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ABSTRAKT

Historicka malifska dila maji velmi komplexni vnitfni strukturu. Dobova malifskd technika
vedla k pouziti podkladové vrstvy, nékolika vrstev podmaleb a svrchni malby, kterd byla nasledné pro
vyssSi odolnost proti vnéjsim vlivim prelakovana. Kazda barevna vrstva obsahuje barvivo ¢i pigment
(nebo jejich smés) v kombinaci s organickym pojivem. Pigmenty byly v pribéhu historie ¢asto tvoreny
minerdly, at uz byly ziskavany z pfirodnich loZisek, nebo pfipravovany uméle. V téchto heterogennich
vrstvach sanorganickymi i organickymi komponentami pak muiZe dochazet k nezadoucim
degradaénim zménam, at uz vlivem procest probihajicich pfimo v barevné vrstvé, nebo vlivem
vnéjsich podminek. Mineralogicky pfistup, ktery se zaméruje predevsim na strukturu studovanych
pigmentli, mlZe napomoci k objasnéni probihajicich procesl, stanoveni podminek vedoucich
k degradaci a identifikaci plvodnich/degradovanych fazi. Dale je pfinosem pro mikroanalytické urceni
pigmentl pfitomnych v drobnych mikrovzorcich ziskanych z malifskych dél, a mlzZe prispét jak ke
studiu jejich provenience a autorstvi, tak ke zjisténi regiondlni provenience pouzitych mineralnich
pigment(.

Predkladana prace je zamérena na mikroanalyzu vzacnych mineralnich pigmentd vivianitu,
pfirodné ozareného fluoritu — antozonitu a krokoitu a zabyva se také jejich vyznamem pro uréeni
provenience dila; mikroanalyza barevné vrstvy je dale rozvinuta na Siroké skupiné meédnatych
pigmentl. Prace se rovnéz vénuje degradacénim proceslim zpUsobenych jak vnitfnimi, tak vnéjsimi
vlivy na pfikladu hoganitu, vivianitu a auripigmentu.

Strukturni studium mineralogickych vzorkl modrého vivianitu (Fes(PO,);:8H,0) a jeho
prirodné se vyskytujicich oxida¢né degradacnich produkt(i vedly k aplikaci vysledk( na mikrovzorky —
bylo zjiSténo, Ze vhodnd kombinace strukturnich metod pro identifikaci vivianitu v barevné vrstvé je
rtg. mikrodifrakce s mikroinfracervenou spektroskopii v usporadani zeslabeni Uplného odrazu (mikro-
ATR). Vivianit patfi mezi vzacnéjsi pigmenty; byl pouZivan jen nékterymi autory, napf. v holandské
malbé 17. a 18. stoleti. Vivianit byl identifikovan v sedmi obrazech Jeana George de Hamiltona, coZ
byl jeden z faktor(i prokazujicich jeho autorstvi. Prvkové sloZzeni a morfologie vivianitového pigmentu
ve srovnani s mineralogickymi a modelovymi vzorky naznadilo jeho sedimentarni plvod. Studium
mineralogickych vzorkd antozonitu (silné pfirodné ozareny tmavé fialovy az ¢erny CaF,) ukazalo, Ze
¢im silnéjsi je poSkozeni jeho struktury, tim vétsi je rozsireni linii na difrakénim zdznamu a tim tmavsi
je jeho barva. Naopak uvadéné zvétseni zdkladni buriky neni pfimo umérné mire poskozeni. Prace
predstavuje charakteristické Ramanovo spektrum antozonitu, diky kterému miZe byt snadno
detekovan pfi mikroanalyze, jak ukdzalo méfeni mikrovzorku oltafniho obrazu z Vlasského dvora v
Kutné Hore zroku 1497. Vzhledem kziejmé omezené dobé historické tézby muiZe pfitomnost
antozonitu potvrdit predpokladanou dobu vzniku studovaného dila. Datace mlZe byt podporena
rovnéz identifikaci extrémné vzacného Zlutooranzového pigmentu krokoitu (PbCrO,). Byl nalezen v
unikatnich nasténnych malbach v kostele sv. Havla v Kufivodech, a ptispél tak k jejich vroceni do
konce 13. stoleti. Médnaté pigmenty tvofi Sirokou skupinu chemicky podobnych fazi. V predkladané
praci byla rozvinuta jejich mikroanalyza v barevné vrstvé vedouci kidentifikaci jak mineralnich
pigmentl, tak pigmentl na bazi médének.

Degradaci vramci chemického sloZeni barevné vrstvy pfiblizZily modelové experimenty s
neutralni médénkou (mineralogicky hoganit), ktera ztraci v kombinaci s proteinovymi pojivy svoji
strukturu. Jeji detekce ve vrstvé je ddle ztizena Castou pritomnosti silné difraktujicich pigmentd.
K degradaci vlivem vnéjsich podminek dochazi u vivianitu. Experimenty naznacily, Ze vivianit je citlivy
jak pri vystaveni zvySenym teplotdam jiz od 70°C (studovano vysokoteplotni rtg. difrakci a
Mossbauerovou spektroskopii, zména barevnosti ovéfena pti provedeni modelové rentoaldze —
restauratorského zasahu, pfi kterém je na staré platno obrazu zespod nazehleno platno nové), tak pfi
vystaveni zvySené vlhkosti. Na zavér byl teoreticky navrhnut degradacni proces auripigmentu
v nasténnych malbach, ktery bude v nasledujicim vyzkumu experimentalné ovéren.



ABSTRACT

Historical painted works of art have a very complex inner structure. The period painting
technique led to the execution of a ground layer followed by several layers of underpainting and a
top paint layer, over which a layer of glaze has been applied to increase the resistance to external
wear. Each of these colour layers is composed of a dye or a pigment (or their mixture) bound by
organic binder. Throughout the history, pigments were commonly prepared from minerals, either
extracted from natural deposits or created artificially. In these heterogeneous layers containing both
inorganic and organic components, undesirable degradation changes either driven by processes
taking place directly in the colour layer or influenced by external agents may occur. Mineralogical
approach, which focuses primarily on the structure of studied pigments, helps in the clarification of
the occurring processes, in the determination of conditions leading to degradation as well as in the
identification of original/degradation phases. Furthermore, it can be profitably applied in the micro-
analysis of mineral pigments present in tiny micro-samples obtained from works of art, contributes
to the artwork’s provenance/authorship studies and the determination of regional provenance of the
employed mineral pigments.

This Ph.D. thesis focuses on the micro-analysis of rare mineral pigments vivianite, naturally
irradiated fluorite — antozonite and crocoite, and also deals with their significance for provenance
studies; the micro-analysis has been also performed on a large group of copper-based pigments. In
addition, the thesis deals with the degradation processes caused by internal/external agents with
special attention to hoganite, vivianite and orpiment.

A structural study of mineralogical samples of blue vivianite (Fes(PO,),:8H,0) and its naturally
occurring degradation products led to the application of the results on micro-samples — a suitable
combination of structural methods for the identification of vivianite in colour layer was found to be
X-ray micro-diffraction with micro-infrared spectroscopy in micro-attenuated total reflectance mode.
Vivianite is rare pigment and has been used only by certain authors, e.g. in the Dutch painting of the
17" and 18™ century. This thesis describes the identification of vivianite in seven paintings by Jean
George de Hamilton, which was one of the factors confirming his authorship. The comparison of
elemental composition and grain morphology of vivianite pigment with mineralogical and model
samples indicated its sedimentary origin. The study of mineralogical samples of antozonite (heavily
naturally irradiated dark violet to black CaF;) showed that the higher is its structural damage, the
broader are the diffraction lines in its diffraction pattern and the darker is its colour. On the other
hand, the reported increase of the unit cell volume is not in direct proportion to the level of
structural damage. A characteristic Raman spectrum of antozonite is presented thanks to which it
can be easily micro-analytically detected, as shown on micro-samples of the altar painting from
Italian Court in Kutnd Hora created in 1497. Taking into account the limited period of antozonite’s
extraction, its presence may prove the expected date of execution of the studied work of art. The
dating may be supported also by the identification of extremely rare yellow-orange pigment crocoite
(PbCrQ,4). It was found in unique wall paintings in the church of St. Gallus in Kufivody, thus
contributing to their dating to the end of the 13" century. Copper-based pigments form a large group
of chemically similar phases. In this thesis, their micro-analysis in paint layer leading to the
identification of both mineral-type and verdigris-type pigments has been elaborated.

Degradation caused by internal agents, i.e. the chemical composition of the colour layer, has
been studied using model experiments with neutral verdigris (mineralogically hoganite), which loses
its structure in combination with proteinaceous binders. Its detection in the colour layer has been
further complicated by frequent presence of highly diffracting pigments. The degradation caused by
external agents has been studied on vivianite. The experiments showed that vivianite is prone to
degradation both under increased temperatures from 70°C on (studied by high-temperature X-ray
diffraction and Mdssbauer spectroscopy, the colour change has been verified on model relining — a
restoration/conservation treatment during which a new canvas is ironed to the back of the painting’s
old one) and under increased humidity. Finally, a degradation pathway of orpiment in wall paintings
has been theoretically proposed; it will be experimentally verified in the following research.



1. Uvop

Diky dobové malifské technice maji historickd malifska dila ¢asto komplikovanou
vnitfni strukturu skladajici se ztady po sobé jdoucich vrstev. Kazda vrstva je tvorena
barvivem/pigmentem (nebo jejich smési) a pojivem, coz pfedstavuje relativné sloZitou smés
organickych a anorganickych latek. Tyto smési v barevné vrstvé mohou
podléhat degradaénim procesim, at uz zpusobenych danym chemickym slozenim, nebo
vnéjSimi podminkami — napft. intenzivnim osvétlenim, zvySenou teplotou ¢i vihkosti.

Pro podrobné studium techniky malby, pouzitych materidld a jejich pripadné
degradace je obvykle nezbytné ze zkoumanych uméleckych dél odebrat mikrovzorky,
nejCastéji pri restaurovani dila. Jelikoz dopad na dilo musi byt minimalizovan, velikost
mikrovzork( jen vzacné prevysuje 1 mm. Mikrovzorky jsou velmi drobné a zaroven znac¢né
heterogenni, jedine¢né a vzacné, coz klade vysoké naroky na pouzité mikroanalytické
metody, které by mély zaroven vSechny probihat nedestruktivné.

Pro studium stratigrafie, neboli rozloZzeni barevnych vrstev, jsou mikrovzorky zality do
syntetické pryskytice a vybrouseny v pricném frezu. Prvnim krokem pfi jejich analyze je
pozorovani pod optickym mikroskopem. Tato faze je klicova, jelikoz dochazi krozliseni
jednotlivych vrstev a stanoveni jejich posloupnosti, coz mize — mimo jiné — vést k odhaleni
pozdéjSich premaleb. Diky mikroskopii lze také navrhnout pfitomné pigmenty a jejich
pfipadnou degradaci. Dalsim krokem analyzy je provedeni skenovaci elektronové
mikroskopie s energiové disperzni spektroskopii (SEM-EDS). Pomoci SEM-EDS lze urcit
prvkové sloZeni vrstev i jednotlivych zrn. V praxi jsou optickd a skenovaci elektronova
mikroskopie ¢asto jedinymi metodami vyuzZivanymi pfi analyze mikrovzork( uméleckych dél.

Mineralogicky pfistup k mikroanalyze se zaméruje na strukturu pritomnych fazi,
studuje degradacni procesy mineralll doprovazené strukturnimi zménami a spojuje
strukturni ¢i prvkové charakteristiky minerdld s jejich geologickym plvodem. Pro tento
pfistup je nutné do analyzy zahrnout strukturni metody, jako jsou vibracni (infracervena a
Ramanova) spektroskopie nebo rtg. difrakce.

Infracervend spektroskopie s Fourierovou transformaci (FT-IC) je viestranna metoda
pouZitelnad pro identifikaci jak organickych, tak anorganickych fazi. Pro analyzu mikrovzorkd
je nejcastéji pouzivana v reflexnim usporadani. Méreni ve spekuldrni reflexi ma vsak nékolik
omezeni — v namérenych spektrech se objevuji spektralni distorze, které predstavuji bud’
ocekavatelnou fyzikalni odpovéd a mohou tak byt matematicky opraveny (Lichvar et al.,
2002), nebo se vztahuji k ,,neidealnimu® charakteru studovanych vzorkl (které napf. nejsou
zcela rovné nebo neposkytuji dostatecny odraz dopadajiciho zareni), coz mlze zplUsobovat
problémy pfi vyhodnocovani spekter. Spektra dobré kvality s dostacujicim pomérem signalu
k Sumu mohou byt obvykle naméreny z oblasti o velikosti alesport 20x20 um (Prati et al.,
2010). Usporadani oznacované jako mikro-zeslabeni uplného odrazu (micro-attenuated total
reflectance, mikro-ATR) dosahuje lepsiho rozlisSeni i miry Sumu (Mazzeo et al., 2007), a
namérena spektra jsou obvykle velmi podobnd standardnim spektrdm transmisnim. Mikro-
ATR mikrospektroskopy vSak zatim nepatfi mezi bézné vybaveni laboratofi.

Ve srovndani s infraCervenou spektroskopii ma Ramanova spektroskopie vyborné
rozliSeni, které dosahuje az 1 pum. Na druhou stranu vsak méreni muaze zkomplikovat
pritomnost neZadouci fluorescence, kterda muaze dokonce zcela znemoinit identifikaci
studovaného materidlu (Correia et al., 2007; Cristini et al., 2010). JelikoZ je studovana latka



excitovdna laserem, dalSim problémem je jeji potencialni termalni degradace. Vykon laseru
tak musi byt velmi peclivé sledovan a spravné nastaven (Smith et al.,, 2001; Mattei et al.,
2008).

Velmi dobrou metodou strukturni analyzy je rtg. mikrodifrakce, mezi jejiz vyhody
patfi dostupnost rozsahlé databaze referencnich difrakénich zaznamd. V podstaté kazda
analyzovana krystalicka latka je navic difrakci zaznamendna, pokud je ve vzorku pritomna
v dostate¢ném mnoizstvi (obvykle od nékolika hm. %) (Svarcova et al., 2010; Nel et al., 2006).
Na druhou stranu i tato metoda ma sva omezeni kvali malym rozmérdm ozarované oblasti
(napt. elipsa o $ifce 142 pm (Svarcova et al., 2010)) — dostate¢né mnoZstvi krystalit
studované faze se musi nachazet v analyzované oblasti. Jelikoz vzorky nemohou byt pro
analyzu podrceny a rozetieny, dalSim pripadnym omezenim je zrnitost materidlu — jak
ukdzala studie Svarcové et al. (2010), maximalni velikost zrn pro spolehlivou identifikaci je
20-30 um. Vzhledem k velikosti studované oblasti a heterogenité mikrovzorkd vysledny
mikrodifrakéni zaznam obvykle obsahuje nékolik difrakénich zaznam( najednou, které vsak
byvaji Uspésné ptirazeny pfi kombinaci metody s prvkovou SEM-EDS analyzou.

