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Abstrakt

Aplikace pfirodovédnych analvz pro studium hmotného kulturniho dédictvi ma
velmi dlouhou tradici a v poslednich nékolika desetiletich je toto propojeni nedilnou
soucasti archeologie. V této praci je pievainé diskutovano zapojeni analvticke chemie
pro studium vzorkt hmotného kulturniho dédictvi. Prace je délena na tfi samostatné
kapitoly, jako je Interdisciplinarni piistup. Multidisciplinarni pfistup a Destruktivni vs.
nedestruktivni pfistup. Aé jsou kapitoly diskutovany samostatné, tak jsou navzajem
velmi uzce propojeny a analyza hmotncho kulturniho dédictvi je tedy viznamné zavisla
na vzajemné komunikaci, na jejimZ zakladé dojde k vyuzZiti nejvhodnéjdi analytické

techniky od nedestruktivnich postupl k tém invazivnim a destruktrvnim.
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1. Uvod

Analyticka chemie v analyze hmotného kulturniho dédictvi ma velmi dlouhou
tradici. Zeyména stanoveni chemického sloZeni kovovych archeologickych artefaktn
byvlo vyvuzivano jiz vice nez pfed dvé sté lety, a to pfedeviim pro ucely klasifikace
materidlu. Jako jeden z pfikladi muZe byt uvedena kvantitativni analyza fimskych
minci Martinem Hemnrichem Klaprothem v Berliné v 1799 (pozn. tento chemik je
znamy spise jako objevitelem prvku uran). Materialova chemicka analyza napfiklad
take pomohla danskému archeclogovi Chnstian Jurgensen Thomsenovi ve dvacatvch
letech 19. stoleti formdlné zavést tfistupfiovy systém pravéké archeologie - dobu
kamennoun, dobu bronzovou a dobu Zeleznou.

Vroce 1958 se poprvé objevil termin _védecky podloZena archeologie™ (z angl
science-based archaeology) nebo archeometrie. Termin archeometrie je v poslednich
nékolika desetiletich hojné wyuzivan a vétdinou archeologll oznadovan za
nepostradatelnou a nedilnou soudast archeologie. V pfirodovédnych analyzach pojem
"archeometrie” oznacuje pfevazné vyvoj a pouziti piirodovédnych metod s cilem pfispét
k rozvoji archeologie a pochopeni socio-ekonomickych wvztahii lidské populace
v minulosti.

Tato prace je vénovana vyuZiti analytické chemie pfi analyze hmotného kulturniho
dédictvi. Prace vychazi ze souboru dvanacti publikaci [[-XII] uvedenych v pfiloze, ktere
vznikly v laboratofich na Katedfe analvtické chemie, Prirodovédecké fakulty Univerzity
Palackeho v Olomouct. Jejim cilem je poukazat na tf1 zakladni pfistupy aplikovane pfi
analyze unikatnich vzorkt. Dvé prace IX a XII vznikly v ramci spoluprace se studenty
strednich skol pi1 piipravé prace SOC. Obé studentky takto dokazaly kromé prace sOC
také napsat plnohodnotny védecky élanek a pfislugnych publikacich jsou uvedeny jako

prvoautorky.



2. Interdisciplindrni pristup

Archeometrické projekty se zamé&ji na relevantni archeologické otazky. k nimz se
snazi piispét ziskanim novych poznatkt. Problémem muze byt v polozeni archeologické
otazkv v takové formé, aby na ni byvlo mozné odpovédét piirodnimi védami. Nicméné,
nasledné je nutné ziskana pfirodovédna data pfevést zpét do takové podoby, aby je bylo
mozZne interpretovat humamtnimi obory. Intenzivni a neustald vwména informaci mezi
pfirodovédnymi a humanitnimi obory je tedy zasadni pro pokladani spravnych otazek
a interpretaci ziskanych dat'.

Prace I-IV popiswyi vyvuziti interdisciplinarniho pfistupu pro ziskani relevantnich dat,
diky ktervm bylo mozne detailné interpretovat archeologicky kontext a pfinést zasadni
informace pro soucasnou archeologii.

V publikované praci I bylo cilem vyzkumu chemicka analyza vyplné archeologicke
nadoby (zachranny vyzkum v blizkosti obce Drzovice; okres Prostéjov) datované do
obdobi eneolitu. Vzorky vyplné nadoby (tj. hlina z hrdla a horni éasti vyduti) byly
extrahovany postupné étyfmi miznymi rozpoustédly. t). voda, 0.05% hydroxid amonny
v methanolu, 1% kyselina mravenéi v methanolu (obé v/v) a aceton. Viechny extrakty
byvly analyzovany pomoci techmk plynove chromatografie s hmotnostni detekei
(GC/MS) a hmotnostni spektrometrii s pfimou sondou (ASAP-MS). Ve srovnani
s GC/MS (standardni technika pro detekci stfedné polarnich a nepolamnich latek
z archeologickych vzorkn), technice ASAP-MS nepiedchazi chromatograficka separace,
ale diky kombinaci s tandemovou s vysoko-rozlidujici hmotnostni spektrometrii je
moiné méfeni pfesné hmoty (m/z). To nam nasledné umoZfinje dopoéitat prvkové
slozeni latek, které ma klifovy vyznam pro spolehlivou identifikaci analytu (mimo
srovnani s autentickym standardem).

Pomoci GC/MS byl v chromatogramu vzorku hliny detekovan intenzivni signal m'z
440 (retenéni cas 252 min). Tato sloufenina byla identifikovana jako rostlinny
triterpenoid miliacin, ktery je popisovan jako biomarker prosa setého (Pamicum
miliacewm). Je nutno zminit, Ze tento signal nebyl nalezen am v prvni a ami v druhé
vrstvé pudy odebrané z niddoby (tj. homi vrstvy). Tato skuteénost vyluéuje kiiZovou
kontaminaci vzorkd pidy. Na tomto misté je tedy nutné zminit. Ze méfeni vhodnych

referenénich vzorki je tedvy zasadni pro analvzu archeologickiych vzorkd. Identifikace

l Herrman, B, Wagner, G.A Natural Science in Archaeology, Springer, Berlin 2009, DOI: 10.1007/978-
3-5340-87438-6



této slouceniny byvla zaloZzena na hodnoté m/z, porovnani s autentickym standardem,

extraktem z prosa setého (hodnota m/z a retenéni ¢as) a idaju z literatury (Obr. 1).
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Obr. 1: Chromatogram standardu miliacinn (a), miliacin v prosu (b), neznama

sloucenina z vvplné keramicke nadoby (c).

Jednoznaéné urcéeni pfitomnosti prosa neni zaloZeno pouze na piltomnosti
miliacinu, ale také dalfich pentacyklickych triterpent. Monitorovani vicenasobnych
reakci (MEM), tj. 440—189 detekovalo daléi dva piky (RT 27.3 a 30,0 min) ve vzorku,
jejichz obsah byl vyrazné mizii ve srovnani s miliacinem. Nicméné pf1 monitoringu
vybranych iontd (SIM) m/z 189 a 218 byla potvrzena pfitomnost téchto fragmentn
v latkach s RT 27.3 a 30.0, ¢imz byla potvrzena struktura pentacyklickych triterpent.
MS/MS spektra miliacinu identifikovano ve vzorku dale potvrzuje identitu miliacinu

{(Obr. 2a.c.e).
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Obr. 2: Fragmentaéni spektra standardu miliacinu (a - GC/MS, b - ASAP-MS),
miliacinu v prosu (c - GC/MS, d - ASAP-MS) a latky detekovane ve vvplm keramicke
nadoby (e - GC/MS, f- ASAP-MS)

V popisovaném clanku bvla také jako prvni vyuzita techmika ASAP-MS pro
analvzu archeologického materialu. Ziskané visledky potvrzui pfitomnost miliacinu ve
vzorku (Obr. 2bd f). Technika ASAP-MS v pouzitéem uspofadani (tj. v kombinaci s Q-
TOF hmotnostnim analyzatorem) poskytla informaci o pfesné hmotnosti miliacinu
v archeologickem vzorku, ktera silné podporuje identifikaci (byla naméfena m/z
440 3824 odpovidajici s relativné malou odchylkou od jeho teoretické hmotnosti, dtm,
0,0194 Da, C5;H5;0). Nejdulezitéjéi fragmenty detekované ve spektru jsou hodnoty m/z
203,1825 (C15Has™, dtm 0,0025 Da), 1891635 (C14H2z™, dtm - 0,0008 Da) a 109.1020
(CgHis™, dtm - 0,0003 Da), které lze vysvétlit jako Stépeni uhlovodikového skeletu
triterpenoida (2.4a,7,7-tetramethyl-1-methylene-1,2.3 4 4a.5 .6, 7-oktahydronaftalen-v1.
2.7 7-trimethyl-1-methylene-1.2 3 4 43 5 6 7-oktahvdronaftalen-vlium a protonovany
5.5-dimethvl-cvklohexa-1.3-dien). ASAP-MS ma velky potencial pfi analvze
archeologickeho materialu diky vysoké citlivosti a moZnostt méfeni pfesné hmoty
(v konfiguraci s vysokorozlifujicim hmotnostnim spektrometrem), oviem bez mozZnost
rozlideni polohovych izomeri.

Ziskana data byla nasledné vvhodnocena odbomiky z oblasti archeobotamky
(kolegové z Laboratofe archeobotaniky a paleoekologie, Jihoceska univerzita).
Dosavadni vyzkumy poukazuji, Ze pouZivani prosa v Cechéch a na Moravé mezi

neolitem a stfedni dobou bronzovou jsou fidké a nahodné. Na druhou stranu, vyuzivani



prosa se stalo béZnou praxi v pribéhu stredni doby bronzové (prvni objevy botanickych
zbytklh prosa). Detekce biomarkeri prosa v pohfebnim kontextu kultury se Efdrovou
keramikou (Eneolit) je velmi dilezitda a mimofadna. Je moZné j1 hodnotit jako prvni
piimy dikaz vyuZivani prosa ve stifedni Evropé.

