KAF-8300,	imaging	area	18.1	×	13.7 mm,	pixel	size	5.4	×	5.4 μm)	with	a	high	dynamic	range	(16	bits).	The	sensor

is	cooled	for	reducing	the	electronic	noise	during	the	acquisition.	The	spectral	resolution	is	obtained	through	the	use	of	interferential	filters	with	±25 nm	pass	bands	around	the	central	wavelengths:	450,	500,	550,	600,	650,	in	the

visible	range	and	850,	950,	1050 nm	in	the	near	infrared.

In	situ	Raman	measurements	were	performed	with	the	portable	instrument	i-Raman®	Plus,	manufactured	by	BWTEK.	It	is	equipped	with	a	diode	laser	source	emitting	at	785 nm,	the	acquisition	range	goes	from	about	60	to

3300	cm−1	with	a	spectral	resolution	of	∼3.5	cm−1	at	614 nm.	The	laser	power	in	output	from	the	optical	fiber	can	vary	from	0.3	up	to	350	mW.	Spectra	were	acquired	with	an	exposure	time	of	10	s	per	acquisition	and	the	laser	power

was	set	below	of	about	2.5	mW	on	the	sample	surface.

XRF	experiments	were	carried	out	using	the	Elio	portable	XRF	Analyzer	(XGLab),	equipped	with	a	10–40	keV/5–200 μA	X-ray	tube	(Rh	electrode,	1 mm	collimated	beam	on	the	sample)	and	a	large	area	Energy	Dispersive	Si-Drift

detector	(130 eV	FWHM	at	Mn	K).

Infrared	spectra	(ER-FTIR)	were	collected	by	means	of	an	Alpha	Bruker	portable	spectrometer	equipped	with	an	external	reflection	module,	operating	in	the	7500–400	cm−1	range.	Each	spectrum	was	acquired	with	160	scans

and	 a	 resolution	 of	 4	 cm−1.	 The	 investigated	 area	 is	 about	 20 mm2.	 Due	 to	 the	 different	 contributions	 of	 surface	 and	 volume	 reflection,	 the	 absorptions	 are	 often	 affected	 by	 derivative-like	 distortion	 and/or	 band	 inversion.	 The

heterogeneous	nature	of	the	substrate	material	–	both	chemical	and	physical	–	does	not	allow	the	use	of	Kramer-Kronig	transform.	Only	a	smoothing	procedure	was	operated	in	post-production.

Polished	cross-sections	of	two	paint	fragments	were	prepared	by	embedding	them	in	a	transparent	polyester	resin	(Bascol,	Colorchimica	Spa):	the	cross-sections	were	firstly	observed	with	an	Olympus	S2X12	stereomicroscope

and	then	analysed	with	a	bench-top	micro-Raman	and	SEM-EDS.

A	micro-Raman	InVia	instrument	(Renishaw)	was	used	equipped	with	a	Leica	microscope	with	a	50×	objective,	a	diffraction	grating	with	1800	grooves/mm	and	a	CCD	detector.	The	measures	were	conducted	in	confocal	mode

in	order	to	decrease	the	matrix	signal,	using	two	different	lasers:	HeNe	(λ = 633 nm)	and	NdYag	(λ = 532 nm).

SEM	observations	(FEI	Quanta	200	FEG-ESEM,	FEI	Czech	Republic	s.r.o.)	were	carried	out	in	high	vacuum	conditions,	after	metallization	with	carbon,	and	observed	with	two	detectors:	ETD	(Everhart-Thornley	Detector)	and

BSED	(Back	Scattered	Electron	Detector).	Different	magnifications	were	used	according	to	the	information	to	be	acquired.	The	semi-quantitative	elemental	compositions	and	X-ray	mapping	were	obtained	by	an	Energy	Dispersive	X-ray

Spectrometer	EDAX	Genesis,	using	an	accelerating	voltage	of	20	keV.