Témito metodami mGzZeme zkoumat celé spektrum malifskych mineralnich pigmentd,
které byly v pribéhu Casu pouzivany. Prehledné je shrnuje napf. Eastaugh et al. (2004).
Nékteré z nejrozsifenéjsich mineralnich pigmentl jsou hydrocerussit a cerussit (olovnata
béloba), Zluty goethit a auripigment, hlinky (smési jilovych minerald, oxidG/hydroxida Zeleza,
oxidi manganu apod., které mohou mit nejriiznéjsi barvu — od bilé, Zluté, oranzové, cervené
pres hnédou az témér cernou), ¢erveny hematit, rumélka nebo realgar, modry azurit a
lazurit, zelené hlinky (zejména glaukonit nebo seladonit), hoganit nebo malachit. Paleta
mineralnich pigmentd je Sirokd; mezi ty vzacnéjsi patfi tfeba jarosit, krokoit, chryzokol,
posnjakit, brochantit, atakamit, aerinit, vivianit nebo antozonit.

Pro tuto disertacni praci byly pigmenty vybirdny na zakladé nékolika kritérii. Prvnim
z nich byla pouzitelnost pigmentu pro studie provenience/autorstvi; dalsim aspektem byla
tendence kdegradacnim procesim, a vneposledni fadé také nepopsand metodika
analytické detekce v mikrovzorcich uméleckych dél.

2. CiLE PRACE

Prvnim cilem této prace bylo studium historickych mineralnich pigmentl vyznamnych
pro provenien¢ni studie, at uz ve smyslu geologickém (misto pdvodu/typ lokality, ze kterého
pigment pochdzi), nebo umélecko-historickém (indikace prifazeni k urcité geografické oblasti
¢i dilng, dilenskému okruhu). Byly tak vybrany vzacné mineralni pigmenty, které jsou pro
tento ucel velmi vhodné, a to konkrétné vivianit, pfirodné ozareny fluorit a krokoit. Oblast
jilovych pigmentl, prestoZe je ztohoto hlediska také velmi vyznamna, mezi studované
pigmenty zamérné zahrnuta nebyla, protoZe je znacné Siroka a presdhla by rozsah této
prace.

Dalsim cilem Uzce spjatym s cilem prvnim bylo provedeni sprdvné mikroanalyzy vyse
uvedenych pigmentd v drobnych mikrovzorcich uméleckych dél. Tento cil byl dale doplnén
mikroanalytickym studiem médnatych pigment(, jejichz chemickd podobnost analyzu
znacné znesnadnuje.

Mezi témata studia patfila i degradace pigmentd. Cilem bylo objasnit degradacni
procesy hoganitu, zhodnotit vliv vnéjsich podminek na degradaci vivianitu a také navrhnout
degradacni drahu auripigmentu.



3. MATERIAL A METODIKA

3. 1 MATERIAL

V ramci tohoto vyzkumu bylo studovano nékolik typd vzorkl. Lze je rozdélit do
nasledujicich tfi kategorii: mineralogické vzorky, mikrovzorky uméleckych dél a vzorky
modelové.

Mineralogické vzorky zahrnovaly 12 vzorkd vivianitu z rGznych lokalit, 16 vzork(
pfirodné ozareného fluoritu — antozonitu — ze 6 lokalit, 3 odliSné zbarvené fluoritové vzorky
a 1 referencni synteticky fluorit od Sigma Aldrich.

Mikrovzorky ziskané z uméleckych dél byly studovédny bud v podobé volnych
fragmentd, nebo byly tyto fragmenty nejdfive zality do syntetické pryskyfice, zbrouseny a
studovany v pricném rtezu. Pocet mikrovzork( s pfisluSnymi mineralnimi pigmenty byl
nasledujici: 8 mikrovzorkd s vivianitem, 2 mikrovzorky s pfirodné ozarenym fluoritem, 5
mikrovzork( s krokoitem nebo mimetitem a 21 mikrovzorkd obsahujicich médnaté
pigmenty. Vzorky pochazely z dél vytvorenych mezi 13. a 18. stoletim, mezi nimiz jsou
zavésné obrazy (at uz na platné ¢i na drevéné desce), nasténné malby, polychromované
sochy a jedna podmalba na skle. VétSinou vyobrazovaly ndbozenské motivy, ale byla mezi
nimi i svétska témata, napt. portréty koni.

Modelové vzorky byly pripraveny za ucelem lepsiho pochopeni degradacnich procesu
a mozZnosti detekce hoganitu a vivianitu. Hoganit byl smichan se silné difraktujicimi latkami,
se kterymi se ¢asto vyskytuje v barevné vrstvé, a to konkrétné s olovnatou bélobou (PbCOs) a
olovnato-cinicitou Zluti (Pb,Sn04) v rliznych pomérech, aby bylo mozné urcit jeho detekéni
limit pfi méreni rtg. difrakci. Nasledné byl hoganit smichan s proteinovymi pojivy (zloutek,
kozni klih) pro pozorovani jejich vlivu na strukturu a detekéni limit hoganitu. Pro sledovani
vlivu jak pojiv, tak silné difraktujicich fazi, byly pfipraveny a analyzovédny smési hoganitu s
vajickem/koznim klihem dohromady s olovnato-cinic¢itou Zluti.

Pro pripravu nékterych modelovych vzorkd bylo nutné laboratorné pripravit Cerstvy
nezoxidovany vivianit. Nicméné dostupné publikované a doporucované metody vedly k
vicefazovému slozeni (Mattievich and Danon, 1977), proto jsme vivianit syntetizovali nami
upravenym procesem srazeni. Nasledné jsme pripravili dva typy modelovych vzork( vivianitu
v barevné wvrstvé: (i) abychom mohli pozorovat morfologii vivianitového pigmentu
pripraveného z podrcenych pfirodnich krystalll v mikrovzorku v pricném rezu, nanesli jsme
podkladovou vrstvu smichanou z olovnaté béloby a ktidy (kalcitu) a na ni vivianit od Kremer
Pigmente ve smési s olovnatou bélobou, ze které jsme ndsledné odebrali mikrovzorky; (ii)
pro sledovani vivianitovych barev za zvysSené teploty byl synteticky vivianit smichan se ¢tyrmi
nejvyznamné;jsimi historickymi pojivy: olejem, Zloutkem, koznim klihem a vodou; abychom
mohli porovnat chovani syntetického a pfirodniho vivianitu, Cerstvé podrcené vivianitové
krystaly byly smichdny s vodou; vSechny tyto vzorky pak byly naneseny na sklenéné
podlozky. Pro zhodnoceni vlivu relativné bézného restauratorského postupu pouzivaného na
obrazy na platné — rentoaldze, neboli nazehleni nového platna na zadni stranu starého za
pouziti organickych latek, napr. voskopryskyficné smési — na barvy obsahujici vivianit,
pfipravili jsme dva modelové vzorky olejové malby na platné, jeden za uUcelem testovani a
jeden jako referencni vzorek. Na podkladovou vrstvu tvorenou Zelezem bohatymi hlinkami
jsme nanesli Cerstvé podrcené vivianitové krystaly pojené olejem.



3.1 METODIKA

Prvni metoda, kterou byly studovany strukturni zmény vivianitu za zvySenych teplot
(in situ), byla vysokoteplotni rtg. difrakce. Méreni probéhlo na difraktometru PANalytical
X'Pert PRO pti teploté 25°C a nasledné v intervalu 40°C az 200°C s krokem 10°C v rozsahu 10
az 50° 2Theta.

Poté byly provedeny ex situ experimenty s modelovymi vzorky vivianitovych barev
v rliznych pojivech. Vlozili jsme je do pece Memmert a zahfali je postupné na 60°C, 80°C,
100°C, 120°C, 160°C a 200°C (kazdy zahrivaci krok trval 30 minut). Pred zacatkem
experimentu a po kazdém druhém kroku byly vSechny vzorky vyfotografovany a analyzovany
optickou mikroskopii, UV/VIS spektrofotometrii, infracervenou spektroskopii s Fourierovou
transformaci v transmisnim usporadani a rtg. difrakci. Po kazdém zahtivacim kroku byly
vzorky vyfotografovany a zméreny UV/VIS spektrofotometrii.

Pro provedeni tradi¢ni rentoaldze modelové malby na platné jsme rozehrali smés 50
ml damarové pryskyfice se 100 ml véeliho vosku a 30 ml terpentynu. Abychom mohli
monitorovat dosazenou teplotu, nalepili jsme na predni stranu malby na platné ireverzibilni
teplotni indikatory (Testoterm, Testo AG, Lenzkirch); béhem rentoaldze byla teplota
sledovana také infracervenym teplomérem Voltcraft IR-364 s optikou 30:1.

Optickd mikroskopie mikrovzork(i uméleckych dél a modelovych vzork( probéhla na
trech mikroskopech: Olympus BX 60, Olympus BX 40 a Axio Imager A.2 od firmy Zeiss.

Pro neinvazivni méFeni prvkového slozeni nasténnych maleb v Kufivodech (CR) jsme
pouzili dva typy prenosné rtg. fluorescence: XMET 3000 TXR od Oxford Instruments a Delta
Premium od Innov-X. Prvkové sloZeni (mikro-)vzorkli bylo analyzovano skenovaci
elektronovou mikroskopii — energiové disperzni spektroskopii (SEM-EDS) na mikroskopech
Philips XL30 CP a Jeol JSM6510. Méreni probéhla v mdédu nizkého vakua, diky kterému bylo
mozné analyzovat vzorky bez jejich pokoveni.

Praskové difrakéni zaznamy byly méreny na difraktometru PANalytical X'Pert PRO s
béZnou Coxq, nebo Cuyg, rentgenkou; pro rtg. mikrodifrakci byla vyuzita Coy, rentgenka
s bodovym ohniskem, rtg. monokapildarou o priaméru 0,1 mm a multikandlovy detektor
X'Celerator. Upresnovani parametr( zakladni burnky bylo provedeno metodou nejmensich
CtvercQ v programech HighScore Plus a AFPAR.

Méreni Ramanovy spektroskopie probéhlo na dvou mikrospektroskopech: Renishaw
In Via Reflex (s 514,5 nm a 785 nm excita¢ni vinovou délkou) a Thermo Scientific DXR Raman
Microscope (s 445 nm, 532 nm, 633 nm a 780 nm excitacni vinovou délkou). Analyzy s
laserovou excitaci o vinové délce 1064 nm byly provedeny na Thermo Nicolet 6700 FT-IR
s Ramanskym modulem Nexus FT.

Infracervend spektra s Fourierovou transformaci (FT-IC) byla méfena ve tiech
usporadanich: transmisi (Thermo Scientific Nicolet NEXUS 670 FT-IR), spekuldrni reflexi
(mikroskop Continuum a spektrometr Thermo Scientific Nicolet NEXUS; mikroskop Thermo
Scientific Nicolet iN10) a zeslabeni Uplného odrazu v mikrousporadani, neboli mikro-ATR
(mikroskop Thermo Scientific Nicolet iIN10 s germaniovym Slide-On Micro-Tip ATR
krystalem).

Pro stanoveni poméru Fe?* a Fe** ve vzorku podrcenych vivianitovych krystald, ze
kterého byly vyrobeny modelové vzorky barevné vrstvy (s vodou), modelové malby na platné
a ktery byl studovan vysokoteplotni rtg. difrakci, jsme pouzili Mdssbauerovu spektroskopii.
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Méfeni probéhlo na spektrometru Wissel v transmisnim uspofadani se zdrojem >’Co
rozptylenym v Rh matrici pohybujicim se s konstantnim zrychlenim. Pro stanoveni oxidacnich
zmén za zvysenych teplot byl vzorek vivianitu zahtivan v nékolika krocich na 60°C, 80°C, 90°C,
100°C, 110°C, 120°C, 130°C, 140°C (kazdy krok trval 30 minut) a nasledné méren (ex situ)
Mossbauerovou spektrokospii.

UV/VIS spektrofotometrie byla provedena na spektrometrech Lambda 35 od Perkin
Elmer Instruments a Cary 4000 UV-VIS od Agilent za pouziti integracni koule. Ziskand
reflektancni data byla prevedena do CIE L*a*b 1964 barevného prostoru v programu Color.

Pro porovnani barevnosti vzork(l, které byly bud moc velké, nebo moc tmavé pro
méreni na vysSe uvedenych spektrometrech, jsme pouzili analyzu histogramu fotografii.
Vzorky byly vyfoceny na fotoaparat Canon D500 Rebel pod definovanym svétlem (D65) a za
stalého nastaveni (pozice vzorku, fotoaparatu a svétla, expozi¢ni cas, clona, objektiv,
zaostieni a vyvazeni bilé). Diky tomu byly ziskané histogramy porovnatelné.

4. VVYSLEDKY A DISKUSE

Tato kapitola shrnuje vysledky predstavené v péti ¢lancich doprovazejicich disertacni
praci v Apendixu A. Prvni ¢ast se zaméruje na mikroanalytickou detekci vzacnych mineralnich
pigmentd vivianitu, pfirodné ozareného fluoritu — antozonitu a krokoitu a zabyva se také
jejich vyznamem pro provenienc¢ni studie ¢i dataci uméleckych dél. Mikroanalyticka ¢ast je
zakoncena postupem identifikace médnatych pigmentl v barevné vrstvé. Druhd cast
pojedndva o degradaci pigment( zplsobenou vnitinimi a vnéjsimi vlivy; pozornost bude
vénovdana zejména hoganitu a vivianitu.

4.1 MIKROANALYZA MINERALNICH PIGMENTU A JEJICH PROVENIENCNI STUDIE

Vivianit (Fe3(PO4),:8H,0) je monoklinicky minerdl, ktery se v pfirodé vyskytuje
v podobé krystalll a rlznych typl agregatll, z nichZz nejcastéjsi je zemity (Bernard a Rost,
1992). Zemity vivianit je béznou mineralni ptimési vredukénich prostiedich — napf.
raselindch, bahennich rudach ¢i jezernich a mofrskych sedimentech, zatimco vivianitové
krystaly a agregaty jsou tvoreny v tzv. gosanech, oxidacnich zénach lozZisek sulfidd Zeleza,
greisenech (Sn), na vysokoteplotnich Pb-Zn Zilnych loZiscich a vzacnéji i v pegmatitech
(Bernard a Rost, 1992; Fagel et al., 2005; Guastoni et al., 2007).

Diky své jemné modré barvé byl vivianit pouzZivan jako historicky malitsky pigment.
Ponékud prekvapivé dosud nebylo stanoveno, jestli se pro vyrobu vivianitového pigmentu
pouzival zemity agregat, nebo podrcené krystaly. Vivianit je vzacny pigment a do této doby
byl identifikovan jen v asi sedmdesati evropskych uméleckych dilech; ta pochazeji z let 1050
az 1780 a nejCastéjsi zemé jejich puvodu jsou Némecko, Rakousko a Nizozemi (Richter,
2007). Bylo zjisténo, Ze v nékterych dilech vivianit zménil barvu z modré na Sedou nebo
Zlutohnédou (van Loon, 2008; Spring and Keith, 2009; Spring, 2001). Zd3a se, Ze zmény
vivianitu mohou souviset s jeho oxida¢nimi procesy, které byly na mineralech pozorovany a
jsou spojeny se zménou barvy od bilé (prahledné) u zcela cerstvého vivianitu pres modrou az
po Zlutohnédou (Pratesi et al., 2003). O oxida¢né-degradacni fadé vivianitu probihaly znacné
diskuze; v soutasnosti je viak popisovana takto: vivianit (monoklinicky, Fes®*(PO4),-8H,0) —
metavivianit (triklinicky, Fe?*Fe;>"(PO4),(OH),-6H,0) — Fe**-bohaty “metavivianit” (triklinicky
s odli$nymi rozméry bufiky) — santabarbarait (amorfni, Fes>*(P0O4),(OH)s-5H,0) (Chukanov et
al., 2012).