Publikace II také popiswje detekci miliacinu pomoci GC/MS v archeologicke
nadobé a musime fici, tento v¥sledek by bez dalfich piirodnich véd neposkytl dukaz
nejstariiho bylino-prosneho piva ve Stiedni Evropé. Nejvyznamnéjsi je palynologicka
analyza popisujici pfitomnost spektra bylin a stromt (Obr. 3). Nékteré rody maji
charakteristické vlastnosti (aroma, chut', lékafske vyuziti) a jsou znamé jako pfisada pro
piipravu byvlinnvch piv. Dale archeobotanicka analyza $krobovvch zrn pomoci opticke
mikroskopie v polarizovaném svétle poukazuje na tepelné a kvasné procesy v minulosti.
Kombinace vysledki z pfirodovédnych analyz tedy poskytla informaci o bylino-prosné
smési, kterd byla vystavena _mokrému” teplu (vafeni) a kvasnym procesiim. Pfeneseni
tohoto vvsledku do archeologie a kulturni antropologie poukazalo na jistou podobnost
s izolovanymi africkimi kmeny, kde se do soudasnosti vyrdbi prosné pivo dle

historickych postupt. To nasledné vedlo k zavéru, Ze nadoba obsahovala napoj.
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Obr. 3: Odbérova mista pro palynologickou analvzu (a; S1 — viplné ve stfedni ¢asti, S2
— dno, S3REF — vnéjéi povrch, 54 — vaitfni povch, 55 — horni bronzovy kryt dvojitého
dna; 56 — spodni bronzovy kryt dvojitého dna, STREF — pisek z okoli), pvlovy diagram
(b)



Interdisciplinarni pfistup je nejlépe patmy na publikac: III, ktera je zaméfena
analvzu archaeobotanickych a organickych rezidui ze 7000 let starych keramickych
pekact (Obr. 4).

10cm

Obr. 3: Rekonstruovany keramicky pekad KE7 (a). odebrané vzorky KE1 (b), KE2 (c),
KE3 (d), KE4 (e). KE5 (f), KE6 (g). detail KE2 (h) a KE4(1).

GC/MS analyza organickych rezidui odebranych z povrchu keramickiych pekacta
KE1-KE7 prokazala piitomnost Zivoéiine slozky bohaté na tuky na zakladé signalu
cholesterolu (Tab 1). Identifikace cholesterolu byla potvrzena na zakladé srovnani
s autentickym standardem cholesterolu, retenénim ¢fasem a fragmentaénim spektrem
(Obr. 4). Nejvyznamnéj$im vzorkem z keramickych pekact byl vzorek KE4, kde byly
nalezeny silné wvrstvy pfipalené hmoty. Obsah cholesterolu vtéchto vzorcich se
pohyboval v rozmezi 0.44 — 0.66 mg.g”! (v referenénim vzorku z horniho okraje pekade
byla koncentrace cholesterolu pod 0.01 mg.g!). Tento vyznamny rozdil v koncentraci
cholesterolu ve vzorcich KE4 vvlutue kiiZovou kontaminaci z okoli. Vzorky z KE4



byly také analyzovany pomoci imunologickych testi pro detekci denaturovanych
proteini. Tyto testy nejsou standardné vyrabény pro archeologickou praxi, ale v pfipadé
dodrzeni pfesnych postupti virobece, je mozné vyuzit testy pro detekci alergeni. Vzorek
KE4-2 (s vysokou koncentraci cholesterolu), poskytl pozitivni reakeci na vepfové
protemny. Pozitivni reakce viak byla zjiiténa take u referenéniho vzorku KE4-5. Na
zakladé téchto visledkn byly provedeny testy kontaminace na vepfové bilkoviny, kde
testy poukazaly na rozdily ve vepfovych proteinech u vzorku KE4-2 a KE4-5. Proteiny
ve vzorku KE4-2 byly denaturovany pfi vivsokych teplotach, zatimco u vzorku KE4-3 se
vyskytovaly pouze nativai vepifové proteiny (pravdépodobné z vepfoveé kejdy).

Vedle cholesterolu bvly wve vzorcich detekovany pomoci GC/MS take latky
poukazujici na pfitomnost rozloZzeného dfeva'prvskyfic, t). 18-norabietan (RT 16,65
min) a reten (BT 18.64 min). Tvto latky byly detekovany také v referenénim vzorku,

aviak intenzita signalu byla 2-32krat ni12&i.
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Obr. 4: GC chromatogram standardu cholesterolu a latky ve wvzorcich odebranych
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Tab. 1. Seznam analyzovanych vzorki se zaméfenim na koncentraci cholesterolu, identifikaci ikrobovych zm, fytolitu a mikrozbytlkd. SP:
vzorek byl odebran k mikroskopickému vvhodnoceni; pozitivni: byl nalezen mikroobjekt; negativni: nebyl nalezen mikroobjekt).

Concentration of Cholesteral

Artefact Sample imgg) Phytoliths and Non-Follen Objects Starch Position of Sample in Ceramic Pan
KE1 1 a5 - - pit (residue)
KE1 2 0.08 - - pit {ceramic under KE1-1)
KE1 3 000 = = edge, the eference sample
KE1 SM - itive ositive it
KE1 Sp2 - PUEJ_ IFJL'EiiIi'.'H eEHe
KE2 1 0,03 d B pit (residue)
KEz2 2 ool pit (ceramic under KE2-1)
KE2 3 092 - - pit (residue)
KE2 4 g - - pit (ceramic under KE2-3)
KEZ2 5 000 - - bottom, the reference sample
KE2 [ oo - - inner surface (ofganic emper)
KE2 7 oo = 5 surface (the reference sample )
KE2 5P3 - - negative pit
KE2 i - - - pit
KEz 5I'3 positive edge
KE3 1 a2 . i inner surface (close bottom part, baked

mass)

KE3 2 w13 inner surface (under edge, baked mass)
KE3 3 001 - - inner surface (ceramic under KE3-1)
KE3 4 g - - mmner surface {oeramc under ]{Eﬁ-z}l
KE3 5 04 - - edge (the reference sample)
KE3 5P - positive positive pit
KE3 Sp7 - negative pit
KE4 1 044 - inmer edge (close bottom part, baked layer)
KE4 Z Lk - - inner edge (close upper part, baked layer)
K4 3 n1e - - innet edge (ceramic under KE4-1)
KE4 4 046 - - inner edge (ceramic under KE4-2)
KE4 5 001 - - edge (the reference sample)
KE4 5 - positive positive pit
KE4 e - - positive it
KES 1 ng - - inner edge (close bottom part, thin layer)
KE= 2 024 inner edge (close to KE5-1)
KES 3 00z - - inner edge (ceramic under KES-1)
KES 4 16 = = inner edge (ceramic under KES-2)
KES 5 o1 - - edge (the reference sample)
KE& 1 000 - - wall (close upper part, baked mass)
KER 2 nn2 - - wall (chose o KEAT
KEf 3 0o - - edge (the reference sample)
KE? 1 [N - - organic residue (taken before conservation)




Archaeobotanické analyzy prokazaly pfitomnost miznych drubi rostlin na zakladé
piitomnosti ékrobovych zm (Obr. 5) a fytolitd (Obr. 6). Pfitomnost éeledi Lipnicovitych
neni jednoznacénym ukazatelem vyuzivani obilovin. Nicméné, ve vzorcich byly nalezeny
chloupky larvy kozojedovitého brouka (Trogoderma sp., Obr. 6n), kterv je hlavnim
fkidcem skladovanych produkti. Entomologicka analyza piifadila chloupek larvé
Trogoderma granariwm (Rusnik obilni), kterd je hlavnim Skiidcem v obili, lusténinach
a vyrobcich zmnich Kombinace pokroéile chemicke analyzy s mikroskopickym
hodnocenim piineslo nové dikazy o zivoté pravékych lidi. Nalezené keramické panve
tedy byly pravdépodobné pouZity pro pfipravu pokrmiu obsahujicich maso z béZnych

hospodatfskych zvifat v kombinaci s obilovinami a plané rostoucimi rostlinami.

Obr. 5: Skrobova zrma Bém z keramického pekace KE2-SP3> (ae); skrobova zma
Orobince nalezena v KE4-5P9 (b, f); gkrobova zma Lipnicovitych z KE2-5P5 (c.g);
gkrobova zrma Dubu v KE2-SP5 (dh) (snimky pofizeny ve viditelném svétle (a—d);
snimky v polarizovaném svétle (e—h)).



Obr. 6: Mikrozbytky ve vzorcich SP1 (haik) SP6 (fl—o) a SPE (a—e.gj). (a—<)
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3. Multimodalni pristup

WV mnoha pfipadech je chemicka analvza pouze jednou technikou nedostacujici
a ziskana data je moZna brét jako jeden z dilka _skladacky™. Z tohoto divodu je vhodné
spravné kombinovat moderni instrumentalni metody pro dosazeni co nejdetailnéjitho
popsani, ve vétiiné pfipadi unikatniho, vzorku. Publikace IV je zaméfena na rozbor
surové barevné hmoty, ktera byla v 19. stoleti pouzivana pro pfipravu fajansa (Qbr. 7).
Je nutné zminit, ¥e v této dobé si kazdy toufar’ hlidal své michédni barevnych smési

a jejich dilna pfipominala alchymistickou laborator.

Sample 1 Sample 2 Sample 3

Obr. 7- Surové hmoty fajansti z 19. stoleti nalezenych v keramické nadobé (Prostéjov)

V prvnim kroku byvla provedena geochemickd analiza vzorkn barevnych smési
pomoci elektronoveé mikroskopie (Tab. 2). V pfipadé bilého prasku byl nalezen vyrazny
obsah oclova v rozmezi od 6 % do 18 %. § nejvétéi pravdépodobnosti se olovo vyskytuje
ve formé oxidu z divodu nizké koncentrace siry ve vzorku. Pozoruhodné je, ze vysoké
mmnoZstvi olova v riznych formach bylo potvrzeno také LDI-MS v obou ionizacnich
modech, kde domunuyi signaly klastni s riznym elementdrnim slozenim. Ruzové
zbarveny, jemnozmny, prasek obsahoval oxidy S5107, AlQOs, CaQ, PbO a K20 (dile
(hydrjoxidy P:0s, FeO, T10;, MgO a Na;O v mnoZstvi <1 hmot. %). Modry prasek
obsahuje hojné krystaly barvtu (analyza EDX), ktery je béznou pfisadou pfi virobé
fajanst. Tento minerdl plnil funkci jako tavidlo, zvyieni lesku glazury a sniZeni
mnoZstvi bublin pf1 taveni. Zbyvajici hmota obsahue take 5107, Al:Os;, PbO a FeOD
a v mengich nebo stopovych mnozstvich také CaO, P20s, MgO, 5rO nebo NazxO.