4	Results	and	discussion
4.1	Preparatory	drawing	and	pentimenti

The	Vis-IR	multispectral	imaging	(Fig.	2)	reveals	important	information	regarding	the	preparatory	drawing	and	pentimenti.	Fig.	2b	shows	the	presence	of	prospective	construction	lines,	such	as	an	elliptic	form	on	the	figure	on

the	right	and	a	parallelepiped	between	the	two	female	characters,	which	are	not	visible	in	the	RGB	image	(Fig.	2a).	In	particular,	it	is	interesting	to	note	that	the	bottom	line	links	the	breasts	of	the	two	women,	whereas	the	upper	line

crosses	the	eye	of	the	bride.	The	perspective	grid	of	the	alternated	white	and	black	tiles	on	the	floor	was	obtained	by	locating	a	vanishing	point	and	building	the	orthogonal	lines.

Fig.	2c	reveals	different	pentimenti.	In	particular,	it	shows	a	reconsideration	in	the	final	phase	of	the	painting	of	the	length	of	the	wall	in	the	upper	part	of	the	painting	(green	arrow).	In	fact,	in	the	RGB	image	(Fig.	2a)	the	wall	is

Fig.	2	VIS-NIR	multispectral	imaging,	details	of	the	painting	in:	(a)	RGB,	(b)	IR	(1050 nm)	and	(c)	difference	false	colour	merging	(FC).



longer	than	Fig.	2c,	where	a	grey	box	is	visible.	Finally,	the	picture-within-a-picture	(Fig.	2c,	red	circle)	shows	a	figure	which	was	covered	during	the	painting	process	(Fig.	2a).

4.2	Materials	identification
4.2.1	Ground	layer,	extenders	and	binder

Observing	in	detail	the	tacking	margins	of	the	canvas	(Fig.	S2	in	Supplementary	Materials),	it	is	visible	a	lining	of	the	original	canvas	on	a	restoration	one	and	the	presence	of	a	white	layer	under	the	pictorial	one	can	be	hypothesized	(Fig.	S2b	and

S2e	in	Supplementary	Materials).	This	theory	is	supported	by	non-invasive	technique	and,	finally,	confirmed	by	micro-invasive	analyses	performed	on	two	micro-samples.	XRF	analysis	shows	the	presence	of	S,	Ba	and	Zn	in	all	the	analysed	points;	moreover,

from	the	ER-FTIR	spectra	carried	out	in	situ,	we	can	infer	the	presence	of	barite	(BaSO4)	in	several	points,	on	the	basis	of	its	overtone	and	combination	bands.	In	fact,	all	the	spectra	show	weak	absorptions	due	to	ν1 + ν3	(≈2194–2137–2065 cm−1)	and	2ν1

(≈1965 cm−1)	of	SO4
=	group	in	barite	(Fig.	3)	[21].	Furthermore,	ER-FTIR	reveals	also	the	presence	of	CaCO3,	by	showing	in	all	the	analysed	areas	a	shoulder	on	the	ν(C=O)	esther	absorption,	at	≈1796	cm−1,	representative	of	the	ν1 + ν4	combination	bands

and	a	weak	absorption	at	≈2512	cm−1	due	to	ν1 + ν3	of	the	CO3
=	group	(Fig.	3)	[22].

Therefore,	on	the	basis	of	the	information	acquired	with	ER-FTIR	and	XRF,	we	can	suppose	the	use	of	lithopone	(barium	sulphate + zinc	sulphide,	ZnS)	as	a	white	layer	under	the	pictorial	one.	Moreover,	the	ubiquitous	presence	of	the	Pb	lines	in	all

the	registered	X-ray	spectra	could	be	attributed	to	the	presence	of	lead	white,	2PbCO3	Pb(OH)2,	as	a	second	type	of	ground	layer	or	underpainting.	In	fact,	the	use	of	lead	white	is	well	documented,	alone	or	in	combination	with	other	white	pigments	or,	in

commercial	white	grounds,	with	extenders	[23].	Indeed,	its	use	as	a	white	pigment	by	Max	Ernst	is	also	reported	in	a	study	by	A.	King	et	al.	[13].

The	absence	of	lead	white	or	lithopone	in	certain	sampling	points	analysed	with	ER-FTIR	and	in	situ	Raman	analyses	could	be	attributed	to	a	precise	choice	of	the	artist	or	to	his	painting	technique	(e.g.	the	decalcomania)	leading	to	an	uneven

distribution	of	the	underpainting.	Besides,	the	higher	penetration	of	X-rays	can	explain	why	these	pigments	are	not	or	barely	detected	by	ER-FTIR	and	in	situ	Raman	spectroscopy	directly	on	the	painting.	Moreover,	in	order	to	prevent	possible	damages	on

the	canvas,	the	laser	power	of	the	Raman	spectrometer	was	set	to	a	few	milliwatt	(<	3	mW).	Unfortunately,	this	low	power	does	not	allow	a	penetration	to	the	ground	layer.