Identifikace vivianitu v barevné vrstvé byla popsana nékolika autory (Sheldon, 2007;
van Loon, 2008; Spring a Keith, 2009; Karl, 2009; Howard, 2003), nicméné ti spoléhali
zejména na optickou a skenovaci elektronovou mikroskopii. Proto jsme se zaméfili na
jednoznacénou identifikaci vivianitu a jeho degradacnich produktl v barevné vrstvé, kterd je
komplikovana pritomnymi barevnymi zménami, ale také na pouzitelnost vivianitu pro
proveniencni studie.

Nejdfive jsme se zaméfili na geologickou provenienéni studii, pti které jsme
analyzovali dvanact mineralogickych vzorku vivianitu pochazejicich z rznych lokalit pomoci
SEM-EDS. Diky tomu jsme byli schopni rozliSit Sest skupin obsahujicich nasledujici prvkové
pfimési: (i) Mn (vzorky z manganem bohatého pegmatitu, pyritovych grafitickych bfidlic
prekrytych Mn-karbonaty), (i) Mn + Zn (loziska “limonitické” Zelezné rudy), (iii) Mg
(sedimentarni panve), (iv) Ca + Ti (vapence), (v) Na + Si + Al + Mg + Mn +Ca + S (raselinisté) a
(vi) bez primeési (jily). Nasledné jsme analyzovali mikro-vzorky pochazejici ze sedmi obraz( od
Jeana George de Hamiltona (1672-1737), malite, ktery byl ¢inny zejména v Némecku,
Rakousku a jiznich Cechéch. Zjistili jsme, Ze Fe-P zrna obsahuiji $iroké spektrum dal3ich prvka:
Si, Al, Mn, Na, Ca, K, Mg a S. Nicméné jsme museli vzit v potaz, Ze analyza byla zatizena
vétsim excitatnim objemem v poméru kvelikosti zrn a také metodou pfipravy vzorku
(brouseni), proto jsme provedli prvkové mapovani. Diky nému jsme zjistili, Ze jediny prvek
zcela specificky pro vivianitova zrna byl mangan; ostatni prvky byly pfitomny jak ve vivianitu,
tak i vokoli. Porovnani morfologie zrn s modelovymi vzorky ptipravenymi z podrcenych
krystald spolecné s pomérné bohatou Skadlou zastoupenych prvkovych primési vedlo
k zavéru, Ze de Hamilton pouZival zemity vivianit sedimentarniho ptvodu, pravdépodobné
z raselinist.

Abychom prostudovali analytickou odezvu vivianitu a jeho degradacnich produktd,
zméfili jsme mineralogické vzorky vivianitu pomoci rtg. difrakce, Ramanovy spektroskopie a
FT-IC spektroskopie v transmisnim uspofradani. Vzorek, ve kterém byla rtg. difrakci zjiténa
pfitomnost vSech tfi krystalickych (meta)vivianitovych fazi byl vybran pro srovnani
s vibraénimi spektroskopiemi. Ziskand Ramanova spektra bylo mozné pfiradit castecné
zoxidovanému vivianitu a metavivianitu, infracervené spektrum obsahovalo pasy vivianitu i
metavivianitu. Fe**-bohaty “metavivianit” neni pfili§ dobfe popsana a prozkoumana faze, a
jeho vibracni spektra nebyla dosud publikovana, nicméné zZadné pasy, které by mohly byt
této fazi pfirazeny, jsme v naSem vzorku nedetekovali. Poté jsme pouzili strukturni analyzy v
mikrokonfiguraci k analyze mikrovzorkl. BohuZzel Ramanova spektra, kterd dokazala velmi
dobre odlisit pfitomnost vivianitu a metavivianitu v mineralogickych vzorcich, byla postizena
silnou fluorescenci bez ohledu na pouzitou excita¢ni vinovou délku (514,5 nm, 633 nm a 785
nm). V pfipadé, Ze Fe-P vrstva byla na mikrovzorku dostate¢né odkryta (Sitka okolo 500 pum),
mohli jsme ji analyzovat pomoci rtg. mikrodifrakce. U dvou vzork( tak byla potvrzena
pfitomnost vivianitu (Obr. 1). Mikroinfracervend spektra namérena v reflexnim usporadani
méla prilis vysoky Sum, ktery znemoznil jednoznacnou interpretaci spekter, nicméné spektra
namérena metodou mikro-ATR byla velmi kvalitni a podatilo se tak ziskat spektrum vivianitu
(Obr. 1). Nicméné nizkd koncentrace vivianitu v nékterych vrstvach ve smési s olovnatou
bélobou neumoznila jeho detekci strukturnimi metodami a identifikace musela byt zalozena
pouze na prvkové SEM-EDS analyze.

Vzacny minerdlni pigment vivianit jsme identifikovali v sedmi zdvésnych obrazech na
platné od Jeana George de Hamiltona. Vivianit tak zfejmé byl pouzivan autory konzistentné
v podobé autorské preference a mlze tak byt vyuzit pro proveniencné-autorské studie.
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Obr. 1 Rtg. mikrodifrakéni zéznam a mikro-ATR IC spektrum mikrovzorku ziskaného z obrazu J. G. de
Hamiltona (P=pojivo, H=hydrocerussit (neboli olovnatd béloba), V=vivianit), rtg. mikrodifrakce:
analyzovand oblast a smér dopadu paprsku je vyznacen elipsou a Sipkou na mikrofotografii
fragmentu; mikro-IC: bily kfiZek vyznacuje pozici vivianitové vrstvy na mikrofotografii ndbrusu. Foto:
Z. Cermdkovd

Fluorit (CaF,) je kubicky minerdl, ktery se v pfirodé nejcastéji vyskytuje v podobé
zrnitych aZz masivnich agregatt nebo kubickych krystald (Bernard a Hyrsl, 2006). Jeho tmavé
fialova aZz cernd odrlda se strukturnimi dislokacemi zplsobenymi pfirodnim ozarenim je
béiné oznacovana jako antozonit. Pfi drceni vydava zvlastni zapach, ktery byl teprve
nedavno identifikovan jako plynny fluor (Schmedt auf der Giinne et al., 2012). Antozonit se
nachazi na rudnich Zildch Sn-W a Sn-Cu a pridruzenych greisenech, na rudnich Zzilach olova
nebo na fluorito-barytovych zilach (Bernard a Hyrsl, 2006). Diky své — v ramci fluoritovych
vzorkl — ojedinéle tmavé a syté barvé byl antozonit pouzivan jako historicky malifsky
pigment (Richter et al., 2001).

Fialovy fluorit je vzacny pigment a dosud byl identifikovdn pouze v asi Ctyfriceti
uméleckych dilech. V Evropé byl temné fialovy fluorit nalezen v dilech pochazejicich pfiblizné
z let 1450 a7 1550 ze Svycarska, Némecka, celé stiedni Evropy a také Nizozemi (Chlumskd et
al., 2010; Spring, 2007-8; Zelinska, 2012; Kosinova, 2002; Spring, 2000). Zd4a se, Ze pouZiti
tmavé fialového fluoritového pigmentu bylo spojeno s jeho dobovym dobyvanim. Srein et al.
(2010) studovali tmavé fialovy a7 ¢erny fluorit z nékolika lokalit v Ceské republice, Némecka a
Polska. Identifikovali Wolsendorf v Némecku jako nejpravdépodobnéjsi zdroj antozonitového
pigmentu — obsahoval totiz nejvyssi zastoupeni tmavé zbarvenych zrn a tato lokalita byla
téZena pro stfibrnou rudu ptiblizné mezi lety 1450 a 1520-1550.

Detekce fluoritu v mikrovzorcich malifskych dél je snadna diky jeho jedine¢nému
prvkovému sloZeni, nicméné SEM-EDS nemUZe zobrazit jeho pfipadné strukturni poskozeni.
Dill a Weber (2010) publikovali Ramanovo spektrum antozonitu v rozsahu 400-2400 cm™.
Toto spektrum vSak ve skutecnosti nezobrazuje Ramanské pasy fluoritu, ktery ma velmi
jednoduché spektrum s jednim pasem na pozici 322 cm™ (Srivastava et al., 1971).

Rtg. difrakéni zdznamy antozonitovych vzork( studovali napt. Vicek et al. (2012) a
Berman (1957). Jejich studie ukazaly, Ze difrakcni linie antozonitll jsou rozsirené a Ze ve
srovnani se syntetickym standardem dochazi k posunu jejich pozice, kterad indikuje zvétSeni
mfizkového parametru.



Jelikoz nebylo jasné, jestli ma antozonit specifické Ramanovo spektrum a jak se
pfipadné vztahuje k strukturnimu poskozeni viditelném v difrakénim zdznamu a k barvé,
prostudovali jsme Sestnact antozonitovych vzork(l a bily synteticky fluorit pomoci rtg.
difrakce, Ramanovy spektroskopie a analyzy histogramu fotografii vzork.

Na rtg. difrakénich zdznamech bylo pozorovatelné rozsireni difrakénich linii (neboli
vétsi Sirka v poloviné vysky difrakéni linie, anglicky full-width half-maximum, FWHM) u
tfinacti studovanych vzorkd; tfi vzorky mély hodnoty FWHM srovnatelné se syntetickym
standardem. Namérené hodnoty FWHM u 111 difrakéni linie se pohybovaly od 0.054 to
0.114° 2 Theta. VSechny studované mineralogické vzorky byly velmi tmavé zbarvené — bud
fialovocCerné nebo cerné. Kdyz byly podrceny a rozetreny, paleta jejich barev se znacné
rozsifila od svétle fialové pres syté fialovou, fialovocernou az po ¢ernou. JelikoZ interpretace
UV/VIS spekter ¢ernych vzork( byla znemoznéna kvali Uplné absorpci a protoze nebylo
vhodné vzorky redit kvali dalsim analyzam, vSechny antozonitové vzorky byly za stejnych
podminek vyfoceny, histogram kazdé fotografie byl zprimérovan a priméry byly poté
srovnany s pfislusSnymi FWHM 111 linii. Data spolu dobtfe korelovala s koeficientem
determinace R*=0,7208. Na druhou stranu zvétéeni mfizkového parametru (Vicek et al.,
2012) bylo sice pozorovano, ale nekorelovalo se zvétSenim FWHM. Strukturni naruseni
antozonitovych vzork( tak mize byt pozorovano na rozsiteni difrakcnich linii a tmavsi barveé,
ne vsak na zvétSeni mtizkového parametru.

Studium antozonitd pomoci
"5420 33?252 149 Ramanovy spektroskopie s vyuzitim
; P péti excitacnich vinovych délek (445
\ nm, 532 nm, 633 nm, 780 nm a 1064
nm, u které vSak byla namérena pouze
silnd  fluorescence) ukazalo, 7Ze
antozonit ma charakteristické
Ramanovo spektrum voblasti pod
500cm™  (pét Sirokych past na
: . . . . priblizné pozici 420, 335, 284, 222 a
500 400 300 200 100 142 cm™) ve viech ¢tyfech excitatnich

VInoéet [cm™] vinovych délkach (Obr. 2). Intenzita
pasu na 335 cm™ byla ve srovnani s
fluoritovym pasem na 322 cm™ vy$si u
vzorkU s vysSSim strukturnim
poSkozenim detekovanym rtg. difrakci. Tyto pasy mohou byt prifazeny (analogicky
k Ramanovym spektriim ozarenych diamantl) lokdlnim vibracim komplex(i radiacné
indukovanych bodovych defektl (Poklonskaya a Khomich, 2013). Abychom zkontrolovali, ze
je spektrum skutecné charakteristické pro antozonit, zméfili jsme také spektra tfi odliSné
zbarvenych fluoritl (namodraly, zeleny a Zluty) — Zadny z nich nemél pasy na stejné pozici.
Ponékud prekvapivé spektra antozonitll namérend s 445 a 780 nm excitacnimi vinovymi
délkami obsahovala mnoZstvi Sirokych past také v oblasti nad 500 cm™. Zd4 se, Ze tyto pasy
jsou fluorescencni a jsou spojeny s obsahem prvkl vzacnych zemin, jak bylo pozorovano
napt. Chenem a Stimetsem (2014).

900 1

700 4

500 1

Intenzita [a.u.]

300 1

Obr. 2 Typické Ramanovo spektrum antozonitu
nameérené s excitacni vinovou délkou 532 nm

Vysledky studia mineralogickych vzorkd antozonitu byly pouzZity pfi analyze
mikrovzork( pochazejicich z triptychu sv. Jakuba mladsiho a sv. Filipa v kapli sv. Vaclava a
Vladislava ve Vlasském dvore v Kutné Hore, ktery byl vytvofen nezndmym mistrem v roce

8



1497. Rtg. mikrodifrakce nemohla byt pouZita kvali malé Sifce barevnych vrstev a
nedostatecné presnosti této mikrometody pro spolehlivé strukturni vypocty. Ramanova
spektroskopie tmavé fialovych fluoritovych zrn (s excitacni vinovou délkou 532 nm) poskytla
spektrum typické pro antozonit svyraznym pasem na 335 cm™ indikujicim vy3$§i miru
radiacné zplsobeného poskozeni.

Vysledky nasi studie ukazaly, Ze Ramanova spektroskopie muize byt Uspésné pouzita
pro identifikaci antozonitu v mikrovzorcich uméleckych dél. Jeho charakteristické spektrum
navic obohacuje jeho dosavadni spiSe vagni definici (tmava barva, charakteristicky zapach pfi
podrceni). Identifikace antozonitu v uméleckém dile mlze také potvrdit predpokladanou
dobu vzniku dila.

Krokoit (PbCrQ4) je monoklinicky mineral, ktery se v pfirodé obvykle vyskytuje jako
oxidacni produkt galenitu v bazickych a ultrabazickych Cr-bohatych horninach (Bernard a
Hyrsl, 2006). M4 zarivé CervenooranZovou aZz oranzovou barvu (Bernard a Hyrsl, 2006); kdyz
je podrcen a rozetfen, jeho barva se pohybuje od Zluté po oranZovou. Krokoit je vzacny
mineradl a jeSté vzacnéjsi pigment. Byl identifikovan v nékolika egyptskych pohrebnich
artefaktech (Edwards et al.,, 2004; Nicholson a Shaw, 2000), ale jeho pouziti v evropském
uméni bylo zdokumentovdno pouze jednou, a to vnasténnych malbach ze 13. stoleti
v podzemnich prostorach sienské katedraly v Italii (Mugnaini et al., 2006).

V prabéhu komplexniho materidlového vyzkumu nasténnych maleb v kostele sv.
Havla v Kufivodech byl méfenim prenosnou rtg. fluorescenci zjistén obsah chromu ve Zluté
zbarvenych oblastech. Nasledna SEM-EDS analyza ziskanych mikrovzork( prokazala, Ze syté
Zlutd zrna obsahuji chrom a olovo. Rtg. mikrodifrakce nicméné nemohla spolehlivé potvrdit
pritomnost Cr-Pb faze kvili jejimu nizkému obsahu v barevné vrstvé. Pro identifikaci pak byla
pouzita Ramanova spektroskopie, ktera vedla k identifikaci mineralniho pigmentu krokoitu.