Eromé SEM-EDX bvla provedena ICP-MS analvza pro ziskani pfesné koncentrace
prvki ve studovanych prascich a za uéelem odhaleni ptivodu barvy (Tab. 3.). Jednim

z nejbéznéitich Cervenych pigmentd pouzivanych v glazurach/fajansech biyva hematit

2 Remeslnile (hen#if) vyrdbéjici fajinsové nadobi



a-Fe;0s; (resp. maghemit v-Fe;03), ktery zplsobuje cervené az hnédé odstiny
v zavislosti na podminkach béhem vypalovani. ICP-MS analyza poukazala, Ze barvivo
v rizovém prasku je zpisobeno sloudemnou zeleza, které se zde nachazi v koncentraci
0.50 mg.g!. pravdépodobné ve formé hematitu. V historii se v minulosti také vyugivala
med ve formé médnatych nebo médénvch nanocastic jako éervené barvivo ve sklafstvi,
ale mnoZstvi Cu pouZité v takovvch pfipadech bylo asi 100x vétéi ne? v cerveném

prasku z Prostéjova (0,26 mg g !).,

Tab. 2: EDX vysledky tfi vzorkn fajansu (wit%a)

No. of Analysis Sample Na Mg Al Si P 5 K Ca Ti Ie Sr Ika 't Sum
1 ¥ LR ni7 BA52 521 LS n22 242 N2 WD i MDD X 1,76 wWiG

. ¥1 085 07 4l £ 54 ods o155 187 0 ND 1X ND ND 1813 4582
3 ¥1 0.3 28 mé2 iolss  odz o043 ol s MWD oo MD ND 13 1z
4 ¥1 1.3% D& 221 7592 n54 0AF 216 N33 145 170 WD N0 h5 10062

1 (bulk) 2 0.3 Ded nas I8 58 13 131 160 421 oee 060 MWD ND 1.897 Tr4

1 (bulk) 3 i ] i.23 wl7 ] B.51 o nEx WD 133 o019 3 o932 5384

3 {bualk) #3 LURRE] 32 2492 IR 267 1.11 108 4,22 7R [{NE7 | 4.2 K34

2 {(baryhe) ¥3 17.81 1] [i] 1] 5260 o ToAm

4 {baryhe) #3 0 o Q 2783 0 o a [ 326 0 BL0%

Tab. 3: ICP-MS visledky v mg g™

Sampl= P ] Ca Na Mg Al S K T v Mn F Ca Zn Ga Sr S5n 5b Ba Hg 't
1 0% DA <LOD 36 08 3 37 52 086 002 002 20 008 o0l i 2 044 001 03 <LOD ]
2 iz 33 44 11 13 51 223 4p a4 w3 ol 05 R 002 0z ols 0o 005 43 o a5
] s 140 140 12 e 11 10 % i 0k i 40 ®13 o1 48 385 0fF 010 &0 043 252

U vzorku byla take provedena analyza za ucelem potvrzeni/vyvraceni pfitomnosti
orgamického pojiva. GC/MS s pyrolyvzni jednotkou (py-GC/MS) prokazala piitomnost
kyseliny abietové a pimarové ve vzorku riZové smési Tyto latky jsou v pfirodé
vyznamné zastoupeny v pryskyiici produkované jehli¢nany, napf. borovice, modfin ¢
smrk.

Pro detailni analvzu organickych latek se zaméfenim jak na polamni, tak 1 nepolarni
latky, byla aplikovana metoda ASAP-MS v kombinaci s ionotvou mobilitou (ASAP-
IM-MS). Tato metoda potvrdila pfitomnost pryskyfice. Slou¢emna s m/z 301,2145
(C20H2902") odpovida struktufe protonované kyseliny dehydroabietové s odchylkou od
teoreticke hmotnosti (dtm) -2,3 mDa. Fragmentaéni spektra kyseliny dehydroabietove
v rizovém praiku a autentického standardu kyseliny dehydroabietové jsou uvedena na
obrazku 8b.c. Kromé signdlt naleZejicich k pryskyfici byly ve vzorku detekovany
signaly s hodnotou m/z 463 4838, 491 5186 a 519,5491 odpovidaji latkam CazHgz:On1™,
C24Hs7017, C2¢HnO1". Tyto signaly byly piedbézné identifikovany jako degradované
slozky véeliho vosku na zdkladé srovnani s hmotnostnim spektrem standardu. Dikazem



piitomnosts véeliho vosku byla molekula Cy;Hg:077 (6196393 Da) s dtm —0.8 mDa
indetifikovana jako ester kyseliny palmitové, ktery je typickou sloZzkou véeliho vosku.
Kromé toho byly detekovany také diacylglyceroly s m/z 607.3640 (C:sH7s04™: dtm -2.5
mDa: distearovlglycerol, §S), 579.5327 (C37H7104™: dtm -2.5 mDa; palmitoyl-stearoyl
glycerol; PS) a 351.4991 (CssHe7Q4™; dmt - 4.8 dtm; dipalmitoylglycerol, PP). Tvto
slouceniny se bé&zné nachazeji v materialech bohatich na tuky. Rizovy prasek byl tedy

.

pravdépodobné pfipravovan podobnym zpusobem jako pigmenty pro tradiéni

olejomalby.
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Obr. 8: Pyrogram rizového prasku (1: kyselina pimarova, 2: kyselina isopimarova,
3: neznama slouéenina, 4: kyselina dehydroabietova a 5: kvselina abietova) (a); ASAP-
IM-MS fragmentaéni spektra sloudeniny m/z 3012152 v rizovém prasku (kolizni

energie 20 V) (b) a ve standardu kyseliny dehvdroabietové (kolizni energie 20 V) (c).

Pii analvze modrého prasku se vychazelo z pfedpokladu, Ze modré barvy pi1 vrobé
glazury se bézné dosahwe pfidavkem Cr, Co nebo Cu. Nicmeéné, ve vzorku pragku
nebyl detekovan zadny z vivie uvedenych prvkn. Na zakladé +vysledkt ICP-MS
obsahovala vétéina modrého pratku zviiené mnoZstvi Zeleza (pfiblizné 4 mg-g ). které
by mohlo byt zdrojem modrého zbarveni jako hexakvanozelezitanovy pigment
FeyFe(CN)gls. béiné znamv jako pruska modf (PB). Pfitomnost PE byla nasledné
identifikovana a prokazana pomoci pritokové injekéni analyzy s kombinaci s hmostni
spektrometrii s ionzizaci elektrosprejem (FIA/ESI-MS) a BRamanovy spektroskopie.
Spektrum FIA/ESI-MS standardu PB obsahovalo nejintenzivngéi signal [Fe(CN)3] pift
m/z 1339443 Da (Obr. 9a). Steyny signal byl detekovan také ve vzorku modrého
pragku, tj. m/z 1339434, dtm —08 mDa (Obr. 4b). Tvto vysledky byly nasledné



podpofeny Ramanovymm spektry referencéniho matenialu a vzorku (Obr. 9c).
V Ramanovych spektrech byly nalezeny étyf1 viznamné pasy, fj. 2154, 2090, 527 a 275
eml. Vibrace pii 2154 em™ a 2090 em™ odpovidd v(C=N) vibraci. Zbyvajici dva pasy
pii 527 a 275 em™' odkazuji na vibrace vazby Fe—C a deformacni vibrace vazby
FeCN-Fe. Pomoci SEM-EDX a ICP-MS bylo ve vzorku stanoven vysél obsah siry,
ktery pravdépodobné poukazuje na tradiéni pfipravu PB. tj. pouiiti zeleného vitriolu
(FeS0Oy4 - THz0) a susena hovézi krev jako zdroj kvano a/nebo ferrokyanidovych skupin.
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Obr. 9 MS spektrum PB standardu (a) a pfipravencého extraktu ze vzorku modreho
prasku (b), spektrum modrého prasku a PB standardu méfeno pomoci Ramanovy
spektroskopie (c).

V publikacich V a VI je zdiraznéna nutnost aplikovani série riznych analytickych
techmik pro stanoveni puvodu jantarovych artefaktd. Jantar. jak je znamo, je
fosilizovana pryskyfice a jeji loziska lze v podstaté nalézt po celém svété. Vznik jantaru

je ovlivnén mnoha faktory (druh rostliny, stafi, geografickym podnebim atd) a z tohoto



divodu se jednotlivé vzorky mohou li%it svimi chemickimi a fyzikalnimi vlastnostmi.
V soucasné dobé se k analyze jantarovych artefakth vyuZivd velkd fada analytickych
technik, kde nejroziifenéj$i je infracervena spektroskopie s Fourierovou transformaci
(FTIR). u které je sledovdn pds s vrcholem pfi 1160 cm™ a raménkem od 1175 do
1250 cm™! (signél je oznadovén jako tzv. . Baltské raménko™) (Obr. 10)
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Obr. 10: Infraervena spektra jantari z archeologického vyzkumu v Mikulovicich
u Pardubic

Pro podrobnéjii charaktenistiku jantari byla na nafem pracovidti jako prvni
aplikovana LDI-MS v kombinaci s vicerozmérnou analyzou (analvza hlavnich
komponent, PCA). Piedbéina data z LDI-MS anal¥zy surovych jantari z pobiezi Ruska
(Donskoe), Litvy (Palanga) a Polska (Gdanisk) a povrchového Ruského dolu (Jantarny)
poukdzaly na chemickou podobnost vzorkn z pobie#i Polska a ruského povrchového
dolu (Obr. 11a). Do pfipravencho statistického modelu byla nasledné zahrnuta data
z LDI-MS analyzy vzorkl jantaru z lokality Mikulovice u Pardubic. V PCA modelu je
patrna segregace dat ve sméru prvni komponentv. Vétiina studovanych vzorkn se
nachazi v klastru odpovidajici lokalitim polského pobfe#i a'nebo ruského povrchového
dolu (Obr. 11b).
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Obr. 11: PCA score plot vzorkd surovych jantarii z lokalit v blizkosti Baltského mofe
(a) a archeologicke vzorky z lokality Mikulovice (b).

Statisticka analyza, jako hlavni nastroj pro nalezeni vvznamnych rozdiln v datech,
byla aplikovana také v publikaci VII. Extrakty ze dvou vyplni nadob byly analyzovany
pomoci hmotnostni spektrometrie s laserovou/desorpel 1onizaci za pfitomnosti matrice
(MALDI-MS) a naméfena data byla nasledné vwhodnocena pomoci statistickvch metod
jako je PCA, klastrova analvza a ortogonalni projekce do latentnich struktur —
diskriminacni analyvza (OPLS5-DA) (lokalita a postup extrakce je stejny jako v publikaci
I[). £ obrazku 12 je patrné, Ze vzorky hliny ze dna (. vrstvy 4 a 3) se vyrazné liéi od
vzorkt hliny zhomni éasti nadoby. Tento vysledek nam ukazuje v¥raznou zménu
chemického sloZzeni hornich a spodnich &asti vyplné nadob. Ke studin podobnosti
konkrétnich wvrstev bylo pouzito hierarchicke shlukovani. Obrazek 12C.D ukazuje

dendrogramy vztahli mezi méfenymi vzorky z keramickych nadob ¢. 4 a 5.
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Obr. 12: PCA analyze MALDI-MS dat z acetonovych extraktd hliny a dendrogramy pro
nadobu €. 4 (A.C) anadobu ¢. 5 (B.D).