To	confirm	the	hypothesis	of	the	presence	of	the	white	ground	layer,	SEM-EDS	and	micro-Raman	analysis	were	performed	on	the	cross-section	obtained	from	two	micro-samples	taken	from	the	painting.	Sample	1	corresponds	to	a	white	layer	(Fig.

4a),	while	sample	2	is	composed	by	a	white	and	a	blue	layer	(Fig.	5a).	Furthermore,	also	a	red	shade	is	present	at	the	interface	between	the	two	layers.	The	results	show	that	these	samples	are	representative,	confirming	some	of	the	findings	obtained	with

non-invasive	techniques.	X-ray	maps	performed	on	sample	1	(Fig.	4c)	reveal	that	barium	and	lead	are	uniformly	distributed	in	the	layer.	Zinc	is	also	present,	but	to	a	lesser	extent	than	barium	and	lead.

Fig.	3	ER-FTIR	spectra	of	a	flesh	tone:	(a)	entire	spectrum	and	(b)	focus	on	BaSO4	(green	peaks)	and	CaCO3	(blue	peaks)	detection	region.



The	micro-Raman	analysis	confirms	these	data	by	showing	lead	white,	with	a	characteristic	absorption	peak	at	681 cm−1	(C-O	rocking	deformation	in	CO3	group)	and	1050	cm−1	(C-O	symmetric	stretching	in	CO3	group)	[24],	in	addition	to	lithopone

(main	bands	at	347	cm−1	referred	to	ZnS,	and	450,	984	cm−1	referred	to	BaSO4)	[25,26]	supporting	the	previous	results	and	the	possibility	of	its	use	in	the	ground	layer.

The	elemental	distribution	obtained	by	sample	2	(Fig.	5)	highlights	that	S	and	Ba	(Fig.	5c	and	d,	respectively)	are	mainly	concentrated	on	the	ground	layer.	Instead,	Ca	and	Zn	(Fig.	5e	and	f,	respectively)	are	distributed	over	the	entire	section,	most

likely	in	the	pictorial	layer.	The	compresence	of	Ba,	Zn	and	S	in	the	white	layer	confirms	the	use	of	lithopone,	as	suggested	by	micro-Raman	analysis	with	main	absorption	bands	at	347,	450	and	984	cm−1	[26].	Concerning	Ca,	the	high	amount	of	Ca	in	both

white	ground	layer	and	pictorial	one	could	be	associated	to	the	presence	of	calcium	carbonate,	identified	also	by	micro-Raman	technique	with	main	bands	at	710	and	1083 cm−1	(symmetric	bending	and	symmetric	stretching	of	CO3	group,	respectively)

[26,27]	and	previously	confirmed	by	ER-FTIR.	From	its	distribution,	we	can	suppose	that	CaCO3	is	probably	used	both	mixed	with	lithopone	in	the	ground	and	in	the	pictorial	layer.	In	the	latter	case,	it	could	be	used	as	a	white	pigment	or	it	could	be	present

Fig.	4	Cross-section	of	sample	1:	(a)	OM	Image	(90×),	(b)	BSE	image	and	(c)	Ba	(L	line)	distribution	in	green	and	Pb	(L	line)	distribution	in	cyan.

Fig.	5	Cross-section	of	sample	2:	(a)	OM	Image	(90×),	the	red	dotted	rectangle	circumscribes	the	SEM	mapped	area,	(b)	BSE	image,	(c)	S	(K	line)	distribution,	(d)	Ba	(L	line)	distribution,	(e)	Ca	(K	line)	distribution	and	(f)	Zn	(K	line)	distribution.



in	the	paint	tube	as	an	extender.

The	presence	of	Zn	in	the	pictorial	layer	could	be	due	to	the	ZnS	present	in	the	lithopone,	which	migrates	to	the	top	of	the	white	ground	layer,	and/or	also	to	zinc	carboxylates.