Identifikace prirodniho krokoitu jako malifského pigmentu v Kufivodech ma velky
vyznam, protoZe je to jeho teprve druhé potvrzené pouziti v evropském uméni. Malby
v sienské katedrale byly vytvoreny roku 1270 (Mugnaini et al., 2006), takze detekce krokoitu
podpotila datovani kufivodskych figuralnich nasténnych maleb do konce 13. stoleti.

Médnaté pigmenty tvori velmi Sirokou skupinu materiald. Vzhledem k jejich Skale
jsme se zaméfili na ty, které byly pouzivany v evropském malitrstvi od stfedovéku do 18.
stoleti, které mizZeme nasledné rozdélit do dvou skupin — na pigmenty mineralniho typu (at
uz prirodni nebo uméle pripravené) a typu médénkového (uméle pripravené octany médi;
pouze neutrdIni médénka je mineralogicky definovana jako hoganit).

Mezi nejrozsirenéjsi zastupce médnatych pigmentl patfi uhli¢itany: modry azurit
(Cu3(C03),(0H),) a zeleny malachit (Cu,(COs)(OH),). Pigmenty na bazi chloridd médi jsou
mnohem vzacnéjsi a zahrnuji napf. polymorfni faze se slozenim Cu,Cl(OH); — atakamit,
paratakamit, klinoatakamit a bottalakit. Mezi médnaté chloridy se radi i velmi vzacné
pigmenty, jako jsou indigové modry cumengeit (Pb,1CuyCls2(OH)40:6H,0) nebo azurové
modry calumetit (Cu(OH,Cl),-2H,0) (Scott, 2002; Svarcova et al., 2009; Svarcova et al., 2012).
Sirany médi jsou rovnéz relativné vzacné. Chemicky se liSi pouze poctem hydroxylovych
skupin a/nebo molekul krystalicky vazané vody. Patfi mezi né brochantit, CusSO4(OH),
posnjakit, CusSO4(OH)e-H,0, langit, CusSO4(OH)s-2H,0, nebo antlerit CusSO4(OH)s (Scott,
2002).



Zatimco azurit byl jednim z nejrozsirenéjSich pigmentd v Evropé od stfedovéku aZz do
17. stoleti, malachit tak Siroce vyuzivan nebyl vzhledem k snadné dostupnosti jinych zelenych
pigmentl (Eastaugh et al., 2004; Scott, 2002). Médnaté sirany byly pouzivany mnohem
vzacnéji; posnjakit byl identifikovan v nasténnych malbach a zavésnych obrazech na drevéné
desce z 15. a7 16. stoleti (Svarcova et al., 2009; Naumova et al., 1990), brochantit byl nalezen
v obrazech z 19. stoleti (Correia et al., 2007). Médnaté chloridy atakamitového typu pak byly
objeveny zejména v nasténnych malbach a fragmentarnich polychromiich na kameni nebo
keramice (Svarcova et al., 2009; Naumova et al., 1990; Campos-Sufiol et al., 2009).

Zatimco médnaté pigmenty mineralniho typu jsou krystalograficky dobie definované,
pigmenty médénkového typu jsou vtomto ohledu ponékud komplikovanéjsi. Médénky
mulzeme rozdélit do dvou skupin — na neutraini a bazické. Neutrdlni médénka — hoganit
(Cu(CH3C0O0);,:H,0) — krystalizuje v monoklinické soustavé a ma modrozelenou barvu.
Bazickych médének je vice typU; Scott (2002) a Kithn (1994) publikovali pét vzorc( fazi, které
byly pravdépodobné dostupné jako historické pigmenty, nicméné nebyly pfipraveny fazové
Cisté a spolehlivd referencni data chybi. Jedind cistd bazickd médénka, kterd byla dosud
syntetizovana, ma vzorec Cu,(CH3COO)(OH)s-H,0, krystalizuje v monoklinické soustavé a jeji
difrakéni zaznam i infracervené spektrum bylo publikovano Svarcovou et al. (2011). M&dénky
predstavovaly vyznamné pigmenty od antickych dob az do 19. stoleti (Kithn, 1994) a jejich
pouziti je zdokumentovano napf. v gotickych zavésnych obrazech na desce, iluminacich,
nebo obrazech na platné z 15. az 17. stoleti (Van Eikema Hommes, 2004).

Nedestruktivni laboratorni analyticky postup identifikace médnatych pigmentd jsme
testovali na jednadvaceti vzorcich uméleckych dél. Prvnim krokem bylo didkladné pozorovani
pod optickym mikroskopem vybavenym zdrojem UV zateni. Médnaté pigmenty maji
zelenou, modrou a modrozelenou barvu; pod UV zafenim o délce 365 nm jsou inertni.
Naslednd prvkova SEM-EDS analyza umoznila identifikaci typu pfitomného pigmentu (Cu-C,
Cu-S, Cu-Cl apod.). Analyza byla provadéna velmi podrobné, protoze v nékterych pfipadech
odhalila pfitomnost malych a sporadicky rozptylenych zrn, zejména médnatych chlorid(,
které by jinak zlstaly nepoznany vzhledem k detekénim limitim nasledujicich analyz. Dalsi
pouzitou metodou byla Ramanova spektroskopie. Vzhledem k tomu, Ze nékteti autofi se
setkali s fluorescenci pfi méreni modrych a zelenych material( excitacni vinovou délkou
785 nm (Petrova et al., 2012; Jehlicka et al., 2011), pouzili jsme laser o vinové délce 532 nm. |
tak byla méreni znacné postizena fluorescenci, a zalozZit identifikaci faze na jednom
pozorovatelném pasu ve spektru (pfifaditelném napf. vibracim hydroxylové skupiny) je
ponékud pochybné. V ptipadé médénky byla situace jesté ztizena nedostatkem referencnich
dat. Nasledné jsme na vzorcich testovali mikro-FT-IC v reflexnim uspofadani. Tato analyza
dosahovala dobrych vysledk(, zejména pfi analyze volnych fragmentd, u kterych byla vrstva
vice odkryta nez by tomu tak bylo v pticném ftezu, coz vedlo kidentifikaci médnatych
uhlicitan i nékterych siran. Nicméné v nékterych pripadech nepftiznivy pomér signalu
k Sumu neumoznil jednoznaénou identifikaci pritomnych fazi. Proto jsme zvolili mikro-FT-IC
analyzu v mikro-ATR usporadani. Prestoze jsme dosahli lepSiho poméru singalu k Sumu,
interpretace spekter vedla k velmi podobnym vysledk(m jako v pripadé spekter namérenych
v reflexi. Byli jsme tak tedy schopni detekovat pritomnost vibraci siranu, ale jiz jsme nebyli
schopni spolehlivé konkrétni siran urcit. Mikro-FT-IC spektroskopie obecné poskytla
uspokojivé vysledky také pri analyze pigmentld médénkového typu — prestoZe spektrum
nemohlo byt pfifazeno neutralni ¢i (jediné definované) bazické médénce, byly zretelné
rozeznatelné pasy spojené s vibracemi octand médi (Obr. 3). Abychom urcili konkrétni faze
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pritomné v barevné vrstvé, poufZili jsme pro analyzu mikrovzorkd rtg. mikrodifrakci. Ta byla
schopna jednoznac¢né rozlisit médnaté pigmenty mineralniho typu, napf. posnjakit
(hydratovany siran médnaty), nebo tfi typy médnatych chloridd v jednom vzorku — atakamit,
paratakamit a bottalakit. V difrakénich zaznamech namérenych na médénkovych vrstvach
vSak prekvapivé nebyly Zzadné linie, které by bylo moziné médénkam priradit (Obr. 3). Jediny
vzorek, na kterém byl difrakéni zaznam meédénky naméren, pochdazel z polychromované
enkaustiky; pojivem byl tedy vosk. Ostatni vzorky byly pojeny budto olejem, nebo
proteinovymi pojivy (napf. vajicky), a navic obvykle obsahovaly silné difraktujici pigmenty,
jako jsou olovnata béloba nebo olovnato-cini¢itd Zlut. To nas podnitilo k provedeni
experimentl zkoumajicich vliv proteinovych pojiv a pritomnosti dalSich materialt v barevné
vrstvé na identifikaci médénky pomoci rtg. mikrodifrakce, které budou popsany v nasledujici
podkapitole.

1.2 1
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S S |
g § 0.6
= 0o
500 < 0.3
T T T T 1 T T T
10 20 30 40 50 60 3000 2000 1000
2 Theta (Co,,) [°] Vino&et [cm™]

Obr. 3 Rtg. mikrodifrakéni zéznam a mikro-FT-IC spektrum v reflexnim uspordddni (po Kramersové-
Krénigové transformaci) mikrovzorku obsahujiciho médénku. Rtg. mikrodifrakce: analyzovand oblast
a smér dopadu paprsku je vyznalen elipsou a Sipkou na mikrofotografii fragmentu; K=kalcit,
H=hydrocerussit, Q=kfemen. Foto: S. Svarcovd

4. 2 DEGRADACE PIGMENTU

Pigmenty a pojiva spolu po stovky let koexistuji v barevnych vrstvach uméleckych dél.
Tyto heterogenni materidly navzajem nevyhnutelné interaguji, coz Usti v jejich degradaci Ci
dokonce barevnou zménu. Tyto zmény mohou byt iniciovany pouze slozenim barevné vrstvy,
teplota, zvySend vlhkost (nebo jejich fluktuace), osvétleni ¢i chemické prostiedi (napf.
napadeni solemi nebo chemikdliemi pouzitymi pfi restaurovani).

Zmény iniciované vnitfnimi procesy v barevné vrstvé jsou komplikované a mnohé
z nich jesté nebyly zkoumany. Ptikladem studovaného, ale zatim nepfiliS popsaného a
pochopeného jevu je saponifikace, neboli zmydelnéni. Dochazi knému v olejomalbach
s obsahem pigmentd na bazi tézkych kov(, jako je olovnatd béloba nebo olovnato-cinicita
Zlut. Ty interaguji s mastnymi kyselinami v pojivu a vytvafi se tak kovovd mydla, kterd
krystalizuji, agreguji a prostupuji barevnymi vrstvami, coz mulzZe vyustit aZ vjejich
odpryskavani (Catalano et al., 2014; Osmond et al., 2012).
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Mezi pigmenty, které jsou nachylné k degradaci vnitfnimi vlivy, patfi i médénka. Pfi
rtg. mikrodifrakci médénkové barevné vrstvy jsme nebyli schopni naméfit ptislusny difrakéni
zaznam. To je v rozporu s doporucenimi, Ze médénka — jakozto krystalicka faze — by méla byt
analyzovana difrakénimi technikami (Scott, 2002). Na druhou stranu jsou nase pozorovani ve
shodé svysledky Van der Snickta et al. (2011), ktefi rovnéz nebyli schopni identifikovat
zeleny médnaty pigment pomoci rtg. difrakce.

Abychom mohli sledovat vliv proteinovych pojiv a silné difraktujicich latek na detekci
médénky v barevné vrstvé, vytvorili jsme nékolik typl modelovych vzork(. Nejprve byla
pripravena smés neutralni médénky — hoganitu — v rlznych koncentracich s olovnatou
bélobou (PbCO3) a olovnato-cinicitou Zluti (Pb,Sn04), které byly zméreny rtg. difrakci. Zjistili
jsme, ze detekéni limit hoganitu je 2 hm. %. Ndsledné byl hoganit smichdn se Zloutkem a
koznim klihem; difrakéni linie hoganitu v téchto smésich byly viditelné od 5 hm. %. Velmi
zajimavym zjisténim bylo pozorovani rozsiteni difrakénich linii hoganitu ve smési s koznim
klihem indikujicim snizeni jeho krystalinity. Pro zhodnoceni vlivu pojiva a zaroven i silné
difraktujicich latek byly vytvoreny modelové vzorky hoganitu se stejnym mnozZstvi olovnato-
cini¢ité zluti ve vejci a koznim klihu. Ve smési obsahujici 5 hm. % hoganitu a 5 hm. % Pb,SnO,4
ve vejci difrakéni linie hoganitu zcela vymizely. V ekvivalentni smési 5 hm. % hoganitu a 5
hm. % Pb,Sn04 v koznim klihu difrakéni linie hoganitu sice byly detekovany, nicméné stejné
jako v predchozim pripadé vzorkd hoganitu v koznim klihu byly jeho linie znacné rozsirené.
Zda se, Zze uplnd ztrata krystalinity hoganitu je dlouhy proces, ktery je obtizné napodobit.
Nase vysledky nicméné jasné ukazuji, Ze na moznost detekce médénky pomoci rtg.
mikrodifrakce maji vliv jak proteinova pojiva, tak pfitomnost olovnatych pigmentu.

Pigmenty podléhaji zménam a degradaci zpUsobenych jak vnitfnimi, tak i vnéjsimi
vlivy — patfi mezi né UV svétlo, zvySena vihkost nebo vystaveni rliznym solnym roztoklm, coz
je degradacni proces typicky pro nasténné malby. Degradace byla popsana napfiklad u
Zlutého sulfidu kademnatého (greenokitu), u rGznych olovnatych pigmentd, médnatych
pigmentt nebo rumélky (Van der Snickt et al., 2009; Kotulanova et al., 2009; Svarcova et al.,
2009; Radepont et al., 2011).

Degradacni studie pigmentl obvykle neberou v tvahu moznost ovlivnéni uméleckych
dél zvysenou teplotou, nicméné i takové podminky mohou nastat, a to at uZ tfeba
intenzivnim osvétlenim, nebo relativné béznym restauratorskym zdsahem — rentoaldzi, ktera
spociva v nazehleni nového platna na zadni stranu starého a jiz degradovaného platna za
pomoci rtiznych organickych sloucenin (napfiklad voskopryskyficné smési, nebo modernich
materiadld jako je BEVA 371, coZ je komplexni smés kopolymer( syntetické pryskyrice a
vosku) (Hackney, 2004; Ackroyd, 2002). Zvysené teploty urychluji oxidacni procesy, coz mize
negativné ovlivnit pigmenty s tendenci k oxidativni degradaci, mezi néz patfi i vivianit. Je
mozné, Ze zpusobily jeho zdokumentované zmény z modré na Sedou nebo Zlutohnédou v
barevnych vrstvach uméleckych dél (van Loon, 2008; Spring and Keith, 2009; Spring, 2001).

Oxidace vivianitu za zvySenych teplot mizZe byt sledovdana pomoci Mdssbauerovy
spektroskopie. Dosavadni studie se vSak zamérovaly bud' na pfilis vysoké teploty (od 200°C
do 800°C) (Pina et al., 2010), nebo neuvadély presnou teplotu, pfi které se vivianit zacind
ménit (Hanzel et al., 1990). Strukturni zmény vivianitu za zvySenych teplot byly studovany
Tienem a Waughem (1969) pomoci rtg. difrakce (ex situ, analyzované vzorky byly nejdtive
zahtaty a nasledné zméreny), nebo Poffet (2007), ktera vivianit méfila vysokoteplotni rtg.
difrakci (in situ). Zamérovala se zejména na odolnost vivianitu za urcitych teplot a popsala
ztratu intenzity jeho difrakénich linii.
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JelikoZz nebylo zcela jasné, za jakych teplot se vivianit zacind ménit, zaméfili jsme se
na studium teplotnich zmén vivianitu pomoci Mdssbauerovy spektroskopie, vysokoteplotni
rtg. difrakce a rady modelovych vzorkG a experimentl zahrnujicich i tradicni
voskopryskyfi¢nou rentoalaz.