Pro nalezeni viznamnych marker ve spodnich vrstvach viplné nadob byla pouzita
OPLS5-DA. Markery = nejvyiii variabilitou a soucasné spolehlivosti byly odebrany
z nizkorizikové oblasti vhodného S-grafu. Pro nase udely byl region s nizkym nizikem
definovan jako rameéek s nasledwicimi soufadnicemi: p[l] = 30-100 % a p[2] = 75—
100 % od nejvviii hodnoty na ose x a v. Tab. 4 zobrazuje vvznamné markery spodnich
pudnich vrstev z keramickych nadob & 4 a & 5. Rozdily mezi dvéma sousednimi
signaly pfisluinych markeri odpovidaly homolognim piirdstkim skupiny CH:z (.
Am/z(1) = 6874951-673 4808 = 14.0143; Am/z(2) = 14.0163; Am/z(3) = 14.01)
a kyslik Am/z(4) = 159721). Tyto byly identifikovany jako draselne adukty
triacylglyceroli (TAG). Visledky byly srovndvény s literaturou® a profil detekovanych
TAG odpovida mléénym tukim.

2 Picariello, G.; Sacchi, R.; Addeo, F. (2007) One-step characterization of triacylglycerols from animal fat by
MALDI-TOF MS. Eur. |, Lipid Sci. Technol 109, 511-524.



Tab. 4: Seznam nejvyznamnés$ich markeri detekovanych ve spodnich vrstvach
keramickych naddob (CN — poéet uhlikii v molekule; DB — poéet dvojitych vazeb).

miz CNIDB Theoretical Formula dim (mia)
Ceramicvesselno. 4 6734879 6.2 CagH7gDgk -7.0
GB7 5005 vz CagHrz08K -39
7015178 g2 CaiH7ra0pk -56
715.5337 392 CazHraOgk -58
73165103 382 CaoHral7k 125
Caramicvessel no. 5 G73.4808 a2 CagHrgOpk 0.1
GE7.40951 3Tz CagHT20sK 1.5
701.5114 g2 Ca1H740sK 0.8
715.5286 39:2 CazH7elak -0y
731.5007 39:2 CazHraOrK 221
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Obr. 13: MALDI-MS spektra acetonovych extraktt puodnich vzorkt z keramické
nadoby ¢. 4 (AB)ac¢. 5 (CD). Spektra A.C jsou referencni extrakty z hornich vrstev
nadob a spektra B D ze dna nadob.



Vysledky z MALDI-MS dokazaly cely vwzkum nasmérovat konkrétnim smérem,
a ztoho divodu bylo nutné provést cilené imunochemické testy na nativni
p-laktoglobulin (Tab. 5). Data potvrdila pfitomnost zbytkt hovézi mlééné bilkoviny ve
spodni vrstvé pudy nadoby & 5 (u vzorku pudy ze dna nadoby €. 4 nebyla pozitivni
reakce na P-laktoglobulin). Pfitomnost mléénych v¥robkt byla také testovana ELISA
kitem na kasein Pozitivni reakce byla pozorovana v obou studovanych nadobach. Tyto
udaje potvrdily pfitomnost mléénych vyrobki v obou keramickych nadobach. Vyuziti
mléénych vyrobkid ve starovéké stravé jiz prokdzalo mnoho autord. ale v tomto
konkrétnim pfikladu se jedna o prvni aplikaci hmotnostni spektrometrie s laserovou
desorpci/iomzaci za spolutidast: matrice pro analyzu zbytki mlééného tuku v pravékych
keramickych nadobach. Tyto vysledky piedstavuyi prvni pfimy doklad o vyuziti
mléénych vyrobka v obdobi eneolitu v kultufe Moravske $ntirové keramiky. Nase data
tvkajici se vyuziti mléka v obdobi raného neolitu—eneolitu ve vychodni stiedni Evropé
(stfedni Podunaji) vvznamné roziiwi diivejsdi dikazy o pouzivani mléénvch vyrobkn

v zapadni stfedni Evropé (Némecko, évj;fcarska)

Tab. 5: Vysledky imunochemickych testi vzorkd hliny ze dna nadob.

Casein (ppm) Evaluation Cattle LG (ppm) Evaluation

Megative control 0.02 ] 1.32 0
Positive contral na2* + 0021 *= +
Ceramicvesselno 4 0.36 + 1.81 0

Ceramicvessel no s 052 + 0.044 +




4. Destruktivni vs. nedestruktivni pristup

Spoluprace mez filozofickymi (archeologie, historie uméni apod) a pfirodnimi
védami nabyva se vzristajicimi technickymi moZnostmi stale vétiitho vyznamu.
S vyvojem instrumentalnich technik a souéasnym zvyiovanim citlivosti téchto pfistroji
jsou pozadavky na mnoZstvi vzorku stale mendi Nicméné pfed zapodetim odbéru
vzorkll je velmi dulezité provést prizkum pomoci neinvazivnich a nedestruktivnich
metod. Tento piistup je preferovan, nebot’ vétéina vzorkd hmotného kulturniho dédictvi
podleha uréitemu typu ochrany a odbéry nejsou zadouci. Navic je mozne takto zachowvat
strukturu a vlastnosti vzorku, coz je dilezité pro dal3i studium nebo aplikace. Prikladem
nedestruktivniho pfistupu jsou publikace VIII a IX.

Publikac: VIII by sice bylo mo#né zafadit do kapitoly Multimodalni piistup
z divodu vyuziti velkého mnoZstvi analvtickych technik, ale hlavni cilem byla
nedestruktivni analvza "zkorodovanvch" zlatych minci (Obr. 14) pomoci energiove-
disperzni rentgenova fluorescenéni spektroskopie (XEF), mikroskopie ve viditelném
svétle (LM) a digitalni mikroskopie (DM), skenovaci elektronoveé mikroskopie
kombinované s energiové-disperzni  rentgenovou  spektroskopii  (SEM/EDS),
rentgenovou fotoelektronovou spektroskopii (XPS), Ramanovou mikroskopii,
rentgenovou prafkovoun mikrodifrakei (u-XEPD), mikroskopii atomarnich sil (AFM)
a Mdssbauerovou spektroskopii s za Ucelem uréeni puvod dervenych (, koroznich™)

glovn,



Obr. 14: Ti1 Rakousko-uherskeé 10 Korony 1897 (mincovna Viden, A B), a 10 Korona
1905 (C, D) a 1907 (E, F) (mincovna Kremnice). Obrazky B, D, F jsou zobrazeny ve

falednych barvach pro zvyraznéni _koroznich™ vrstev.

Mince v teto studu byly ve vétiim méfitku pokryty Cervenymi skvrnami. Pomoci
digitalni mikroskopie bylo mozné pfiblizné stanovit tlouitku povrchové vrstvy, ktera se
pohybovala okolo 14 pum. Pro detailni uréeni morfologie a elektrochemického
potencidlu v oblastech zasazenvych "korozi " byla pouZita technika AFM. Zaznamenané
topografické snimky ukazuji rovny povrch zlaté mince a poté vyrazné vyvyiene
zkorodované éast1 (Obr. 13). Vyikovy rozdil éini priblhizné 1.7, 2.2 a 4.6 pm u zlatych
minci. Tyto hodnoty jsou zhruba 12-33krat nmizéi neZ wvvika stanovena z digitalni
mikroskopické analyzy. Tento rozdil v urdeni vyikového profilu miZe byt zplhsoben
méfenim relativné menéi plochy a okraje skviny technikou AFM ve srovnani s DML
Naopak méfeni tlouitky v DM mizZe byt silné ovlivnéno odrazem (4. DM nemtze
piesné zaostiit). Soucasné ziskana mapa elektrochemickich potenciald z povrchu
vzorku (Obr. 15 CF.I) ukazuje rozdil mez1 zkorodovanou ¢asti (Cervena) a zbvtkem
skenované oblasti (fialova), ktera je na =zakladé +wviiitho potencialu tvofena

uilechtilejéimi kovy.



Stanoveni chemického slozeni cervenvch skvmn bylo v prvnim kroku provedeno
pomoci XEF s Mo aperturou. Pfistroj XRF Spectro Xepos neumoziinje pfesnou
lokalizaci rentgenového paprsku na vzorku a méfeni wvelké plochy muze byt
nepraktické. 7 tohoto divodu byla pro pfesné vymezeni zdjmové oblasti vvtvofena Mo
apertura (do Mo plidku byl vyiiznut otver o velikosti 3.1 = 3.3 mm_ 4. 10.5 mm?). ktera
byla umisténa pfimo na povrch mince. Méfeni ukazuje vyiii obsah Zeleza ve viech
tfech vzorcich zlatych minci. K podobnim zavérim bylo dosazeno pomoci

Massbanerovy spektroskopie, tedy Ze korozni vrstva je tvofena Zelezem.

|_|.rn'3'

Obr. 15: Vybrana oblast na povrchu minci z let 1897, 1905 a 1907 (A, D, G), 3D
topograficky obraz ziskany pomoci AFM v rezimu | Tapping Mode™ a 3D potencidlova
mapa mince z roku 1897 (B, C), 1905 (E. F)a 1907 (H. I)

Pro uréeni oxidacniho stavu Zeleza byla pouzita technika XPS, kdy bylo prokazano,
%e v korozni vrstvé pfevafuje oxidacni stav Fe'™, nicméné oxidaéni stav Fe’ byl
krystalickou strukturou zeleza, bvlo mo#né vyuzit Ramanovu mikroskopii pro pfesnéjst
uréeni sloZzeni Fe vrstvy, kdy pfedpokladame pfitomnost goethitu nebo hematitu.
Goethit lze v Ramanové spektru snadno identifikovat diky pasu pii 385 em™. Nicméné,



nékdy jsou pdsy goethitu piekryvty pasem hematitu pii 412 em” (vibrace Fe-O). tim

mize dojit k posunu maxima pro pds 385 cm’

.V analyzovanych vzorcich byl
detekovan nejvyznamnéjéi pas pfi 394 cm. Tento signal nalezi Fe-O/-OH. Zajimavy
poznatek bvl, Ze zvviovanim energie laseru z 10 na 20 mW dochazelo k pfeméné
goethitu na hematit. coZ bylo moZné pozorovat zménou poméru signald 394/293 cm™l.
Vvsledky z Eamanovy mikroskopie ukazuji konzistentni distribuci goethitu v éervenyvch
skvrndch pfi 394 cm™ (Obr. 16 A-C). Pro jednoznaéné potvrzeni fazového sloZeni
korozniho produktu Zeleza byvlo pouzito p-XEPD, kde spektra jednoznaéné potvrzugi

pfitomnost oxy-hydroxidu Zeleza v éervenych skvmach.
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Obr. 16. Ramanova mikroskopie povichu Rakousko-Uherske 10 Korony 1897 (A),
1905 (B) a 1907 (C) a distribuce pédsu pfi 394 cm™!. (Nejnizii intenzita signilu je

zobrazena modrou barvou a nejvyssi cervenou barvou).