Regarding	the	presence	of	this	ground	layer	under	the	pictorial	one,	 it	 is	most	likely	a	commercial	preparatory	coating	applied	by	the	producer	of	the	canvas;	 indeed,	the	conservation	report	of	examination	(1985)	of	The	Antipope	 a	 document

referred	to	the	Antipope	(another	Ernst's	masterpiece	performed	in	1942)	reports	the	presence	of	a	commercially	primed	canvas	[28].

The	use	of	a	siccative	oil,	probably	linseed,	can	be	inferred	by	the	presence	of	a	strong	absorption	centred	at	≈1740	cm−1	together	with	two	weak	peaks	at	≈4340	and	4260	cm−1.	The	former	is	representative	of	the	asymmetric	ν(C=O)	esther,

while	the	latter	is	due	to	the	combination	of	the	stretching	and	bending	bands	(νa + δa	and	νs + δs	respectively)	of	the	aliphatic	methylene	units	in	linseed	oil	[29,30]	(Fig.	S3	in	Supplementary	Materials).	It	is	worthy	to	observe	that	the	use	of	a	siccative	oil

is	also	supported	by	the	absence	of	the	typical	signal	of	an	alkyd	resin	(4670	cm−1	and	1270	cm−1).

4.2.2	Palette
Regarding	the	pigments,	the	analysed	points	are	organized	in	accordance	to	the	main	types	of	colour.

4.2.2.1	Black	The	analysed	black	paint	reveals	the	presence	of	amorphous	carbon	with	characteristic	absorption	peak	at	1590	cm−1	and	a	broad	peak	at	around	1300	cm−1	showed	by	Raman	technique[25,31].

4.2.2.2	Blue	For	all	the	analysed	points,	in	situ	Raman	technique	reveals	the	presence	of	phthalocyanine	blue	CuC32H16N8.	The	signals	at	680	and	748	cm−1	are	due	to	the	breathing	and	deformation	vibration	of	the	macrocycle	[22].	The	main	intense

signal	at	1527	cm−1	corresponds	to	the	principal	macrocycle	stretching	vibration	[32],	and	the	band	at	1341	cm−1	is	due	to	the	C-C	stretching	[22,33]	(Fig.	6).	This	result	is	also	confirmed	by	μmicro-Raman	performed	on	the	blue	part	of	sample	2	(Fig.	S4	in

Supplementary	Materials).	This	is	a	very	interesting	finding	because	phthalocyanine	blue	is	a	new	pigment,	discovered	in	1907	[34]	but	commercialized	as	monastral	fast	blue	only	in	the	1930s	[35].	Furthermore,	Prussian	blue,	a	ferric	hexacyanoferrate,	was

used	by	the	artist	to	create	several	shades	in	violet,	yellow,	green	and	flesh	tones.	This	pigment	was	recognized	thanks	to	characteristic	Raman	absorption	peaks	at	2097	and	2152	cm−1	both	referred	to	the	stretching	vibration	of	C

N	group	[36].	Furthermore,	also	XRF	technique	shows	the	presence	of	Fe	in	the	analysed	points.

4.2.2.3	Red	Two	types	of	red	paints	can	be	recognized	on	the	painting:	a	more	orange-red	tone	and	a	more	intense	one.	For	the	first	type,	in	situ	Raman	technique	identifies	iron	oxide	(Fe2O3)	with	the	characteristic	peak	at	225	and	291	cm−1	associated

to	Fe-O	symmetric	bending	[37],	lithopone	and	lead	white.	XRF	analysis	confirms	these	data	showing	the	presence	of	Fe,	Pb,	Ba,	Zn	and	S.

Regarding	the	presence	of	iron	oxide,	XRF	analysis	performed	in	situ	reveals	the	presence	of	Fe	in	several	analysed	points.	and	fFurthermore,	as	reported	in	the	introduction,	there	is	a	red	undertone	in	the	incisions	of	horizontal	lines	of	the	floor.

However,	it	is	difficult	to	say	if	this	compound	is	homogeneously	present	under	the	paint	layer	or	if	it	is	used	only	in	some	points	to	have	some	particular	effect.

In	the	intense	red	tones,	Raman	spectroscopy	identifies	an	azo	β-naphthol	pigment,	with	characteristic	absorption	peaks	at	1328,	1397	and	1447	cm−1	[26]	mixed	with	lead	white	and	lithopone.