Prvni pouzitou metodou studia byla vysokoteplotni rtg. difrakce. Zméfili jsme tfi
vzorky s rliznym stupném oxidace, které obsahovaly: (i) vivianit, (ii) vivianit + metavivianit,
(iii) vivianit + metavivianit + Fe*-bohaty “metavivianit”. K prvnimu poklesu intenzity
difrakénich linii vivianitu doslo jiz pri 70°C. Pokles pokracoval az do 160°C, kdy se struktura
vivianitu zcela rozlozila. V teplotnim intervalu mezi 90°C a 110°C se obsah metavivianitu ve
vzorcich (ii) a (iii) mirné zvysil; ndsledné klesal stejné jako obsah vivianitu. Vyslednym
Zlutohnédym produktem po vysokoteplotni rtg. difrakénich mérenich nebyl santabarbarait,
ale jiny amorfni fosfat s nizsim obsahem vody.

Poffet (2007) pozorovala fluktuaci nejintenzivnéjsi difrakéni linie vivianitu pfi 75°C,
coz neodpovida nasim vysledkiim, které naznacuji pokles jiz pfi 70°C. Difrakéni méreni Pifly
et al. (2010) a Tiena a Waugha (1969), ktefi vivianit analyzovali ex situ, nepokryvaly
pocatecni faze strukturnich zmén; jejich méreni zacinala na teploté 200 a 175°C. Predstavili
jsme tak prvni vysokoteplotni rtg. difrakéni studii pokryvajici cely interval teplotni stability
vivianitové struktury.

Nasledné jsme zméfili vzorek (ii) obsahujici vivianit a metavivianit pomoci
Mossbauerovy spektroskopie; za pokojové teploty obsahoval 35% Fe®*. Poté byl vzorek
zahfivan v nékolika krocich: 60°C, 80°C, 90°C, 100°C, 110°C, 120°C a 130°C (kazdy krok trval
30 minut); po kazdém kroku bylo zméfeno jeho Mossbauerovo spektrum. Prvni
pozorovatelnd zména nastala po zah¥ati na 90°C, kdy se obsah Fe** zvy&il na 45%, co? je v
souladu s pozorovanym narlGstem obsahu metavivianitu pri stejné teploté béhem méreni
vysokoteplotni rtg. difrakci. Na druhou stranu je to v rozporu s grafem publikovanym
Hanzelem et al. (1990), ktery naznacuje, Ze zacatek oxidace vivianitu nastava zhruba pfi
105°C. Po zahtati na koneény krok 130°C obsah Fe*" dosahl 80%.

Pro monitorovani zmén i v systému
srovnatelném s historickymi barvami jsme pfripravili
nékolik typd modelovych vzorkd barevnych vrstev
syntetického vivianitu se ¢tyfmi nejvyznamnéjsimi
historickymi pojivy — Zloutkem, koznim klihem,
Inénym olejem a vodou; rovnéz byly pfipraveny
vzorky z podrcenych a rozetienych krystal(
vivianitu (ii) s vodou, abychom mohli pozorovat
chovani c¢astecné oxidovaného pfirodniho vzorku.
Obr. 4 Barevnd zména podrceného a  Testované vzorky byly zah¥aty v nékolika krocich na
rozetfeného vivianitu po zahrdti na 80°C tyto teploty: 60°C, 80°C, 100°C, 120°C, 160°C a
ve srovndni s referencnim vzorkem 200°C (kazdy krok trval stejné jako pfi méreni
Mossbauerovy spektroskopie 30 minut). Po kazdém kroku byly zmény monitorovany pomoci
UV/VIS spektrofotometrie a optické mikroskopie, po kazdém druhém kroku (80°C, 120°C a
160°C) byly vzorky analyzovany také rtg. difrakci a FT-IC spektroskopii v transmisnim
usporadani. Nejvyznamné;jsi zmény byly pozorovany na podrcenych pfirodnich krystalech s
vodou a na syntetickém vivianitu s olejem. Po zahtati na 80°C se barva ptirodniho vivianitu
zménila z modré na Sedou (Obr. 4), coZz odpovidd zdokumentovanym zméndm v uméleckych
dilech (van Loon, 2008; Stege et al., 2004). Méreni rtg. difrakci indikovalo mirnou amorfizaci,

80°C referenéni vzorek
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zatimco FT-IC ztratu hydroxylovych molekul. V p¥ipadé vivianitu s olejem se zahfati na 100°C
projevilo zezloutnutim vivianitovych zrn, ktera byla zcela obklopena olejem, zatimco skupina
agregovanych vivianitovych zrn si zachovala svoji modrou barvu. Vysledky tedy naznacuiji, ze
olej usnadnuje prenos tepla na vivianitova zrna.

Abychom otestovali vliv béZzného restauratorského postupu na malby na platné s
obsahem vivianitu, vytvofili jsme modelové olejomalby nanesenim olejové barvy
s podrcenym pfirodnim vivianitovym pigmentem (ii) na podkladovou vrstvu Zelezem
bohatych hlinek. Jedno z platen bylo ponechano jako referencni vzorek, druhé bylo
rentoalovano tradi¢nim zplsobem za poufZiti Zehlicky a voskopryskyricné smeési. Nejdrive
jsme provedli rentoaldz za co nejnizsi mozné teploty (fluktuace okolo 51°C po dobu 10 min.),
ktera nezplsobila Zadnou pozorovatelnou zménu. Pokracovali jsme tedy v zaZehlovani
pldtna, tentokrat po dobu 15 minut, kdy se teplota pohybovala okolo 76°C. Po tomto kroku
vypadal vivianitova olejomalba mirné zesedle. Jelikoz byly vzorky pfilis velké na to, aby byly
zméreny v UV/VIS spektrofotometru, provedli jsme analyzu RGB komponent pofizenych
fotografii Cisté vivianitové barvy pred a po rentoaldzi. Zté bylo moziné vyvodit ztmavnuti
(vlivem nasyceni platna voskopryskyticnou smési) a ztrdtu jemné modelace (zUzeni RGB
parametru). Detailnim studiem fotografii jsme zjistili, Ze vétsi zrna vivianitu zeSedla, cozZ bylo
potvrzeno odebranim mikrovzork( ze zazehleného a referencniho platna a jejich pozorovani
v pfiEném Fezu. Sedé zrno v mikrovzorku po zaZehleni jsme analyzovali Ramanovou
spektroskopii a ziskané spektrum odpovidalo metavivianitu, zatimco zrna vreferencnim
mikrovzorku poskytovala pouze spektra vivianitu. Nase vysledky tak poukdzaly na to, Ze je
dllezité peclivé analyzovat umélecka dila pred restaurdtorskymi zasahy, a Ze je treba
postupovat velmi opatrné v pripadé identifikace citlivych material( jako je vivianit.

V rdmci tohoto doktorského vyzkumu jsme provedli také prvotni experimenty vlivu
zvysené vlhkosti na vivianit, které mély velmi zajimavé vysledky. Modelové barevné vrstvy
syntetického vivianitu s vodou a podrceného pfirodniho vivianitu (ii) s vodou byly vloZzeny na
tfi tydny do klimatické komory s nastavenim pokojové teploty a 90% relativni vlhkosti.
Experimentem se synteticky vivianit barevné znacné zménil ze svétle modré na syté modrou,
a prvni zndmky degradace byly pozorovéany v jeho transmisnim FT-IC spektru — objevil se
vném pas 1010 cm™, zatimco rtg. difrakéni zaznam zGstal stejny (pouze vivianit). Barva
podrceného ptirodniho vivianitu ztmavla jenom o trochu, ale jeho difrakéni zdznam indikoval
zhruba dvojndsobny obsah metavivianitu oproti stavu pred experimentem. V téchto
pokusech budeme pokracovat; diky nim se snad konecné podafi pIné objasnit degradacni
radu vivianitu, protoze jak se zd3, vlhkost (na rozdil od teploty) napodobuje pfirozeny proces
oxidace vivianitu.

Zatimco degradace vivianitu za zvysené teploty byla podrobné prostudovana,
studium degradacniho procesu auripigmentu je teprve na zacatku a musi byt jesté
experimentalné ovéreno. Béhem naSeho materidlového vyzkumu nasténnych maleb
v Kufivodech jsme identifikovali pomoci Ramanovy spektroskopie, rtg. mikrodifrakce a
prvkového mapovani SEM-EDS mimetit, hexagonalni mineral s idedlnim chemickym slozenim
Pbs(AsO4)3Cl. V prirodé se mimetit nachazi jako oxidaéni produkt galenitu a je relativné
vzacny (Bernard and Hyrsl, 2006). Jeho sporadické rozsifeni naznacuje, Ze by jeho tézba
ziejmé nebyla z ekonomického hlediska realizovatelnd. Dosud byl vyskyt mimetitu
v uméleckych dilech zdokumentovdn pouze dvakrat: na malovaném povrchu antickych
kamennych stél v Recku (325-275 pf. Kr.) a v malovanych pohiebnich dekoracich v
Makedonii a Syrii (2. stoleti po Kr.) (Buisson et al., 2014; Eastaugh et al., 2004). Navrhli jsme,
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Ze v Kufivodech by mimetit mohl byt degradacni produkt auripigmentu vkombinaci
s olovnatym pigmentem, v tomto pripadé miniem (Pbs0,).

Nasledujici proces predstavuje moznou chemickou degradacni drahu auripigmentu za
pfitomnosti minia: vzhledem ktomu, Ze prostfedi nasténnych maleb je zdasadité diky
vapennym omitkdm, auripigment se stdvd méné stabilni a ma tendenci se rozpoustét na
thioarsenitany (AsSs); a arsenitany (AsQOs)s; (Darban et al., 2011). Oxidace trojmocného
arsenu na thioarsenicnany (AsS;); a arseni¢nany (AsQOs); by mohla nastat za pUsobeni
vzdusného kysliku. Zatimco na jinych ¢astech maleb minium ztmavlo kvili vzniku plattneritu
ve shodé s dosud publikovanymi daty o jeho degradaci (Kotulanova et al., 2009), v kombinaci
s auripigmentem se jeho degradacni draha méni. Minium se bude prednostné redukovat na
Pb?* jonty a nésledné vznikne arsenolit (As,03) a sira. Zvy$end aktivita rozpudténych
chloridovych iontll za zvySené vlhkosti vzasaditém prostiredi by pak vedla ktvorbé
chloroarseni¢nan jako je mimetit. Nicméné tento proces byl navrien pouze teoreticky, a
pro osvétleni probihajiciho degradacniho procesu je potreba provést dikladnou laboratorni
experimentalni studii.

5. ZAVERY

Mikroanalytické a proveniencni studie mineralnich malifskych pigment( pfinesly
nasledujici poznatky:

e pro identifikaci vivianitu a jeho degradacnich produktd v barevné vrstvé jsou
nejvhodnéjsimi strukturnimi analyzami rtg. mikrodifrakce, pokud je vrstva obsahujici
vivianit dostate¢né odkrytd, a mikro-ATR mikro-FT-IC pro analyzu vrstev v p¥i¢ném fezu;

e vivianit byl identifikovan v sedmi obrazech od Jeana George de Hamiltona, zfejmé byl
tedy pouzivan konzistentné a proto muize byt pouzit pro proveniencné-autorské studie;

e srovnavaci prvkova analyza mineralogickych vzorkd a mikrovzork(i uméleckych dél a také
srovnani morfologie zrn indikuji sedimentarni plvod vivianitového pigmentu pouzitého
de Hamiltonem;

e strukturni poskozeni antozonitovych vzorkd muZe byt sledovdano na rozsifeni jejich
difrakénich linii a tmavsi barvé, ale pozorované zvétSeni mrizkového parametru
nekoreluje se zvySovanim FWHM difrakcnich linii;

e antozonit ma charakteristické Ramanovo spektrum, které zpresnuje jeho definici; maze
byt Uspésné vyuzito pro jeho identifikaci v mikrovzorcich uméleckych dél a potvrdit tak
dobu predpokladaného vzniku dila vzhledem k omezené dobé historické tézby;

e velmi vzacny pfirodni mineralni pigment krokoit byl identifikovdan v unikatnich
nasténnych malbdach v kostele sv. Havla v Kufivodech; je to jeho teprve druhy dolozeny
vyskyt v evropském uméni a podporuje dataci maleb do konce 13. stoleti;

e vypracovany mikroanalyticky postup pro identifikaci médnatych pigment( v barevné
vrstvé byl otestovan na mnozstvi mikrovzorkd z uméleckych dél a vedl k identifikaci jak
pigmentd mineralniho, tak pigmentl médénkového typu.

Degradace pigmentd, at uZ vnitfnimi nebo vnéjsimi vlivy, byla studovana na rdznych
typech modelovych vzork( a experimentd. Bylo zjisténo, Ze:

e hoganit ztraci krystalinitu v proteinovych pojivech (zejména v koznim klihu); jeho detekce
v barevné vrstvé je dale ztizena pritomnosti silné difraktujicich pigmentt, jako jsou
olovnata béloba nebo olovnato-cini¢ita Zlut;
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vivianit je citlivy na zvySenou teplotu (jak ukdzalo méreni vysokoteplotni rtg. difrakci, jiz
70°C pusobi mirnou amorfizaci), pricemZ oxidace zacala po zahrati na 90°C; vystaveni
teploté 80°C zpUsobilo znacné barevné zmény, a to konkrétné z modré na Sedou, co? je
zména popisovana v nékterych uméleckych dilech — modelové experimenty ukazaly, zZe
tyto zmény mohou nastat napf. pfi relativné béziné rentoalazi;

byla teoreticky navriena degradacni drdha auripigmentu v nasténnych malbach za
pritomnosti olovnatych pigmentl, nicméné jeji ovéreni teprve probéhne navazujici
experimentalni praci.
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1. INTRODUCTION

Due to the period painting technique, historical painted works of art commonly have
an intricate inner structure composed of a series of consecutive layers. Each layer consists of
dye(s)/pigment(s) and binder, thus creating a mixture of both organic and inorganic
components. These complicated mixtures may be prone to degradation processes, either
caused by the chemical composition or by external agents (e.g. intense lighting, increased
temperature or humidity). To study the employed materials, their potential degradation as
well as the painting technique in detail, it is usually necessary to obtain micro-samples of the
studied works of art; the sampling commonly takes place during restoration/conservation
campaign. Since the impact on the artwork needs to be kept to minimum, the size of the
micro-samples rarely exceeds 1 mm. These micro-samples are extremely heterogeneous and
tiny, which pushes the limits of the employed micro-analytical methods. They are also
unique and scarce, therefore, the analyses should be performed in a non-destructive way.