Famanova mikroskopie a XRF byly také hlavnimi techmikami v publikaci X
Béhem archeologického vyzkumu v kostele sv. Marka v Litovli v roce 1999 byla
nalezena bfezova kura s kreslenym omamentem s rostlinnym meotivem (Obr. 17). Na
kiife je vyobrazen zeleny list, stonky s cervené zabarvenym poupétem a vie je
zvyraznéno tmavou linkou. JelikoZz se jedna o unikatni nalez bylo vyzadovano pouziti

pouze nedestruktivnich a neinvazivnich metod.

Obr. 17: Fotografie vzorku biezové kiiry

Vprvnim krolu byly vybrané barevné oblasti méfeny pomoci rucéntho XEF
a naméfené intenzity jednotlivich prvki byly zobrazeny v podobé krabicoviych grafii
(kazda oblast byla méfena 6krat; Obr. 18). Zajimavy je zvvieny obsah zeleza v cerné
oblasti, ktery muZe poukazovat na pouZiti Zelezito-dubénkového inkoustu. V zelené
oblast1 byl pozorovan zvvienv obsah médi, coz pravdépodobné souvisi s nejbéznéjiim
pigmentem v minulosti malachitu. V téchto oblastech byla také pozorovan zvyieny
obsah olova. Pro zji$tém distribuce jednotlivych prviad na povrchu bfezové kiry bvlo
provedeno méfeni pomoci vvtvofené mfizky (Obr. 19). Vviéi obsah médi se vyskytue
v oblast1 listk a zelené ¢asti kvétu. Ve stejné oblasti je patrny take vyisi obsah olova.
Muzeme pfedpokladat, Ze byl pfipraven svétlejii pigment smichdnim malachitu
a olovnate béloby. Distribuce Zeleza je bohuzel velmi heterogenni a neni tedy mozne
jednoznaéné urfit vvisi obsah zeleza v konkrétnich éastech kresby. Pro pfesnéiéi uréent
pigmentd byla pouzita Ramanova mikroskopie a ziskana data byla srovndvana
s autentickymi standardy. éen-‘en*j’ pigment obsahoval charakteristické pasy pro hematit

a muZeme tedy konstatovat, Ze se jednd o cervemou hlinku. Spektrum zeleného



pigmentu se v zakladnich signalech shodovalo se standardem malachitu. Ziskana data
jsou tedy ve shodé s XRF vysledky. Tato publikace byla puvodné zpracovana jako
Stfedotkolska odborna ¢innost. Studentka projevila zajem praci rozvijet dal dokazala j1z
na stiedni &kole vytvofit védecko-vyzkumny ¢lanek. Publikace navic ukazuje potencial
vyuziti kombinace nedestruktivniho meéfeni pomoci rmuénitho piistroje XRF

a statistického zpracovani dat v programu R pro zobrazeni rozdilt v ploge.
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Obr. 18: Krabicové grafy intenzit Cu, Pb a Fe na vzorku biezové kury
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Qbr. 19: XRF zobrazovani distribuce prvki na vzorku biezové kiry

Daléim moznym piistupem je invazival zasah do matenialu, ale odebrany vzorek je
méfen nedestruktivné, ¢imz je uchovan pro pfipadna méfeni v budoucnu. Tento postup

byl aplikovan v publikacich X a X1



Béhem zivota clovéka muze dojit k naruSeni metabolickych procest. coz nasledné
ovlivni mineralizaci zubni skloviny, vniz dojde ke wvzniku zvyraznénych linii
(akcentované lime). Tvto zviraznéné lime ve skloviné souviseji se stresovym
uddlostmi, které dany jedinec absolvoval v miznych ontogenetickych fazich.
Akcentovane linie je mozné pozorovat ve vybrusu zubu pomoci optickeé mikroskopie
v prochazejicim svétle (tmavii neZ okoli), ale jejich vzhled je viak proménlivy 1 v ramci
jednoho zubu. Cilem této studie bylo sledovat distribuci fosfati v lidské skloviné
pomoci Ramanovy mikroskopie (RIM) a porovnat naméfena data se zaznamy z optické

mikroskopie.

5-BV_H3812_46 |

Obr. 20: Mikrofotografie praveho 1. molaru (A; zvétseni 50x). (ien-‘enj;f teckovany
obdélnik vymeziye oblast analvzy pomoci EM. éiplc}r ukazuji na AL ve skloviné,
hvézdicka na rozhrani sklovina-dentin (EDJ). Detail fezu z cast1 A (B, zvétsenn 100=).
ﬁazy z ¢ast1 B pfevedené do stupnd Sedi. (C; LM = zdznam z transmisniho svételného
mikroskopu, RM = zaznam z Ramanova mikroskopu, AL = akcentovana linie).

Kombinovana data z LM a RM jsou na vétéiné vzorkn v dobré shodé a poukazuji
na fakt. Ze mista stresovych limi jsou hypomineralizovana (nizky obsah fosfati; signal
pii 960 cm!). Nicméné muZe nastat situace, kdy RGB zobrazeni je ve shodé se
zaznamem LM (pokles signalu v jedné poloze AL a v poloze piechodu sklovina-dentin,
EDT), ale zaznam BM ve stupnich edi se od LM ve stupnich dedi 1i$1. Jedna z moZnvych
vanant vysvétleni je, Ze reZzum zobrazovani ve stupnich Sedi vnesl vice "fumu" do
vysledka LM a tim bylo nasledné ovlivnéno statistické vyvhodnoceni. Daléi komplikaci
pro spravné vyvhodnoceni pfipraveného nabrusu je dodrZzeni stejné tloustky wvybrusu
napfi¢ zubem. Kvalita zaznamu svételné mikroskopie silné zavisi na kvalité tenkého

fezu. Pokud je vvbrus relattvné tlusty (v disledku neduslednosti pfi pfiprave). mize byt



vysledny zaznam z mikroskopie v prochazejicim svétle posunuty/rozmazany, a proto se
nemusi dobfe shodovat s Ramanovym mikroskopem. Publikace X poukazala na noveé
moznosti studia zubni skloviny pomoci nedestruktivni Ramanovy mikroskopie
v pfipadech, kdy pfipraveny nabrus nesplfinje pozadavky pro svételnon mikroskopit.

Obecné lze oviem fict, Ze pi1 praci s naméfenymu daty z kosternich pozistatkn je
nutné pocitat tafonomickimi faktory, které mohou ovlivnit mikrostrukturu skloviny
(bakterialni degradace a rozklad skloviny) a metodicke faktory (napf. bublinky
v pryskyfici) mohou vnést "Sum", ktery miize vaing zvviit slozitost vysledkl a ztizit
jejich vyvhodnoceni. V nékterych pfipadech je nutné také poditat na moZnou
kontaminaci vzorkt okolnim prostfedim, coZ muZze mit za nasledek nespravnou
interpretaci.

Kosternim pozistatkim je vénovana také publikace XI. kde jsou popisovany
makroskopicky viditelné patologickeé zmény na dolni éelisti. Rentgenové snimloy kostni

tkané poukazuji na éetna, do znaéné miry splyvajici, zastinéni husté hmoty (Obr. 21)

a misty jsou pfitomny granularni a fibrilarni struktury.

Obr. 21. Leva dolni ¢éelist v boénim (a) a homim (b) pohledu s vvznadenymi kazovvou
defekty na prvnim a tfetim zubu; rentgenové snimky levé (c) a praveé dolni éelisti (d)

s misty s vyisi hustotou (S1pky).
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Na zdkladé pfedchazejicich vysledki byla vyslovena hypotéza, Ze oblasti s vy3s
hustotou mohou byt zpisobeny aluvidlnimi sedimenty. Za timto Géelem byly vzorky
z dolni éelisti analvzovany pomoci rentgenové fluorescencni spektrometrie (XRF) se
zaméfenim na vvhodnoceni obsahu kfemiku, vapniku, a fosforu. Vzhledem k tomu, Ze
kiemik se v horminach a pudé vyskytuje hlavné ve formé oxidu kfemiéitého, zvyieny
obsah kiemiku by mohl poukazovat na mechanicky prinik materidlu do vnitinich
struktur kosti (vodatpisek). Obr. 22 zobrazuje intenzitu Ko linie kiemikd v odebranych
vzorcich. Vysledky tedy potvrdily hypotézu a priniku sedimentu do vnitfnich pora
kostni tkané Publikace XI ilustruje uZiteénost mezioborové spoluprace béhem
paleopatologického hodnoceni a dilezitost rozhfovani ,.skuteénich™ patologii od

posmrtnych zmén.
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Obr. 22: Odbérova mista pro XRF méfeni (a, b); Srovnani intenzit kiemikl ve vzorcich

(barvv odbérovych mist odpovidaji barvam limii spektra; c).

XRF analyza pro analvzu kosterniho matenalu je velm uwzteéna diky své
jednoduchosti. Nicméné, stile je zde otazka, zdali tato semikvantitativni analyza je
vhodna k tomuto uéelu. Studium patologie Cribra orbitalia (Obr. 23) byla vénovana
publikace XII, kde byl testovan jak destruktivni (ICP-MS), tak 1 nedestruktivni (XEF)
pfistup pro méfeni kosterniho matenialu. Béhem zachranného archeologického vyvzkumu
v centru mésta Olomouc (Morava, Ceska republika) bylo nalezeno nékolik hrobn. Tyto
hroby byly soudasti zanikleho hibitova, ktery se nachazel na uzemi v dneini dobé

neexistujicitho kostela Petra a Pavla.