In	this	case,	the	lead	white	could	have	been	chosen	as	a	pigment	or	it	could	be	referred	to	the	white	ground	layer:	the	fact	that	it	is	visible	with	Raman	analysis	could	be	due	to	the	Ddecalcomania	technique	which	leads	to	uneven	distribution	of	the

underpainting	layer.

Fig.	6	In	situ	Raman	spectrum	of	a	blue	tone	that	identifies	phthalocyanine	blue.



The	results	 showed	by	 in	 situ	 techniques	are	confirmed	by	 the	μmicro-Raman	analyses	performed	on	 the	 red	paint	at	 the	 interface	of	 the	blue	and	white	 region	of	 the	 sample	2	 (Fig.	5a).	 This	 tone	 results	 composed	 of	 iron	 oxide	 (Fig.	S5a	 in

Supplementary	Materials),	an	azo	β-naphthol	pigment	(Fig.	S5b	in	Supplementary	Materials)	and	lithopone	(Fig.	S5a	and	S5b	in	Supplementary	Materials).

4.2.2.4	Violet	The	violet	paints	(Fig.	7)	result	as	a	mixture	of	Prussian	blue	and	iron	oxide,	with	additions	of	lithopone	and	calcium	carbonate,	probably	to	give	a	lighter	shade.	Lithopone	was	identified	with	characteristic	Raman	peaks	at	452,	460,	616

and	987	cm−1	and	CaCO3	with	the	main	peak	at	1086	cm−1	[26].	Furthermore,	XRF	analysis	shows	the	presence	of	Co	in	all	the	points,	suggesting	the	presence	of	a	Cocobalt-based	pigment.

4.2.2.5	Yellow	Raman	analysis	of	yellow	tones	shows	the	presence	of	barium	chromate	also	known	as	lemon	yellow	(BaCrO4)	with	a	characteristic	absorption	peak	at	864	cm−1	which	refers	to	the	chromate	stretching	mode	[26,38],	CaCO3	and	lithopone

(Fig.	S6	in	Supplementary	Materials).	The	presence	of	BaCrO4	is	confirmed	by	XRF	analysis	which	identifies	the	presence	of	Ba	and	Cr.	The	ER-FTIR	fingerprint	region	does	not	allow	a	straightforward	identification	of	the	CrO4
=	stretching	mode	in	lemon	yellow

because	of	the	overlap	of	the	spectral	contributions	from	different	compounds	in	the	pictorial	layer.

The	ER-FTIR	spectrum	clearly	shows	two	weak	signals	attributable	to	silicates,	probably	kaolin	(Fig.	S7	in	Supplementary	Materials).	The	former,	centred	at	3695	cm−1,	is	associated	to	the	stretching	of	the	hydroxyl	group	in	silicate	structure,	while

the	latter,	at	4523	cm−1,	is	related	to	the	ν	+	δ	(OH)	combination	band	[21].	Moreover,	an	intense	inverted	band,	at	≈545 cm−1,	could	be	referred	to	both	the	bending	modes	in	silicate	structure,	i.e.	δ	(SiO),	δ	(AlO),	and/or	to	the	stretching	mode	in	iron

oxide/oxyhydroxide	[39].	Taking	into	account	the	presence	of	Fe,	detected	by	XRF,	the	use	of	a	yellow	ochre	can	be	inferred.

4.2.2.6	Green	All	the	green	paints	seem	to	be	obtained	by	the	mixtures	of	blue	and	yellow	pigments,	rather	than	derived	from	a	single	green	pigment.	In	fact,	Raman	spectra	show	the	presence	of	Prussian	blue,	while	XRF	analysis	identifies	Cr	and	Ba.

Due	to	this	evidence,	we	can	suppose	a	mixture	of	Prussian	blue	and	barium	chromate	(which	was	identified	also	for	the	yellow	areas).	Unfortunately,	Raman	spectra	gave	no	evidences	of	the	presence	of	barium	chromate	since	the	obtained	spectra	were	very

noisy.	However,	the	presence	of	Ba	and	Cr	in	XRF	spectra	supports	our	hypothesis.

Furthermore,	XRF	technique	evidences	the	presence	of	Co	in	some	of	the	green	points.	Therefore,	we	can	infer	the	presence	of	a	Cocobalt-based	pigment.