To study the stratigraphy, i.e. the layout of the present layers, micro-samples are
embedded in synthetic resin and ground to obtain cross-section. The first step in their
analysis is visual observation under optical microscope. This stage is vital as it differentiates
the individual layers and determines their sequence, which may — among others — reveal
later overpaintings. It also suggests the present pigments and their potential degradation.
The second step of the analysis is scanning electron microscopy — energy dispersive
spectroscopy (SEM-EDS). SEM-EDS leads to determination of elemental composition of the
layers as well as of the individual grains. In practice, optical and scanning electron
microscopies are usually the only methods used for the analysis of micro-samples of works
of art.

The mineralogical approach to micro-analysis focuses on structural information of the
present phases, deals with natural degradation processes of minerals accompanied by
structural changes, and relates structural/elemental characteristics of minerals with their
respective geological origin. For this approach, it is necessary to employ structural methods
like vibrational (infrared and Raman) spectroscopies or X-ray micro-diffraction.

Fourier-transform infrared spectroscopy (FT-IR) is a versatile method and can be used
for the identification of both organic and inorganic components. For the analysis of micro-
samples, its most commonly applied mode is the reflection one. However, it has several
disadvantages — in the collected spectra, there are distortions which either represent a
predictable physical response and thus may be mathematically corrected (Lichvar et al.,
2002), or they are related to “non-ideal” nature of the samples (they are e.g. not completely
flat, not enough reflective), which may represent a challenge in the process of
interpretation. Good spectra with satisfactory signal-to-noise ratio may usually be collected
from 20x20 um size of the analysed area (Prati et al., 2010). The micro-attenuated total
reflectance (micro-ATR) mode has better resolution as well as noise (Mazzeo et al., 2007)
and the collected spectra are often very similar to the transmission ones. However, micro-
ATR micro-spectroscopes do not belong, so far, among common laboratories’
instrumentation.

Compared to infrared micro-spectroscopy, Raman micro-spectroscopy has an
excellent spatial resolution, which reaches 1 um. On the other hand, measurements may be
hindered by the presence of undesirable fluorescence, which may completely prevent the
identification of the studied material (Correia et al., 2007; Cristini et al., 2010). Since the
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studied material is excited by laser, another issue is its potential thermal degradation.
Therefore, the laser power has to be carefully monitored and appropriately adjusted (Smith
et al., 2001; Mattei et al., 2008).

An excellent method of structural analysis is X-ray micro-diffraction (micro-XRD). It
has an extensive database of reference diffraction patterns, and the analysed crystalline
materials always produce signal (if present in a sufficient amount, usually around several wt.
%) (Svarcova et al., 2010; Nel et al., 2006). On the other hand, the analysis has its limitations
due to the small irradiated area (e.g. an ellipse with a constant width of 142 um (Svarcova et
al., 2010)) — sufficient amount of crystallites of the studied phase has to be present there.
Since the samples cannot be ground for the analysis, it is limited also by the coarseness of
the material — Svarcova et al. (2010) showed that the maximum grain size for reliable
identification is 20-30 pum. Micro-XRD is a bulk analysis and it commonly contains
superimposed diffraction patterns of several crystalline substances, which may be
successfully assigned in combination with SEM-EDS elemental analysis.

These methods can be applied on a whole range of painting mineral pigments that
has been used throughout the history. Eastaugh et al. (2004) cover them comprehensively.
Some of the most wide-spread mineral pigments are hydrocerussite and cerussite (lead
white), yellow goethite and orpiment, earthy pigments (mixtures of clay minerals, iron
oxides/hydroxides, manganese oxides etc., which may result in various colours like white,
yellow, orange, red, brown or almost black), red hematite, cinnabar or realgar, blue azurite
and lazurite, green earths (mainly glauconite or celadonite), hoganite or malachite. The
palette of mineral pigments is extensive with more rarely occurring ones like jarosite,
crocoite, chrysocolla, posnjakite, brochantite, atacamite, aerinite, vivianite, antozonite etc.

For this Ph.D. research, pigments were selected based on several criteria. The first
one was the usability for provenance or authorship studies; another aspect was the
tendency to degradation, and finally, undescribed analytical detection of the pigment in
micro-samples.

2. AIMS OF THE STUDY

The first aim of this work was to study historical mineral painting pigments important
for the provenance and authorship studies, either in a geological sense (the place of
origin/type of locality of the mineral pigment), or in an art-historical one (indications of
affiliation with certain geographical areas or workshops). Consequently, following rare
mineral pigments, which are generally highly suitable for this purpose, were studied:
vivianite, naturally irradiated fluorite and crocoite. The group of clay minerals, even though
also very important in this respect, has not been included in this study, since they represent
a very wide topic and would exceed the scope of this thesis.

Another aim of the work closely interconnected with the first one was the
performance of correct micro-analysis of the above-stated pigments in the tiny micro-
samples obtained from works of art. It was further complemented by the study of micro-
analytical evidence of copper-based pigments, whose chemical similitude represents an
analytical challenge.

Finally, the subjects of study encompassed also pigment degradation. The aim was to
clarify the degradation processes of hoganite, to evaluate the influence of external agents on
the degradation of vivianite, and to suggest the degradation pathways of orpiment.
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3. MATERIALS AND METHODS

3. 1 MATERIALS

Several types of samples were studied within the range of this Ph.D. research. They
can be divided into three types: mineralogical samples, micro-samples of works of art and
model samples.

The mineralogical samples encompassed 12 samples of vivianite from different
localities, 16 samples of naturally irradiated fluorite — antozonite — from 6 localities, 3
differently coloured fluorite samples and 1 reference synthetic fluorite from Sigma Aldrich.

The micro-samples obtained from works of art were studied either as loose
fragments, or were first embedded in synthetic resin, ground and studied in cross-section.
The number of the micro-samples with respective mineral pigments was following: 8 micro-
samples with vivianite, 2 micro-samples with naturally irradiated fluorite, 5 micro-samples
with crocoite or mimetite and 21 micro-samples with copper-based pigments. They
originated from artworks created in the 13" to the 18™ century: easel and panel paintings,
wall paintings, polychromed sculptures and one reverse painting on glass. They usually
depicted religious motifs, but also profane themes, e.g. portraits of horses.

Finally, model samples were prepared for better understanding of degradation
processes and of the means of detection of hoganite and vivianite. Hoganite was mixed with
highly diffracting phases with which it has been commonly applied in the paint layer: lead
white (PbCOs3) and lead-tin yellow (Pb,SnQ4) in various ratios in order to determine its
detection limit by X-ray diffraction. Then, hoganite was prepared with proteinaceous binders
(egg yolk, skin glue) to observe their effect on hoganite’s structure and, again, its detection
limit. To monitor the influence of both the binders and the highly diffracting compounds,
mixtures of hoganite with egg/skin glue and lead-tin yellow were prepared and analysed.

For the preparation of vivianite model samples, vivianite has been synthesised by an
adapted procedure, since previously reported methods led to multicomponent products
(Mattievich and Danon, 1977). Consequently, two types of vivianite paint layer model
samples were created: (i) to observe the morphology of vivianite pigment prepared from
ground-up crystals in micro-sample in cross-section, a model sample composed of lead white
+ chalk (calcite) ground and lead white + vivianite pigment (Kremer Pigmente) was prepared
and micro-sampled; (ii) for the evaluation of temperature-related behaviour of vivianite
paints, synthetic vivianite was mixed with four main historic binders: oil, egg yolk, skin glue
and water; to compare the behaviour of synthetic and natural vivianite, freshly ground-up
vivianite crystals were mixed with water; all these were applied on glass substrates. For the
evaluation of a relatively common conservation/restoration procedure of canvas paintings —
relining (i.e. ironing of a new canvas from the back of the old, degraded one, using organic
matters like wax-resin mixture) — on vivianite-containing paints, two oil-on-canvas mock-ups
were prepared, one for the testing, one as a reference. On the ground created from iron-rich
earths, freshly ground-up vivianite crystals were applied in oil.

3.1 METHODS

The first method used for the study of vivianite’s structural changes related to
increased temperatures (in situ) was high-temperature X-ray diffraction. The X-ray



diffraction patterns were measured on PANalytical X"Pert PRO diffractometer at 25°C and
between 40°C and 200°C with a step of 10°C in the range of 10 to 50° 2Theta.

Then, ex situ temperature experiments were performed with vivianite model paint
layer samples. They were inserted into the Memmert oven and heated in separate steps to
60°C, 80°C, 100°C, 120°C, 160°C and 200°C (each step = 30 minutes). Before the heating and
after every second step, all the samples were photographed, analysed by optical microscopy,
UV/VIS spectrophotometry, Fourier-transform infrared spectroscopy (FT-IR) in transmission
and X-ray diffraction. After every heating step, the samples were photographed and
measured by UV/VIS spectrophotometry.

For the execution of traditional relining of oil-on-canvas mock-up, 50 ml of damar
resin was mixed with 100 ml of beeswax and 30 ml of turpentine and heated. For the
monitoring of the temperature, irreversible temperature indicators (Testoterm, Testo AG,
Lenzkirch) were applied to the painted side of the canvas; during the relining, the
temperature was also monitored by an infrared thermometer Voltcraft IR-364 (optics: 30:1).

Optical microscopy of the micro-samples of works of art and model samples has been
performed on the following three microscopes: Olympus BX 60, Olympus BX 40 and Axio
Imager A.2 from Zeiss.

For the non-invasive measurement of elemental composition of wall paintings in
Kufivody, Czech Republic, two types of portable X-ray fluorescence were used: XMET 3000
TXR from Oxford Instruments and Delta Premium from Innov-X. The elemental composition
of (micro-)samples has been analysed by scanning electron microscopy — energy dispersive
spectroscopy (SEM-EDS) on Philips XL30 CP and Jeol JSM6510. The measurements were
performed in low vacuum mode, which allowed analysis of samples without conductive
coating of their surface.

The powder X-ray diffraction patterns were collected using PANalytical X'Pert PRO
diffractometer equipped either with Coxq or Cukq conventional X-ray tube; X-ray micro-
diffraction has been performed with Co Ka tube with point focus, an X-ray monocapillary
with a diameter of 0.1 mm, and a multichannel detector X'Celerator with an anti-scatter
shield. Unit cell refinement was done by the least squares method, as implemented in the
HighScorePlus software and AFPAR programme.

For the measurement of Raman spectra, two Raman micro-spectroscopes have been
employed: Renishaw In Via Reflex (514.5 nm, 785 nm excitation wavelength) and Thermo
Scientific DXR Raman Microscope (445 nm, 532 nm, 633 nm, 780 nm excitation wavelength).
The analyses with 1064 nm laser excitation were performed on Thermo Nicolet 6700 FT-IR
equipped with a Nexus FT Raman module.

The Fourier-transform infrared spectra were collected in three modes: transmission
(Thermo Scientific Nicolet NEXUS 670 FT-IR), reflection (microscope Continuum and Thermo
Scientific Nicolet NEXUS spectrometer; Thermo Scientific Nicolet iN10 microscope) and
micro-attenuated total reflectance, i.e. micro-ATR (Thermo Scientific Nicolet iN10
microscope equipped with germanium Slide-On Micro-Tip ATR crystal).

Méssbauer spectroscopy was employed to determine the ratio of Fe’" and Fe*" in the
ground vivianite crystals which were used for the creation of model paint layer samples with
water, oil-on-canvas mock-ups and studied by high-temperature X-ray diffraction. The
spectra were collected on Wissel spectrometer in transmission mode with >’Co diffused into
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an Rh matrix as a source moving with constant acceleration. To monitor the oxidation
changes with increasing temperature, vivianite sample was heated in separate steps to 60°C,
80°C, 90°C, 100°C, 110°C, 120°C, 130°C, 140°C (each step = 30 minutes) and measured (ex
situ) by Mossbauer spectroscopy.

The UV/VIS spectrophotometry has been performed on Lambda 35 from Perkin Elmer
Instruments and Cary 4000 UV-VIS (Agilent) spectrophotometers, both equipped with an
integrating sphere. The obtained reflectance results were transformed into CIE L*a*b 1964
space using the Color program.

For the comparison of colour of samples which were either too big or too dark to be
measured by the above-stated spectrophotometers, the analysis of image histograms has
been performed. The samples were photographed using Canon D500 Rebel camera under
controlled light (D65 light source) and with fixed parameters (position of the sample, camera
and light source, shutter speed, aperture, objective, focus and white balance). These
constant conditions ensured that the histograms of the photographs were comparable.

4. RESULTS AND DISCUSSION

This section summarises results presented in five papers accompanying the thesis in
Appendix A. The first part focuses on the micro-analytical detection of rare pigments
vivianite, naturally irradiated fluorite — antozonite and crocoite and how their correct
identification may contribute to provenance/authorship studies or dating of the works of art.
The micro-analytical section is concluded with the procedure of copper-based pigments’
identification in the paint layer. The second part deals with pigment degradation caused by
internal/external agents; special attention is being paid to hoganite and vivianite.

4. 1 MICRO-ANALYSIS OF MINERAL PIGMENTS AND THEIR PROVENANCE/AUTHORSHIP STUDIES

Vivianite is a phosphate mineral (Fes(PO4),-8H,0) with monoclinic crystal structure. In
nature, it can be found in the form of crystals or various types of aggregates; the prevailing
aggregate type is the earthy one (Bernard and Rost, 1992). Earthy vivianite is a common
mineral admixture in sedimentary reduction environments including peat bogs, iron bog ores
or lacustrine and marine sediments, while vivianite crystals and its aggregates are formed
e.g. in the so-called gossans, oxidation zones of iron sulphide deposits, greisenitic (Sn), high
temperature Pb-Zn ore dikes deposits and pegmatites (Bernard and Rost, 1992; Fagel et al.,
2005; Guastoni et al., 2007).

Thanks to its subtle blue colour, vivianite had been employed as a historical painting
pigment. Up to now, it has not been settled whether earthy vivianite or ground-up crystals
have been used for the pigment production. Vivianite is a rare pigment and, so far, has been
identified in only about seventy works of art. Its documented usage in Europe stretches from
1050 to 1780, and the main countries of artworks’ origin are Germany, Austria and The
Netherlands (Richter, 2007). In some of the artworks, vivianite was reported to change from
blue to grey or yellowish brown (van Loon, 2008; Spring and Keith, 2009; Spring, 2001). It
seems that the changes may be related with vivianite’s naturally occurring oxidative
degradation accompanied by colour change from white (pristine vivianite) to blue and,
finally, to yellowish brown (Pratesi et al., 2003). There has been some discussion about
vivianite’s mineralogical degradation series, but the current knowledge is following: vivianite
(monoclinic, Fes**(P04),-8H,0) — metavivianite (triclinic, Fe*'Fe,>*(P0O4),(OH),-6H,0) — Fe*-



rich “metavivianite” (triclinic with different cell dimensions) — santabarbaraite (amorphous,
Fes>"(P0O,),(OH)3-5H,0) (Chukanov et al., 2012).

The identification of vivianite in paint layer has been described by several authors
(Sheldon, 2007; van Loon, 2008; Spring and Keith, 2009; Karl, 2009; Howard, 2003), but they
mainly relied on optical and SEM-EDS microscopies. Therefore, we have focused on
unambiguous identification of vivianite and its degradation products in the paint layer,
which is complicated due to occurring colour changes, but also on its applicability for
authorship studies and its regional provenance study.