Obr. 23: Ukazka poskozeni kostni tkané (Cribra orbitalia)

Vyzkum byl zaméfen na analyzu 13 vzorkn détskych lebek postizenych chronickym
onemocnénim znamym jako "cribra orbitalia” (CO, Tab. 6). Hlavnimi technikami pro
analyzu vzorku byla nedestruktivni rentgenova fluorescenéni analyza (XRF)
a destruktivni hmotnostni spektrometrie s indukéné vazanym plasmatem (ICP-MS).
Obr. 24 ukazuje vysokou intenzitu Zeleza v referenénim vzorku a velmi nizkou intenzitu
ve vzorcich kosti postizenych CO. MizZeme tedy predpokladat, ze u téchto jedincia s CO
by snizena hladina Zeleza v kostech mohla byt pfi¢inou vzniku anémie. Pokud se viak
zaméfime na pomér Ca/Fe (Obr. 23CD), mizeme vidét zavislost obsahu zeleza na véku.
Tento pomér se postupné zvyiuje s vékem ditéte, ale nekoreluje se stupném poikozeni
kostni tkané Vysledky tedy poukazuyi, Ze bézné uvadény zavér o korelaci mezi anemii
a mirou poskozeni CO neni spravny. Snizeny obsah Zeleza u jedinct s CO je tedy
pravdépodobné pouze doprovodny jev. V ramei této studie je dileZité si také véimnout
dobré shody mez1 nedestruktivnim méfenim pomoci XRF a destruktrvnim méfenim
ICP-MS. V pfipadé vzorkn, u kterch neni umoZnén odbér vzorkt kostni tkané je
mozne vyuzit XRE.



Tab. 6: Seznam studovanych vzorkt s uvedenim v&ku, miry pogkozeni a zjidténych

patologii
Grave # Age Location of CO  COgrading  Observed desease
RH91 2 years (¢ 8 months) - 0 .
Hi2 2 years (x 8 months) left orbit 3 anemia, rickels
H15 2 years (t 8 months) right orbit 1 -
H10 -4 years left orbit 1 G
H21 2-4 years bath orbits & rickets
HB 2-4 years right orbit 2 -
H18 & years (+ 12 months) both orbits 2 ~
H54 f§—f years left orbit 3 rickets
H19 6 years (x 24 months) right orbit 1 -
H13 6=9 years baoth orbits 1 anemia
H14 9-12 years right orbit 3 -
H11 10 years (+ 30 months) right orbit 3 anemia
H3s 10 years (+ 30 months) right orbit 3 anemia
H32 12-15 years right orbit 1 -
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Obr. 24: Intenzity Fe ve studovanych vzorcich méfené metodami XRF (A) a ICP-MS
(B) a pomér signalu Ca'Fe z XRF dat (C) a ICP-MS dat (D) (REF - referenéni vzorek,
5 - vyznamna porovitost CO, NS — bez vyznamné porovitost: CO).



5. Zavér
Vvsledky uvedeny v této habilitacni praci prezentuji nutné zapojeni analyticke
chemie do studia vzorkii hmotného kulturniho dédictvi. Prace byla délena na tfi

samostatné kapitoly:

1) Interdisciplinarni pfistup, kde byla demonstrovana nezbytnost uzke spoluprace
mezi pfirodovédniymi obory, ale také sobory z jinvch, nepfirodovédnych, oblasti
Kazdv znas je obornikem na specifickou oblast, a tudiz nemusime byt schopmi

dokonale zasadit visledky do konkrétnich historickych souvislosti.

2) druha kapitola, Multidisciplinarni pfistup, poukazala na nutnost kombinovat
analvtické techmky. V pfipadé hmotného kulturniho dédictvi se ve vétdmé pfipadn
jednd o necilenou analyzu, kde sice existuje piedpoklad, jaké latky mohly zustat
zachovany ve vzorku, a kompletni ndhled na vzorek pomoci riznych technik (detekce
riznych skupin latek) je nezbytny. V pfipadé malého mnozstvi vzorku je volba vhodné
techniky pouze na chemikovi, ale méla by ji pfedchiazet odborna diskuse se
zadavatelem. Je zde tedy uzka provazba mezi obory (Interdisciplinarni pfistup).

3) posledni kapitola, Destruktivai VS nedestruktivni pfistup, popisuje moznosti
nedestruktivniho méfeni, ktera je zasadni pro vzacne vzorky hmotného kulturniho
dédictvi. Nedestruktivni pfistup je také dilezity pro uchovani vzorkd pro pfipadné

budouci méfeni techmkami, ktere dokazou zizkat nova data.

Zavérem lze tedy fici, Ze viechny ti1 kapitoly jsou navzajem uzce propojeny
a analyza hmotného kulturniho dédictvi je tedy viznamné zavisla na vzajemné
komunikaci a spolupriaci, na zakladé které dojde kvyuiiti nejvhodnéjéi analytické
techniky. V prvnim kroku se aplikuji nedestruktivai postupy a teprve aZ poté invazivni

a destruktivni postupy.
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Abstract

Chemical analysis of archagological objects is an important part of current investigations. In the presented study, a soil from an
archacological vessel from rescue excavation close to the village Drzovice {Central Moravia Region, Czech Republic: findings
dated to Eneolithic period) was analyzed using gas chromatography/mass spectrometry and firstly in archacological science by
atmospheric pressure solids analysis probe with atmospheric pressure chemical ionization mass spectrometry. Miliacin, a chem-
ical marker of a broomeom millet, was unambiguously confirmed by both techniques. The obtained results can help o under-
stand the diet habits of Corded Ware population and connection between Central Europe and Asia, where broomeorm millet has
been domesticated. The identification of miliacin as a “chemical imprint™ of millet from the end of Eneolithic period of Moravia

15 therefore extraordinarily important.

Keywords Archacological pottery - Gas chromatography - Mass spectrometry - Atmospheric pressure solids analysis probe -

Millet - Miliacin

Introduction

In modemn archaeological research. a close multidisciplinary
collaboration with other branches is necessary, especially with
natural sciences (e.g., anthropology, archacobotany, and chem-
istry). Mutual collaboration and harmonization of particular
parts of research bring a series of unexpected and important
findings in the context of prehistoric research nowadays, A
mumber of analytical technigues have been already applied to
the study of specific classes of compounds in archaeological
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context, such as lipids (Evershed et al. 1990; Evershed et al.;
1999), waxes (Evershed et al. 1997; Heron et al. 1994), and
terpenoids (Bossard et al. 2013; Eerkens 2002). Organic resi-
dues on ceramic vessels can be analvzed by spectroscopic
methods, such as infrared (IR), Raman, and nuclear magnetic
resonance {NMR) spectroscopy, which provide mainly finger-
print (mixed spectrum of all present organic compounds that
absorb the applied radiation) of studied material {Lambert et al,
2000; Edwards et al. 2004). On the other hand. separation
techniques (gas and liquid chromatography) are needed for
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detailed wdentification of particular organic compounds present
in food residues (e.g., cereals, milk, meat, fruit).
Chromatography is routinely hvphenated with mass spectrom-
etry nowadays (Pecci et al, 2013; Soberl et al, 2008, Buckley
etal. 2013; MeGovern et al. 2009).

The analysis of soil content of archaeological vessel from
grave belonging to Moravian Corded Ware population
(2600250023007 2200 BC) using modern mstrumental ana-
Iytical techniques gas chromatography/mass spectrometry
(GC/MS) and atmospheric pressure solids analysis probe with
atmospheric pressure chernical ionization mass spectrometry
(ASAP-MS) is discussed in this communication, To the best
of our knowledge, this is the first evidence of the using of
ASAP-MS in analyvsis of archaeological samples, A new
method for sampling of soil from archaeological potteries
allowing comparative chemical analysis was developed. The
used analytical approaches allowed to prove the presence of
miliacin that evidences the oldest wtihzation of millet in
Central Europe,

Materials and methods

Archaeological description of the place of finding
and sample preparation

During a rescue excavation (2014-2015) close to the village
Drzovice (Prostéjov, Central Moravia, Czech Republic,
Fig. 1a, b), the birimal burial ground with five graves at con-
siderable distances from each other (range 17-48 m) was
found. The bural ground belongs to the Moravian Corded
Ware population (MCW; generally 2600/2500-2300/

Fig. 1 Place of rescue excavation
(a), ceramic vessels in grave (1),
and drawing of cerumic vessel
Mo, 2 {c}

@ Springer

2200 BC). The exact dating was performed by radiocarbon
dating {Beta Analytic Radiocarbon Dating, Miami, USA) of a
bone chisel found in the grave. A high-probability density
range method, Inteal 13, was used. Calibration was calculated
using database 2013 INTCAL. In accordance with measure-
ment, the age of the bone material falls in the ranges 2707-
2571 BC (probability, prob= 62 3%), 2863-2807 (prob =
22%), 27592717 (prob=9.9%), and 2513-2503 (prob=
1.1%). Those data ensure the age of the bone chisel and con-
sequently the grave to the twenty-seventh century BC
{Eneolith). The graves were laid at southwest gradient above
terrace of Cesky potok (distance 100-200 m) at an altitude of
220228 m.s.|. (Fojtik 2015) and were onented in the axis N-
S(NE-5W). The subject of further interest was the cremation
grave (H4) dismupted by the excavation of the manhole {ap-
proximately 1/3), The ceramic jug of Dievohostice type
(ceramic vessel Mo, 2; volume 8.5 L, Fig. 1b) was analyzed
by GS/MS and ASAP-MS3. Besides, another three ceramic
vessels were analyzed for miliacin content, i.e., ceramic jug
(Mo, 1. 1.9 L) and two Corded Ware beakers (No. 4, 0.8 L and
No. 3, 0.6 L, respectively).

The ceramic vessel was found cracked but compact, After
picking the vessel up, the sherds were gently removed and the
internal content of ceramic vessel (soil) was reinforced by plas-
tic foil and transported to a laboratory. The soil material from
ceramic vessel Mo, 2 (Le., soil from neck and upper bulge) was
analyzed. The soil from neck was divided horizontally into two
equal parts (first and second layer). The soil from upper bulge
was divided 1o a “surface™ layer contiguous to inner ceramic
surface and the layer farther from the swface (third and fourth
layer; equal mass of cach part was taken for extraction). Each
part was consecutively extracted by four different solvents, i.e.,
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water, (L03% ammonium hvdroxide in methanol, 1% formic
acid in methanol (both 1), and acetone. All chemicals used for
preparation of the extraction media were purchased from Penta
Lid, (Prague, Czech Republic). After that, individual extracts
were filtered through a cellulose filter paper (black label,
Schleicher & Schuell A.G., Feldmeilen, Switzerland) and con-
centrated to defined volume 1 mL using a fine stream of nitro-
wen, Agqueous extracts were freeze-dned and the residues were
dissolved and reconstituted to defined volume with water to
reach 100 times concentrated extract. The concentrated extracts
were subjected o analysis by GC/MS and ASAP-MS tech-
migues. Parameters of all methods are given below,

2.5 mg of modern broomeom millet graims was pulvenzed
in a mortar and then extracted by 10 mL of acetone (gradient
grade, Penta Ltd. ). Then, the sample was centrifuged for 6 min
at 4400 RPM. 8.5 mL of supernatant was diluted to final
volume 200 mL. The miliacin standard (PhytoLab GmbH &
Co., Germany) was prepared at concentration 50 mg L' in
1:1 acetone:CHC L5 solution (whv), The prepared samples were
directly analyzed by GC/MS and ASAP-MS.