4.2.2.7	Brown	Raman	technique	identifies	iron	oxide	(225,	291	and	609	cm−1),	while	XRF	shows	the	presence	of	Fe	and	Mn.	Therefore,	this	tone	is	probably	obtained	with	a	raw	umber	(Fig.	8).

Fig.	7	In	situ	Raman	spectrum	of	a	violet	paint	identifying	iron	oxide	(red	peaks),	lithopone	(black	peaks)	and	calcium	carbonate	(blue	peak).



4.2.2.8	White	Raman	analysis	on	white	paints	shows	the	presence	of	titanium	dioxide	in	its	anatase	form	with	characteristic	absorption	peaks	at	144	and	637	cm−1	due	to	the	symmetric	stretching	vibration	of	O-Ti-O,	395	cm−1	referred	to	the	symmetric

bending	vibration	of	O-Ti-O	and	516	cm−1	due	to	the	antisymmetric	bending	vibration	of	O-Ti-O	[40].	Lithopone	and	CaCO3	are	also	detected	(Fig.	9).

4.2.2.9	Flesh	All	the	flesh	tones	are	obtained	with	a	mixture	of	several	pigments.	In	fact,	the	based	colour	is	probably	due	to	a	mixture	of	lithopone	and/or	CaCO3,	silicates	(recognized	by	ER-FTIR	analysis),	iron	oxide	(showed	by	Raman	technique)	and

a	raw	umber	(suggested	by	the	presence	of	Mn	showed	by	XRF	analysis,	Fig.	10).	Different	hues	are	then	obtained	by	varying	pigments.	In	fact,	Raman	technique	shows	the	presence	of	Prussian	blue	in	some	points;	instead,	XRF	analysis	reveals	the	presence

of	Co	which	can	be	related	to	a	cobalt-based	pigment	(Fig.	10).	From	these	findings,	we	can	state	that	Ernst	used	a	variety	of	pigments	and	combinations	with	basic	lithopone,	calcium	carbonate	and	umbers;	to	give	different	hues	to	the	flesh	tones,	he	used

mainly	Prussian	blue.

Fig.	8	XRF	representative	spectrum	of	a	brown	paint.

Fig.	9	In	situ	Raman	spectrum	of	a	white	paint	identifying	anatase	(green	peaks),	lithopone	(black	peak)	and	calcium	carbonate	(blue	peak).



4.2.2.103	Alteration	products	and	retouching	The	study	of	 the	ER-FTIR	spectra	allows	some	considerations	on	the	state	of	condition	and	the	presence	of	retouching.	 In	 fact,	 in	all	 the	analysed	areas,	 the	carbonyl	ester	stretching

exhibits	a	partial	derivative	distortion	(≈1740	cm−1)	more	broadened	towards	low	wavenumbers.	Such	broadening	could	be	ascribed	to	the	superimposition	of	different	contributions	such	as	the	photo-oxidative	degradation	of	siccative	oils	[41],	the	presence

of	alteration	products	and/or	the	presence	of	organic	materials	as	a	consequence	of	restoration	interventions.

Signals	attributable	to	metal	soaps	and/or	oxalates	wereare	also	detected	on	the	whole	canvas	(Fig.	11).	While	the	former	can	be	also	present	as	additives	in	the	paint	formulation	[42],	the	latter	are	significant,	suggesting	alteration	processes	in	the

paint	layer	[43,44].	In	fact,	metal	soaps,	e.g.	stearates,	show	distinctive	absorptions	between	1600	and	1400	cm−1	[45]	(Fig.	11c).	The	presence	of	a	Zn	carboxylate	can	be	inferred	by	the	weak	derivative	νa(COO−)	band	at	1541	cm−1	[30]	(Fig.	11c).	This	weak

signal	is	noticeable	especially	on	the	flesh	tones,	but	also	in	the	yellow,	blue	and	green	areas.	Moving	to	metal	oxalates,	excluding	the	blue	area,	ZnC2O4·2H2O	can	be	tentatively	supposed	by	the	distinctive	doublet	at	≈1364	and	≈1320	cm−1,	ascribable	to

the	νs(COO−)	[46]	(Fig.	11c).	In	addition,	metal	oxalates	show	also	distinctive	ν(OH)	derivative	shaped	bands	between	3500	and	3300	cm−1	[46]	(Fig.	11a).	Moreover,	some	areas	show	a	significant	inflection	at	1640	cm−1	on	the	ν(C=O)	ester	absorption	(Fig.