First of all, we have analysed twelve mineralogical samples of vivianite from diverse
localities by SEM-EDS. This enabled us to differentiate six groups containing following minor
elements: (i) Mn (samples from Mn-rich pegmatite, pyrite-rich graphitic shales overlaid by
Mn-carbonates), (ii) Mn + Zn (“limonitic” iron-ore deposits), (iii) Mg (sedimentary basins), (iv)
Ca + Ti (limestone), (v) Na + Si + Al + Mg + Mn +Ca + S (peat bogs) and (vi) no admixtures
(clays). Then, we have analysed micro-samples of seven paintings by Jean George de
Hamilton (1672-1737), a painter who was active particularly in Germany, Austria and
southern Bohemia. The Fe-P-rich grains were found to contain a range of elements: Si, Al,
Mn, Na, Ca, K, Mg and S. However, the analysis was distorted by contamination of the grains
by adjacent materials during sample preparation (grinding) and larger excitation volume that
was being analysed compared to vivianite grain size, therefore, an elemental mapping has
been performed. It indicated that the only element truly specific for the Fe-P grains is
manganese; the other elements were present also in the surroundings. The comparison of
the grain morphology with model samples created from vivianite prepared from ground-up
crystals and a relatively wide range of minor elements led to conclusion that the vivianite in
de Hamilton’s paintings is earthy and of sedimentary origin, most probably from peat bogs.

To study the analytical response of vivianite and its degradation products, vivianite
mineralogical samples were studied by XRD, Raman spectroscopy and FT-IR in transmission.
A sample which was found to contain all three (meta)vivianite crystalline phases by XRD was
selected for comparison with the vibrational spectroscopies. The collected Raman spectra
were ascribable to partly oxidised vivianite and metavivianite, FT-IR spectrum contained
bands of both vivianite and metavivianite. The Fe**-rich “metavivianite” is not a very-well
described phase and its vibrational spectra have not been published — nevertheless, no
bands that could be ascribed to it have been observed in the spectra of our sample.
Subsequently, the structural analyses, in their micro-configuration, were applied on micro-
samples. Raman spectroscopy was hindered by fluorescence regardless of the employed
excitation wavelength (514.5 nm, 633 nm and 785 nm). If the Fe-P-rich layer was sufficiently
exposed (width around 500 um), it was analysed by micro-XRD. Thanks to micro-XRD, two of
the micro-samples were found to contain vivianite (Fig. 1). Micro-FT-IR in reflection did not
yield sufficient signal-to-noise ratio for unambiguous spectral interpretation, in contrast to
micro-ATR, thanks to which a vivianite spectrum has been discerned (Fig. 1). However, the
low concentration of vivianite in some of the layers (in mixture with lead white) prevented
its micro-FT-IR detection and the identification had to rely solely on SEM-EDS.

We have identified rare mineral pigment vivianite in seven canvas paintings by Jean
George de Hamilton. Vivianite seems to be used consistently as an author’s preference and
can be profitably used for authorship studies.
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Fig. 1 Micro-X-ray diffraction pattern and micro-ATR micro-FT-IR spectrum of micro-sample obtained
from a painting by J. G. de Hamilton (B=binder, H=hydrocerussite (i.e. lead white), V=vivianite); micro-
XRD: the analysed area and the incident beam direction are marked by the ellipse and the arrow,
respectively, on the microphotograph of the fragment; micro-FT-IR: white cross in the
microphotograph indicates the position of vivianite-rich layer. Photo: Z. Cermdkovd

Fluorite (CaF,) is a cubic mineral; in nature, it can be found most often in the form of
granular to massive aggregates or cubic crystals (Bernard and Hyrsl, 2006). Dark violet-black
to black variety of fluorite with structural dislocations due to natural irradiation is commonly
called antozonite or fetid fluorite. When crushed, it emanates a peculiar smell, which has
been only recently identified as elemental difluorine (Schmedt auf der Giinne et al., 2012).
Antozonite can be found in Sn-W and Sn-Cu ore veins and related greisens, Pb ore veins or
fluorite-barite veins (Bernard and Hyrsl, 2006). Thanks to antozonite’s deep and saturated
colour unrivalled by other fluorite’s colorations, antozonite has been used as a historical
painting pigment (Richter et al., 2001).

Violet fluorite is a rare pigment and, so far, has been identified in only about forty
works of art. In Europe, dark violet fluorite was found in artworks originating from ca. 1450
to ca. 1550 in Switzerland, Germany, throughout the Central European region as well as in
The Netherlands (Chlumskd et al., 2010; Spring, 2007-8; Zelinskd, 2012; Kosinova, 2002;
Spring, 2000). It seems that the usage of dark violet fluorite pigment is related with its
period extraction. Srein et al. (2010) have studied dark violet to black fluorite from several
localities in the Czech Republic, Germany and Poland. They have identified Wolsendorf,
Germany, as the most probable source of the antozonite pigment — it contained the highest
proportion of dark-coloured grains and had been mined for silver ore from ca. 1450 to 1520-
1550.

Fluorite may be easily detected in the micro-samples of works of art due to its unique
elemental composition, but the SEM-EDS cannot display the structural damage of
antozonite. Dill and Weber (2010) have published antozonite’s Raman spectrum in the 400-
2400 cm™ range. However, it does not actually depict Raman bands of fluorite, since fluorite
has a very simple spectrum with only one band at 322 cm™ (Srivastava et al., 1971). X-ray
diffraction studies of antozonite samples have been performed e.g. by Vicek et al. (2012) and
Berman (1957). They showed that antozonites’ patterns have broadened diffraction lines
and the shift of their position indicates an increase of unit cell parameter in comparison to
synthetic standard.



Since it was not clear whether antozonite has a specific Raman spectrum and how it
potentially relates to structural damage observable by XRD and its colour, we have studied
sixteen antozonite samples and white synthetic fluorite standard by XRD, Raman
spectroscopy and analysis of image histograms.

The X-ray diffraction patterns of antozonites showed broadening of diffraction lines
(i.e. increased full-width half-maximum, FWHM) in thirteen of the studied samples; three
samples had FWHMs comparable to synthetic standard. The measured values of FWHM of
the 111 diffraction line ranged from 0.054 to 0.114° 2 Theta. All the studied mineralogical
samples were dark-coloured; they were either violetish black or black. When ground, the
range of the observable colours broadened to light violet — deep violet — violetish black —
black. Since the UV/VIS spectra of the black samples exhibited total absorption and it was
not desirable to dilute them for the analysis, all the ground samples were photographed
under fixed conditions, each photograph’s histogram has been averaged and the averages
were compared with the respective FWHMs of the 111 diffraction lines. The histogram
averages correlated with the FWHMs (coefficient of determination R?=0.7208). On the other
hand, the reported increase of the unit cell parameter (Vicek et al.,, 2012) has been
observed, but was not in direct proportion to increase of the FWHM. Our results showed
that the structural disorder of antozonites may be observed on the broadening of their
diffraction lines and decreasing lightness, but not on the increase of the unit cell parameter.

Raman spectroscopic study
- ~420 335 using five excitation wavelengths (445
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g 700 7 only broad fluorescence signal) clearly
= indicated that antozonite has a
E’ 500 1 specific Raman spectrum in the region
2 under 500 cm™ (five broad bands
c_% 3001 positioned at approx. 420, 335, 284,
£ : : : : : 222 and 142 cm™) in all four laser
o 500 400 300 200 100 wavelengths (Fig. 2). The intensity of
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Fig. 2 Raman spectrum representing all the obtained band was higher in the samples with
antozonite spectra collected with 532 nm excitation higher structural damage (as indicated

by XRD). By analogy to Raman spectra of irradiated diamonds, these bands may be ascribed
to local vibrations of complexes of radiation-induced point defects (Poklonskaya and
Khomich, 2013). To check whether the spectrum is truly specific for antozonite, three
differently coloured samples (bluish, green and yellow) were analysed. Neither of them had
similarly positioned bands. Interestingly, in the antozonite spectra collected with 445 nm
and 780 nm wavelengths, there were numerous broad bands also in the region above 500
cm™. It seems that they were fluorescence bands related to the content of rare earth
elements, as reported e.g. by Chen and Stimets (2014).

The results of the study of antozonite mineralogical samples were applied on the
micro-samples originating from a Triptych with St. Jacob the Younger and St. Philip located in
the Chapel of St. Wenceslaus and St. Ladislaus, Italian Court in Kutnd Hora, Czech Republic,
created by anonymous Master in 1497. Micro-XRD could not be applied due to thinness of
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the layers and insufficient accuracy of the method for reliable crystal structure calculations.
Raman spectroscopy of the dark violet fluorite grains (532 nm laser) yielded antozonite
spectrum with pronounced 335 cm™ band indicating higher level of radiation-induced
damage.

The results showed that Raman spectroscopy can be profitably used for the detection
of antozonite in the micro-samples of works of art. Furthermore, its specific Raman
spectrum may enrich its rather vague mineralogical definition (dark colour, characteristic
smell during grinding). In addition, antozonite’s identification in the work of art may indicate
its period of creation.

Crocoite (PbCrQ4) is a monoclinic mineral, which usually forms as an oxidation
product of galena in basic and ultrabasic Cr-rich rocks (Bernard and Hyrsl, 2006). Its colour is
brilliant red-orange to orange (Bernard and Hyrsl, 2006); when ground, its colour ranges
from yellow to orange. Crocoite is a rare mineral and even rarer pigment. It has been
identified in several Egyptian funerary artefacts (Edwards et al., 2004; Nicholson and Shaw,
2000), but its usage in European art has been reported only once, in the 13" century wall
paintings under the floor of Siena Cathedral, Italy (Mugnaini et al., 2006).

In the course of a complex material research of wall paintings in St. Gallus church in
Kufivody, Czech Republic, portable X-ray fluorescence measurements indicated a surprising
presence of chromium in yellow-coloured parts. Subsequently, SEM-EDS analysis of the
obtained micro-samples showed that the deep yellow grains contain chromium and lead.
However, the micro-XRD could not reliably confirm the presence of any Cr-Pb phase due to
their small amount in the paint layer. Consequently, Raman spectroscopy has been applied
and confirmed the presence of crocoite.

Our report of natural crocoite’s employment as a painting pigment in Kufivody is of
utmost importance, because it is only a second report of its usage in European art. The
paintings in Siena cathedral were created in 1270 (Mugnaini et al., 2006), therefore, the
identification of crocoite supports the dating of Kufivody figural wall paintings into the end
of the 13" century.

Copper-based pigments represent a large group of compounds. Due to their diversity,
we have focused in our study on the ones used in the European painting since mediaeval
times up to the 18" century. These can be divided into two groups: mineral-type copper
pigments (either natural or artificially prepared) and verdigris-type copper pigments
(artificially prepared copper acetates; only neutral verdigris has mineralogical analogue —
hoganite).

The most wide-spread representatives of mineral-type copper pigments are copper
carbonates: blue azurite (Cuz(COs),(OH),) and green malachite (Cu,(CO3)(OH),). Copper
chloride pigments are more rare and encompass e.g. structural polymorphs with identical
chemical composition Cu,Cl(OH)s — atacamite, paratacamite, clinoatacamite or bottalackite.
Among the copper chloride pigments belong also very rare indigo blue cumengeite
(Pb21Cu20Cla2(OH)a0-6H,0) or azure blue calumetite (Cu(OH,Cl),-2H,0) (Scott, 2002; Svarcova
et al., 2009; Svarcovd et al., 2012). Copper sulphates are relatively rare as well. They
chemically differ only by the number of hydroxyl groups and/or molecules of crystalline
water: brochantite, CusSO4(OH)es; posnjakite, CusSO4(OH)e-H,0; langite, CusSO4(OH)s:2H,0;
or antlerite Cu3SO4(OH)4 (Scott, 2002).



While azurite has been one of the most widely employed historic pigments in
mediaeval Europe up to the 17" century, malachite has not been used so extensively due to
the availability of other green pigments (Eastaugh et al., 2004; Scott, 2002). Copper
sulphates are much rarer; posnjakite was detected in several wall and panel paintings
originating in the 15" to the 16™ century (Svarcova et al., 2009; Naumova et al., 1990);
brochantite was identified in the 19" century paintings (Correia et al., 2007). The copper
chlorides of atacamite type were detected mainly in the wall paintings and in fragmentary
polychromes on stone and ceramic (Svarcova et al., 2009; Naumova et al., 1990; Campos-
Suiiol et al., 2009).

While the mineral-type copper pigments are crystallographically well-defined, the
verdigris-type pigments are, in this respect, more complicated. They can be divided into two
groups — neutral and basic. The neutral verdigris — hoganite, Cu(CH3C0OO),-H,0, crystallises in
a monoclinic system and has a bluish green colour. Regarding the basic verdigris, Scott
(2002) and Kihn (1994) published five formulas possibly available as historic pigments,
however, they were not prepared phase pure and reliable reference data is missing. The only
phase pure prepared basic verdigris has a following formula: Cu,(CH3COO)(OH)s-H,0). It
crystallises in monoclinic system and its diffraction pattern as well as infrared spectrum has
been published by Svarcova et al. (2011). Verdigris-type compounds had been important
pigments since antiquity up to the 19" century (Kihn, 1994). They were identified e.g. on
Gothic panel paintings and illuminations, or on easel paintings of the 15" to the 17™ century
(Van Eikema Hommes, 2004).

In case of copper-based pigments, we have tested a non-destructive laboratory
analytical procedure on twenty one micro-samples of works of art. It started with careful
observation under optical microscope coupled with UV light source. The copper pigments
have green, blue and blue-green hues and they are inert under 365 nm UV light. After that,
elemental SEM-EDS analysis indicated the type of the pigment (Cu-C, Cu-S, Cu-Cl etc.). It was
important to perform it thoroughly, because it can reveal small and scarcely dispersed grains
of pigments (especially copper chlorides) which may otherwise remained unidentified due to
the detection limit of following structural analyses. Then, the next analysis employed was
Raman spectroscopy. Since several authors encountered fluorescence when analysing blue
and green compounds by 785 nm excitation (Petrova et al., 2012; Jehlicka et al., 2011), we
employed 532 nm wavelength. Nevertheless, the measurements were still quite hindered by
fluorescence signal, and to base the identification of the compound on one observable band
of its spectra is questionable. In case of verdigris, the analysis was further complicated by
the lack of reference data. Subsequently, we have tested micro-FT-IR in reflectance mode. It
provided good results, especially when analysing loose fragments which had the layer
exposed to a larger extent than in cross-section, and led to identification of copper
carbonates as well as certain sulphates. However, in some cases, the signal-to-noise ratio did
not permit the unambiguous identification of the present phases. Consequently, micro-ATR
micro-FT-IR has been applied. It provided better signal-to-noise ratio, but surprisingly, the
interpretation led to similar results as the spectra collected in reflectance mode. Therefore,
e.g. the presence of vibrations related to sulphate group were detected, but the specific
sulphate could not be positively identified. Generally, micro-FT-IR yielded satisfactory results
also in the analysis of verdigris-type pigment — even though the spectrum could not be
ascribed to either neutral or the one defined basic verdigris, it clearly showed the vibrations
related to copper acetates (Fig. 3). In order to identify the specific compounds present in the
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paint layers, micro-XRD has been applied. It was able to unambiguously differentiate
mineral-type copper pigments, e.g. posnjakite (copper sulphate) or three types of copper
chlorides in one sample — atacamite, paratacamite and bottalackite. However, interestingly,
the analysis of verdigris layers resulted in diffraction patterns with no lines ascribable to any
copper pigment (Fig. 3). The only sample which provided verdigris diffraction pattern came
from encaustic polychrome, e.g. the binder was wax. The other samples were bound either
by oil or proteinaceous binders (like eggs) and also usually contained highly diffracting
pigments like lead white or lead-tin yellow. This prompted us to perform experiments of the
influence of the proteinaceous binders and the presence of other materials in the paint layer
on the identification of verdigris by micro-XRD, which will be described in the following
section.
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Fig. 3 Micro-XRD diffraction pattern and micro-FT-IR reflectance spectrum (after Kramers-Krénig
transformation) of verdigris-containing micro-sample. Micro-XRD: the analysed area and the incident
beam direction are marked by the ellipses and the arrows, respectively, on the microphotograph of
the fragment; C=calcite, H=hydrocerussite, Q=quartz. Photo: S. Svarcovd

4. 2 PIGMENT DEGRADATION

Pigments and binders coexist for hundreds of years in paint layers of works of art.
Inevitably, these heterogenous materials interact resulting in degradation, deterioration or
even colour change of some of the materials. These changes may be propelled only by the
composition and coexistence of the materials in the paint layer, thus caused by internal
agents, or they may be initiated and driven by external agents like increased temperature,
increased humidity (or its fluctuation), lighting and chemical environment (e.g. salt attack,
chemicals used in the conservation/restoration procedures).