Gas chromatography/mass spectrometry

Gas chromatography/mass spectrometry (GO/MS) was used
tor determination of semi-polar and non-polar compounds in
extracts. Apilent 7010 Trple Quadrupole GC/MS system with
Mass Hunter software { Agilent Technologies, Palo Alto, USA)
was used for analysis. The separation was performed on two
(3%-phenyl-methylpolysiloxane capillary columns HP-5 ms
Ultra Inert connected in series (15 m = 0.25 mm = (.25 um,
each) with constant flows at 1.0 and 1.2 mL min ', respective-
Iy, Nitrogen (Messer Group GmbH, Germany) was used as a
collision gas with a flow rate at 1.5 mL min~" and helium (He
5.0. Siad, Italy) as a quench gas with a flow rate of
2.25 mL min ', The initial oven temperature was 70 °C for
5 min; the oven was heated up with the rate 15 °C min™' to
the value of 300 °C, which was held for 10 min. An injection
volume of extracts was 0.5 ul with splitless injection. The
multiple reaction monitoring (MBRM) screening method was
used for detection of miliacin in prepared samples (MRM tran-
sition was 440 — 189). Besides, MS1 SIM scan type (m/z 189,
204, 218 was used for additional experiments for identification
of miliacin and detection of pentacyclic witerpenes (PFTMEs).

Atmospheric pressure solids analysis probe
with atmospheric pressure chemical ionization mass
spectrometry

Mass spectrometer Synapt G2-8 (Waters, Milford, USA)
equipped with atmospheric pressure solids analysis probe
combined with atmospheric pressure chemical ionization
(ASAP-MS) was used for untargeted analysis of individual
extracts as well. The extract was deposited in a thin film on

a glass stick provided with the ASAP probe (the glass stick
was immersed in the extract and the solvent was consequently
left to evaporate). Then, the glass stick was fixed to ASAP
probe and inserted w APCI ion source. The probe was then
gradually heated and desorbed compounds were ionized in an
electrical discharge. Method parameters were as follows:
ASAP mode, positive; time of analysis, 3 min (01 min, probe
temperature, PT, 100 °C, 1-2 min PT 250 *C, and 2-3 min PT
400 *C). Full MS scan was done in the range 30-1000 Da (trap
collision energy, 4 eV; transfer collision energy, 2 V). MS/
M35 scan was performed for confirmation. m/z of miliacin (m/z
44(h4) was isolated, trap collision energy 20 eV and transfer
collision energy 2 eV were used for frmgmentation.

Results and discussion
GC/MS and ASAP-MS analysis

All extracts were analyzed using GC/MS and ASAP-MS tech-
nigues suitable for analysis of semi-polar and non-polar vola-
tile compounds, Compared with GC/MS (as standard tech-
nique nowadays), ASAP-MS technique is not preceded by a
chromatographic separation of studied compounds but due to
its commercial availability in combination with a tandem
high-resolution mass spectrometer. its selectivity 15 enhanced
by high mass resolution and the possibility of MS/MS spectra
collection. The exact mass measurement capability provides
information about elemental composition that is of key impor-
tance for reliable identification of analvte.

Anintensive signal of 1on at m/z 440 was found by GC/MS
in the sample of soil taken from the upper bulge of vessel No.
2 {retention time 25.2 min.}. This compound was ascribed to
plant tnterpenoid miliacin—a biomarker of broomeom mallet
(Panicum miligeenm). This signal was found neither in the
first and second soil layers taken from the neck of the vessel
No. 2 nor in the soil taken from the other vessels found in the
grave. This fact excludes the cross-contamination of soil sam-
ples from vessel Mo, 2. Identification of this compound in our
vessel was based on m/z value, comparison of analytical pa-
rameters with analytical standard. broomcom millet extract
imiz value and retention time), and data from the literature
(Bossard et al. 201 3). Retention times of miliacin standard, a
compound from recent broomeom millet extract and from soil
extract of ceramic vessel, were identical (Fiz, 2).

Motuzaite-Matuzeviciute et al. (2013) discussed the poten-
tial of miliacin but also another pentacyclic triterpenes as bio-
markers of broomeorn millets primarily due to their antifungal/
antibacterial properties. Multiple reaction monitoring (MEM)
screening (MBM transition was 440 — 189) done in our study
revealed two more peaks in archaeological soil sample. The
concentration of these compounds s lower than concentration
of miliacin in the sample. In targeted SIM measurements (MS1

ﬂ Springer
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SIM scan type) of miliacin (RT = 25.2 min). characteristic frag-
ments at m'z 189, 204, and 218 were observed with sufficient
intensity in the standard solution, recent broomeom millet, and
archaeological sample (soil taken in the upper bulge of vessel
M. 2). The same pattern was observed during fragmentation of
the other two compounds eluting at 27.2 and 30L0 min.
Comparison of this pattern and retention order with former
literature (Bossard et al. 2013; Motuzaite-Matuzeviciute ot al.
2016) suggests that those compounds belong to the PTME
group (e.g., isosawamilletin or urs-12-en-3 -0l ME)L
However, the signal intensities of those two compounds are
much lower (30,3 and 12.6 times, respectively) compared to
miliacin (the lower intensity is also in agreement with the for-
mer literature). The related chromatograms are given in
Supplementary Material 1. The concentration of miliacin in
the upper bulge soil sample (the fourth seil layer) of the studied
ceramic vessel is approximately 0,24 pg/g of soil.

The fragmentation spectrum (targeted MS/MS, lonization
energy 70 eV, and collision energy 20 eV) of miliacin standard
ia), compound from broomcom millet (), and compound
with m/z 440 from the fourth soal layer ceramic vessel No. 2
() are very similar (Fig. 3), MS/MS spectra further confirm
the identity of miliacin.

ASAP-MS data, obtained by difTerent ionization modes (at
atmospheric pressure conditions), well support the obtained
results (see spectra b, d. and fin Fig. 3). ASAP-MS technigue
in the used arrangement (i.e.. in combination with Q-TOF
mass analyzer) provided information about the exact mass of
miliacin in the archagological sample that strongly supports
the identification (m/z 440.3824 was measured corresponding
with relatively small deviation from its theoretical mass, dtm,

@ Springer

0.0194 Da, CyyHe200. The mz values of fragments observed
after collision-induced dissociation of the ion in the studied
soil sample correspond with the fragments observed in spec-
trum of broomeom millet extract as well as with those found
in the literature (Bossard et al. 2013). The most important
fragments are signals at m/z 203.1825 (C,sHz;", dim
0.0025 Da), 189.1635 (C;H5, ", dtm = 0.0008 Da), and
1091020 (CyH, 5", dtm 0.0003 Da) that can be explained by
scission of witerpenoid hydrocarbon skeleton (formation of
2.4a.7 7-tetramethyl-1-methylene-1,2,3,4.4a,5,6.7-
actahydronaphthalene-ylium, 2.7, 7-trimethyl-1-methylene-
1,2,3.4 48,56, 7-octahydronaphthalene-vlium and protonated
5.5-dimethyleyclohexa-1 3-diene). Note that to the best of
our knowledge, this is the first evidence of using the potential
of ASAP-MS technology for analysis of archaeological sam-
ples. Apparently, the method has one weakness, which 1s a
low resolution in relation to positional isomers. We therefore
were not able to distinguish miliacin from the other minor
PTMEs. This could be in principle done by utilization of ion
mability separation (collisional cross-section differences
among particular positional isomers) during mass spectromet-
ric measurement that is objective of our further research,
Despite this, in any case, ASAP-MS proved to be efficient
and fast technique for miliacin detection in archacological
samples, GC/MS and ASAP-MS are mutually validating
methods for that purpose.

As discussed above, miliacin was unambiguously detected
in an extract from soil filling of the ceramic vessel. Although
no grains or visible grain residues were found in grave, a
chemical imprint of millet formed by miliacin and other
PTMEs persisted in the inner part of the ceramic jug. The
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bromarker was present only in the third and fourth soil layers
(lower layvers taken from bulge). As already mentioned, the
marker was found neither in the other samples of soil in the
upper part of this ceramic vessel nor in other ceramic vessels
excavated in the studied grave (i.e., vessels No. 1, 4, 5). Note
that no miliacin and other PTMEs residues were found by
analysis of ceramic material of the jug. The absence of
miliacin in the soil taken from neck of the ceramic vessel
and ceramic malrix suggest that inner part of the content
(i.e., the third and fourth laver) was effectively enough isolat-
ed from the surrounding environment that, as already indicat-
e, excludes a chemical and/or botanical contammation (either
that time or recent). Heron et al. (2016) reported that a small
portion of miliacin is transferred from grains to the ceramic
matrix during cooking (elevated temperature increase the pen-
etration of analyte into the matrix structure). Based on archae-
ological expertise, the vessel discussed in our study was used
for storage of the food present inside: thus, no cooking is
expected. It can be assumed that transfer of miliacin to the
ceramic at "cold™ conditions is occutting to a very small ex-
tent and its content in ceramic would be very low and below
the detection limit that is in conformity with data from chem-
ical analysis.