11c).	This	signal,	tentatively	attributed	to	the	asymmetric	stretching	of	CO	group	in	ZnC2O4·2H2O,	supports	the	presence	of	such	alteration	product	[46].

5	Conclusions
This	study	revealed	that	a	multi-analytical	approach	 is	suitable	 for	the	 identification	of	 the	painting	materials	used	 in	modern	oil	paintings.	The	results	revealed	that	the	Attirement	of	the	Bride	shows	a	preparatory	 layer,

probably	already	present	in	the	commercial	canvas,	on	which	the	artist	painted	by	using	a	limited	range	of	mostly	traditional	pigments,	sometimes	related	to	new	industrial	production.	In	fact,	the	palette	includes	not	only	quality	tube

paints	(without	extenders)	but	also	commercial,	sometimes	recent,	paints.

The	preparatory	 layer	consists	of	 lithopone,	 lead	white	and	calcium	carbonate.	This	 latter	compound	 is	also	present	 in	different	areas,	added	to	other	pigments.	Therefore,	 it	could	have	been	used	 intentionally	as	a	white

pigment	or,	in	some	cases,	already	be	present	in	the	paint	tube	as	an	extender.

Fig.	10	XRF	spectrum	of	a	flesh	tone.

Fig.	11	ER-FTIR	absorption	bands	of	zinc	oxalates	(orange	peaks)	and	zinc	metal	soaps	(green	peaks)	found	in	the	different	tones.



The	palette	shows	the	presence	of	primary	colours	as	phthalocyanine	blue,	barium	chromate,	lithopone,	iron	oxide,	anatase	and	β-naphthol.	Prussian	blue	was	used	only	to	give	specific	shades	in	violet,	yellow,	green	and	flesh

tones.	Cobalt-based	pigments	were	also	added	in	some	areas	to	create	different	shades.

Although	the	range	of	paints	is	limited,	Ernst	showed	a	great	awareness	of	their	possibilities	by	using,	for	instance,	phthalocyanine	blue	when	a	definite	blue	colour	was	needed	and	Prussian	blue	only	to	create	other	colours	or

hues.	However,	since	the	painting	was	created	at	the	beginning	of	the	World	War	II,	we	cannot	be	sure	if	he	made	a	conscious	choice	of	materials	or	if	he	was	forced	to	use	some	particular	pigments	due	to	the	difficult	condition	in

which	he	was	working.

His	mastery	of	the	pictorial	technique	is	also	confirmed	by	both	the	imaging	results	which	indicate	a	planning	of	the	painting	(even	if	some	pentimenti	can	also	be	seen),	and	the	use	of	decalcomania.	This	is	in	line	with	what

was	found	in	a	study	on	his	works	of	the	early	1920s	performed	at	the	Tate	GalleryBritain (I	changed	three	figures	in	supplementary	materials:	only	formal	changes	were	applied.)	[13].

The	occurrence	of	a	degradation	process	has	been	evidenced	by	the	presence	of	zinc	oxalates	and	zinc	metal	soaps.	However,	it	is	difficult	to	confirm	if	zinc	metal	soaps	were	present	as	additives	in	the	paint	tubes	or	if	they

formed	subsequently	as	alteration	products.
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Queries	and	Answers
Query:	The	author	names	have	been	tagged	as	given	names	and	surnames	(surnames	are	highlighted	in	teal	color).	Please	confirm	if	they	have	been	identified	correctly.
Answer:	Yes

Query:	Have	we	correctly	interpreted	the	following	funding	source(s)	and	country	names	you	cited	in	your	article:MIUR?
Answer:	Yes

Highlights

• A	multi-technique	approach	has	been	used	to	study	Max	Ernst's	masterpiece.

• Vis-NIR	imaging	revealed	a	preparatory	drawing	and	pentimenti.

• Conscious	use	of	colour	palette	which	includes	both	traditional	and	synthetic	pigments.

• ER-FTIR	analysis	evidenced	Zn	oxalates	and	Zn	metal	soaps	as	degradation	products.