There are not many studied changes initiated by the processes within the paint layer.
An example of a studied, but still not completely described and understood phenomenon, is
saponification. It occurs in oil paintings with heavy-metal-containing pigments like lead white
or lead-tin yellow. These interact with fatty acids in the binder, thus creating metal soaps,
which crystallise, aggregate and protrude within the paint layers and may result in their
flaking (Catalano et al., 2014; Osmond et al., 2012).

Among the pigments prone to degradation by internal agents, there belongs also
verdigris. We have encountered problems when analysing it in the paint layer by micro-XRD
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— no corresponding diffraction pattern has been obtained. It contrasts with
recommendations that verdigris, being a crystalline compound, should be analysed by X-ray
diffraction techniques (Scott, 2002). On the other hand, it is in agreement with findings
published by Van der Snickt et al. (2011), who were also not able to identify green copper
pigment using XRD.

To monitor the influence of proteinaceous binders as well as highly diffracting
compounds on verdigris detection in paint layer, several types of model samples were
created. First, neutral verdigris — hoganite was mixed at various concentrations with lead
white (PbCOs) and lead-tin yellow (Pb,Sn0O4) and measured by XRD. Its detection limit was
found to be 2 wt. %. Then, hoganite was mixed with egg yolk and skin glue. XRD showed that
hoganite was observable from 5 wt. %. Interestingly, the mixture with skin glue exhibited
broadened diffraction lines indicating the decrease of its crystallinity. Finally, model mixtures
of hoganite with equal amount of lead-tin yellow (Pb,SnQ4) in egg and skin glue were
prepared. Interestingly, in the mixture containing 5 wt. % hoganite and 5 wt. % Pb,Sn0Q; in
egg, the diffraction lines of hoganite have completely disappeared. In the equivalent mixture
of 5 wt. % hoganite and 5 wt. % Pb,SnO, in skin glue, the hoganite’s diffraction lines could be
detected, but as in the previous model samples of hoganite with skin glue, the lines were
broader indicating the decrease of crystallinity. It seems that the complete loss of verdigris’
crystallinity is a long process which is hard to simulate. Nevertheless, our results clearly
indicate the synergic effect of both the proteinaceous binders and the lead containing
pigments on the possibility of verdigris detection by micro-XRD.

Besides the changes and degradation caused by internal agents, several studies show
that painting pigments are sensitive also to various external agents — UV light, increased
humidity or exposition to various salt solutions, a degradation process typical for wall
paintings. The degradation has been described e.g. in case of yellow cadmium sulfide
(analogous to greenockite), various lead pigments, copper pigments or cinnabar (Van der
Snickt et al., 2009; Kotulanova et al., 2009; Svarcova et al., 2009; Radepont et al., 2011).

The studies of pigment degradation usually do not take into account the possibility of
the influence of increased temperatures on the works of art. Nevertheless, such conditions
may occur — they can be caused either by intense lighting, or a relatively common
restoration/conservation technique of canvas paintings — relining, which basically consists of
ironing a new canvas on the back of the old degraded one using various organic compounds
(e.g. wax-resin mixtures or modern materials like BEVA 371, a complex mixture of
copolymers, synthetic resin and wax) (Hackney, 2004; Ackroyd, 2002). Increased
temperatures accelerate oxidation process, which can have harmful effect on pigments
prone to oxidative degradation like vivianite; they might have caused its reported change
from blue to grey or yellowish brown in the paint layers of works of art (van Loon, 2008;
Spring and Keith, 2009; Spring, 2001).

Such temperature-related oxidation of vivianite may be monitored by Md&ssbauer
spectroscopy. However, the published studies either focused on high temperatures (from
200°C up to 800°C) (Pina et al., 2010), or did not state clearly the temperature under which
vivianite first starts to change (Hanzel et al., 1990). The structural changes of vivianite under
increased temperatures were monitored by Tien and Waugh (1969) using X-ray diffraction
(ex situ, the analysed samples were first heated, then measured), or by Poffet (2007) by
high-temperature X-ray diffraction (in situ). She focused mainly on the durability of vivianite
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under certain temperatures, and describes the loss of intensity of the lines of vivianite
diffraction pattern.

Since it is has not been entirely clear at which temperature vivianite starts to change,
we have focused on thermal behaviour of vivianite using Mossbauer spectroscopy, HT-XRD
and a range of model samples and experiments including model traditional wax-resin
relining in order to shed light on its temperature-related degradation.

Firstly, we have employed HT-XRD for the analysis of three samples at different stage
of oxidation containing: (i) vivianite, (ii) vivianite + metavivianite, (iii) vivianite +
metavivianite + Fe*"-rich “metavivianite”. The results showed that the first decrease of
vivianite’s diffraction lines took place at 70°C. The decrease continued up to 160°C, when
vivianite became completely amorphous. At the 90°C to 110°C temperature interval, the
amount of metavivianite in samples (ii) and (iii) slightly increased, then decreased similarly
to vivianite. The resulting product after HT-XRD was not santabarbaraite, but a different
amorphous phosphate with smaller amount of water.

Poffet (2007) indicated fluctuation of the most intense vivianite’s diffraction line at
75°C, which contrasts with our results, which show the decrease at 70°C. The results of Pifia
et al. (2010) and Tien and Waugh (1969), who performed ex situ XRD measurements, did not
cover the initial stages of the process; their starting temperatures were 200 and 175°C,
respectively. Therefore, we have presented the first HT-XRD study covering the whole
interval of vivianite’s temperature-related structure stability.

The following study of the sample (ii) containing vivianite and metavivianite using
Méssbauer spectroscopy showed that its amount of Fe** at room temperature was 35%.
Then, the sample was heated in several steps: 60°C, 80°C, 90°C, 100°C, 110°C, 120°C and
130°C (each step lasted 30 minutes). The first observable change came after heating to 90°C,
when the amount of Fe* increased to 45%. This is in agreement with the HT-XRD
measurement and the observable increase of metavivianite at similar temperature. On the
other hand, it contrasts with the graph published by Hanzel et al. (1990), which indicates the
start of the oxidation at approx. 105°C. After heating to 130°C, the amount of Fe** reached
80%.

To monitor the changes also in the system
comparable to historic paints, we have prepared
several types of paint layer model samples of
synthetic vivianite with four main historic binders —
egg vyolk, skin glue, linseed oil, water, as well as
model samples composed of ground vivianite
crystals (ii) with water to observe the behaviour of
partly oxidised natural sample. The tested samples
were heated in several steps, every step took 30
Fig. 4 Colour change of the ground minutes: 60°C, 80°C, 100°C, 120°C, 160°C and
natural vivianite after 80°C heating step  700°C. After each step, the changes were
together with unheated reference sample monitored by UV/VIS spectrophotometry and
optical microscopy, after every second step (80°C, 120°C and 160°C), the samples were
analysed also by XRD and FT-IR in transmission mode. The most important observations
were made on the ground natural crystals with water and synthetic vivianite with oil. After
heating to 80°C, the natural vivianite changed from blue to grey (Fig. 4), which corresponds

80°C reference
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with the reported changes in actual works of art (van Loon, 2008; Stege et al., 2004). XRD
indicated slight amorphisation and FT-IR loss of hydroxyl molecules. In case of vivianite with
oil, the heating to 100°C caused the yellowing of vivianite grains that were completely
surrounded by oil, while a “lump” of aggregated vivianite grains still kept its bluish colour.
Therefore, it seems that oil facilitated the transfer of heat to vivianite’s grains.

Finally, to test the effect of the common conservation/restoration treatment on
canvas paintings containing vivianite, oil-on-canvas mock-ups with ground natural vivianite
crystals pigment (ii) were applied with oil on a ground layer composed of iron-rich earths.
One of the canvases was kept as a reference, the other one was relined in a traditional way
using iron and wax-resin mixture. First, the canvas was relined under the lowest possible
temperature (fluctuating around 51°C for 10 min.), which did not result in any observable
colour change. Consequently, the heat was applied again by ironing the canvas for 15 min.
with the temperature fluctuating around 76°C. After that, the pure vivianite oil paint seemed
to be slightly greyer. Since the samples were too big to be measured in UV/VIS
spectrophotometers, we have performed analysis of RGB components of the photographs of
the pure vivianite paint before and after relining, which indicated darkening (by wax-resin
saturation) and the loss of subtle modelling (the width of the RGB parameters decreased). A
detailed study of the photographs showed that larger grains of vivianite became grey. This
was confirmed by micro-sampling of the relined and reference canvases and observation of
the samples in cross-sections. The grey grain in the micro-sample after relining was analysed
by Raman spectroscopy, which had the spectrum of metavivianite, while the grains in the
untreated micro-sample exhibited only the spectrum of vivianite. Our results showed that it
is very important to properly analyse the works of art before conservation/restoration
treatments and that these should be performed with care if sensitive materials like vivianite
are present.

Within the range of this Ph.D. research, also preliminary experiments with the
influence of increased humidity on vivianite samples have been performed with very
promising results. Model paint layer samples of synthetic vivianite with water and ground
natural vivianite (ii) with water were kept for three weeks in a climate chamber under room
temperature and 90% relative humidity. The synthetic vivianite exhibited pronounced colour
change from light blue to intense blue and first signs of degradation in its FT-IR spectrum (in
transmission) — occurrence of a 1010 cm™ band, while its XRD pattern remained the same
(only vivianite). The colour of the ground natural vivianite sample darkened only slightly,
however, its XRD pattern showed approx. doubled amount of metavivianite compared to the
state before the experiment. These experiments will continue and, hopefully, will finally
shed light on the full degradation series of vivianite, since the humidity (in contrast to
temperature) seems to simulate the natural process of vivianite’s oxidation.

While vivianite’s temperature-related degradation has been studied in depth, the
study of a potential degradation process of orpiment is at the beginning and needs to be
experimentally verified. During the course of the materials research of wall paintings in
Kufivody, Czech Republic, we have proven the presence of mimetite using Raman
spectroscopy, micro-XRD and elemental mapping by SEM-EDS. Mimetite is a hexagonal
mineral with ideal chemical composition Pbs(AsO4)sCl. In nature, mimetite is formed as an
oxidation product of galena, and is relatively rare (Bernard and Hyrsl, 2006). Its rather sparse
occurrence indicates that it was probably not economically viable for exploitation. So far,
mimetite’s presence in works of art has been reported only twice: in the painted surface of
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ancient stone steles in Greece (325-275 BC) and in the painted decorations of tombs in
Macedonia and Syria (2nd century AD) (Buisson et al., 2014; Eastaugh et al., 2004). We have
suggested that in Kufivody, mimetite is a degradation product of orpiment in combination
with lead pigment, specifically minium.

The following process has been proposed as a possible chemical degradation
pathway of orpiment in combination with minium: since the environment in wall paintings is
alkaline due to the lime-based plasters, orpiment becomes less stable and tends to dissolve
to thioarsenites (AsS3)s and arsenites (AsOs)s; (Darban et al., 2011). The oxidation of trivalent
arsenic to thioarsenates (AsS;)s and arsenates (AsQ4)s; could take place under the action of
atmospheric oxygen. While on other places of the paintings, minium was found to be
darkened due to formation of plattnerite in accordance with already published data
regarding its degradation (Kotulanovd et al., 2009), in combination with orpiment, its
degradation pathway would be modified. Minium would be preferentially reduced to Pb**
ions and, simultaneously, arsenolite (As,03) and elemental sulphur would form.
Subsequently, increased activity of dissolved chloride ions under increased humidity and
alkaline conditions would lead to formation of lead chloroarsenates like mimetite. However,
this process has been suggested only theoretically, and a profound study encompassing
experimental laboratory work is needed to elucidate the occurring degradation phenomena.

5. CONCLUSIONS

The micro-analytical and provenance/authorship studies of mineral painting
pigments brought the following findings:

e for the identification of vivianite and its degradation products in the paint layer, the
structural analysis of choice is micro-XRD if the vivianite-rich layer is sufficiently exposed
on the fragment, and micro-ATR micro-FT-IR is suitable for the analysis of vivianite layers
in cross-sections;

e vivianite has been identified in seven paintings by Jean George de Hamilton, seems to be
used consistently by the author and, therefore, is suitable for authorship ascription;

e the comparative elemental study of mineralogical samples and the micro-samples of
works of art as well as of the grain morphology indicate sedimentary origin of the
vivianite pigment in the de Hamilton’s works;

e the structural disorder of antozonite samples may be observed on the broadening of
their diffraction lines and their decreasing lightness, but the observed increase of the
unit cell parameter is not in correlation with the increase of the diffraction lines’ FWHMs;

e antozonite has a specific Raman spectrum, which enriches its rather vague definition; it
can be profitably used for its identification in micro-samples of works of art, thus
indicating the period of the artwork creation due to restricted historical extraction;

e an extremely rare natural mineral pigment crocoite has been identified in unique wall
paintings in St. Gallus church in Kufivody; it is only a second report of its usage in
European art and corroborates the dating of the paintings to the end of the 13% century;

e a micro-analytical procedure of copper-based pigments’ identification in paint layer has
been elaborated and tested on numerous micro-samples of artworks; it is effective for
both mineral-type and verdigris-type pigments.
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Pigment degradation, either caused by internal or external agents, has been studied

on various types of model samples and experiments. It was found that:

hoganite loses crystallinity in proteinaceous binders (esp. skin glue); its detection in the
paint layer is further hindered by the presence of highly diffracting pigments like lead
white or lead-tin yellow;

vivianite is sensitive to increased temperatures (already 70°C initiates its amorphisation
as indicated by HT-XRD) and its oxidation started after heating to 90°C; exposition to
80°C caused pronounced colour change from blue to grey, a degradation described in
actual works of art — model experiments showed that these could be caused by relining;
a potential degradation pathway of orpiment in the presence of lead-based pigments in
wall paintings has been theoretically proposed; further experimental work is needed for
its verification.
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1. misto
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23.—26.9. 2013, Amsterdam, The Netherlands
Analytical Chemistry in Cultural Heritage Protection
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