Panicum miliaceum evidence in archaeological
and archaeobotanical context

Broomecom millet {Pamicum miliacenm) 15 a wanm-season
crop which stands up well to intense heat, poor soils, and
severe droughts, completing its life cycle in a very short time
(60-90 days) and succeeding in arcas with short rainy seasons,
Today, £ miliacews 15 grown mainly in eastern and central

Asia, in India, and in southwest Asia (Zohary et al. 2013).
Broomcorn millet was domesticated in Morthern China
around %000 BP (Hu et al. 2008, Liu et al. 2009, Zhao 201 1)
and then species was quickly distributed westwards across
Eurasia (Motuzaite-Matuzeviciute et al. 2013). The last-
mentiened authors made eritical account and direct AMS
14C dating of broomcorn millet in an archaeological context
of the Neolithic period in Europe. All finds formerly associ-
ated with the Neolithic period were assigned as much later.
Broomeorn millet was probably in Central Europe cultivated
as crops or alternatively existed as weeds since Linear Pottery
Culture period, but scarce solitaire finds of the grain indicate
the second possibility (Hunt et al. 2008). Some authors
interpreted rare or solitary finds as arable weeds and/or only
inferred intentional cultivation where large quantities of grain
are present (Kreuz et al. 2005). Species appeared in different
Central and Eastern Evropean setilements since the Neolithic,
but always in small amounts, indicating that it was not an
important erop (Litynska-Zajac and Wasylikowa 2005;
Hajnalova 2012; Stika and Heiss 20133, This situation
persisted until the Middle Bronze Age, when millet appeared
in higher abundance and was quite ubiquitous {Calderoni et al.
1994; Moskal-del Hoyo et al. 201 5). Real value of broomeom
millet seeds in prechistoric agriculture seems to be
overestimated due to small size of seeds (Hejeman et al,
20065, On the other side, the existence of broomecorn millet
“eran rich™ assemblages indicates that cultivation of millet as
staple starts from the Late Bronze Age in Europe (Stika and
Heiss 2013; Hanalova 2012). High abundance of millet is
recorded for example in some sunken features in Bieznice in
South Bohemia, Czech Republic, where is millet recorded as
one from key crops (Salkova 2010). In Poland. millel became
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more frequent especially in the last stage of the Late Bronee
Age (Tomczynska 2003},

The resulls of our analysis of extract of internal side of
vessel Mo, 2 proved the usage of an ancient form of broom-
com millet in past. The miliacin (broomeorn millet chemical
marker) was found in the upper bulge of the vessel and not in
soil from ceramic vessel neck. Based on this data, we could
consider that ceramic vessel was filled by broomeom mullet
below the neck. The evidence of broomeom millet in ceramic
vessel is beneficial for the archacobotanical research in
Central Europe (especially in the Czech Republic).
Dreslerovi and Kocar (2013) analyzed representative datasets
of archacobotanical samples related to the using of mullet in
Bohemia and Moravia and suggest that evidence of millet
between the Neolithic and the Middle Bronze Age is sparse
and incidental. On the other hand, the usage of millet substan-
tially increased during the Middle Bronze Age when the first
“erain rich™ assemblages ocowred. Millet identification in the
context of Corded Ware burial 15 very important and extraor-
dimarily and it can be evaluated as the first such direct evi-
dence in Central Europe. Connection between this find and
new knowledge about Corded Ware population genetic stud-
ics (Haak et al. 2015, Knstiansen ot al. 2017) indicates a
strong link among Corded Ware groups and Eastern Asia
through Pontie-Caspian Yamnaya populations.

Conclusion

Ceramic vessels from Corded Ware burial contex! were ana-
Ivzed by gas chromatography/mass spectrometry. Analysis by
this technigue revealed broomeom millet marker—miliacin in
a big jug of Dievohodtice type (Central Moravia region,
Czech Republic, dated to 27 century BC). The identity of
miliacin was strongly supported by atmospheric pressure
golids analysis probe combined with atmosphetic pressure
chemical ionization mass spectrometry that was applied in
archacological rescarch for the first time. The combination
of ASAP ionization with a high-resolution tandem mass ana-
lyzer (as commercially available nowadays) provided infor-
mation about the exact mass of the studied compound and its
fragments. The identification of presence of millet in
Encolithic context 1s very important and extraordinary. It can
be considered as the first such direct evidence of broomeom
millet in Central Europe. The obtained results based on effec-
tive combination of analytical and archaeological data can
help to understand the diet habits of Corded Ware
Population and cultural connection between Central Europe
and Asia, where ceramic vessels (even household ones) have
significant meaning during burial ritual. Therefore, in this
case, the millet could represent a part of diet and the equip-
ment of the deceased on his “next jouney™ in the same time.

@ Springer
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fied a wide range of pollen grains belonging mainly to
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quent chemical analysis by gas chromatography/mass
spectrometry of soil extracts revealed the presence of
the compound miliacin that is a chemical marker of
millet. Moreover, a starch analysis reveals the presence
of enzymatically modified starch grains. These data.
with the help of archaeological knowledge, indicate
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that the original content may have been millet-based
food/beverage with addition of herbs. We suggest that
this luxury vessel, given the contents we have identified,
was deposited, in the late spring/summer months of
the vear.

KEYWORDS

bronze bucket, gas chromatography, herbs, Late Bronze Age, mass
spectrometry, miliacin, palynology

INTRODUCTION

The earliest known evidence of the deliberate preparation of beer (using various bases and
herbs) is known from China (the Yangshao culture, 5.000-3,000 BCE), where beer was pro-
duced primarily from rice and broomcorn millet. Herbs were used as additives, for example,
Panax ginseng, Lingusticumn wallichii, Zingiber sp. (Aouizerat et al., 2019; Liu et al., 2019;
McGovern et al., 2004). Other very early finds of beer came from the pre-ceramic neolithic
period in Anatolia (Rodzinska-Nowak, 2018), Mesopotamia (approx. 3,500 BCE) and Egypt
(3,500-3,400 BCE) (Nelson, 2005). Some ceramics from Scotland (approx. 3,000 BCE) con-
tained organic residues, indicating the presence of cereal and honey, that point to beer and cur-
rently are considered as the oldest finds in Europe. Cereals, pollen, meadowsweet (Filipendula
ulmaria) and henbane (Hyvoscyamus niger) residues are also known from the Grooved Ware
Period (3,000 BCE) from Scotland the same site. Meadowsweet has often been used as a natural
preservative, especially in Scottish and Danish sites such as Kinloch (2000 BCE) or in a crema-
tion burial in bronze ciste found at North Mains, Strathallan, and Ashgrove Farm, Methill
(approx. 1,600-1.500 BCE) (Dickson, 1978; Dickson & Dickson 2000)., Traces of lime,
meadowsweet and white clover pollen, wheat grains, sweetgale, cowberry, and cranberry were
discovered in a birch vessel of the famous girl from Egtved (Nelson, 2005), Note, that wine,
barley beer and mead. from the years 740-700 BCE, were also found in the Midas mound, in
Turkey. This richly equipped grave proves that beer was still an elite drink during this period
(McGovern, 2017).

The presence of herbal beer in 560 BCE was proven in a tomb in Pombia. Nort-West Italy.
This Etruscan “grog” contained bitter ingredients like Artemisia and  Humudus
(Whitehead, 2013). There 1s also evidence for the preparation of barley beer in the sixth century
BCE in Hochdorf, southwest Germany. Statistical analysis of archaeobotanical samples from
over 250 locations in central Neckar showed beer additives in the form of mugworts (Artemisia
villgaris) and carrot (Davcus carota) (Stika, 2011). An interesting find is a ritually placed bronze
strainer, part of bronze hoard from Ikervar (northwest Hungary) dated to the sixth century
BCE. The infill of the strainer provided a pollen spectrum, which, besides Cerealia, contained a
number of herbs such as Artemisia, Plantago lanceolata, Menta longifolia, Althea officinalis,
Allivm, Achillea, and so on. Those results were used to determine the hoard deposition period
and it pointed to late summer, which could be associated with the Greek ritual drink kykeon
consumed at Eleusin (Nagy et al., 2012). Soroceanu (2005) assume that bronze luxury vessels
from the transition period from the Late Bronze Age to the Early Iron Age in Central Europe
could be part of a cult/ritual ceremony (Soroceanu, 2005).

During European prehistory, millet or millet beer played an important role that we cannot
vet fully identify and interpret, due to the lack of sufficient data. Noteworthy clues are found in
ancient texts, including the Bible. Celtic, Germanic, and Slavic mythology also
feature remarkable references (Garine, 2001; Hell, 1991; Nelson, 2005; O'Brien, 2006;
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Rodzinska-Nowak, 2018). The preparation of millet alcoholic beverages from cereals can be
still found from the Balkan Peninsula to Central Asia. In Europe this beverage is found mainly
in Romania and Bulgaria, where it is called boza. Note, that the production of millet beer is still
known among cultures of Africa (Garine, 2001) where a millet beer is involved in every aspect
of daily life such as: sacrifices, rites ol passage, dances, births, marriages, burials and funeral
celebrations, welcoming a guest, sealing a contract, agricultural cooperatives, domestic con-
struction projects (barn raising), discussions between village elders. or social gatherings at home
and market. One of the oldest texts describing the use of beer is the Epic of Gilgamesh, in which
the wild man Enkidu becomes a man by drinking beer, eating bread, and having sex, later he
meets the goddess of fermentation Siduri who convinces him to enjoy earthly pleasures. Alcohol
helps humans to connect with gods, via altered states of consciousness (especially when adding
hallucinogenic or slightly poisonous substances such as Hyoscammus niger or Artemisia
absinthium) and serves to worship deities (Long et al., 2000; Padosch et al., 2006).

The aim of this research 1s detailed charactenization of so1l content from the extraordinary
145 litre bronze Kladina bucket bearing the decoration of the solar barge (a key mythological
motif of the Late Bronze Age), which is a missing link in the line of European bronze buckets
at the end of Bronze Age (9" century BCE). It follows on from the oldest buckets, from 11'"-
10" century BCE (North-East Hungary) and leads up to the later ones, from eighth-sixth
century BCE (Alpine region and North Italy). The techniques used were pollen analysis, gas
chromatography combined with mass spectrometry and starch analysis. The combination of
these techniques and archaeological knowledge of such vessels in the ninth century BCE brings
new information the Central European mythology of the Celts and the Nordic mythology of
the Germans.

MATERIALS AND METHODS
Archaeological context

The bronze bucket, with the motif of a solar barge, was discovered on 21 September, 2017 in a
sand dune rising slightly above the surrounding terrain at Kladina cadastre (plot number
299/2), Pardubice District, on the site “Obecni les” (Figure la.c). The bronze bucket was acci-
dentally found during digging in the sandy soil by Mr. Pavel Rybka. The site is located at
227 m above sea level. The focus of the second phase of field work was to find out whether it
was a hoard, a settlement situation, or a grave. The result of the sondage (trench measuring
290 = 330 cm and a maximum depth of 132 cm, Figure 1b,d) showed that the bronze vessel is
an isolated find and is a monodeposit, which was also confirmed by a geophysical survey
(Ferex fluxgate magnetometer, Forster; grid: 0.25 x 0.50 m; area 30 x 35 m) carried out by
Peter Milo with the aim of identifying possible archaeological objects mn the vicinity of the find-
ing. Analysis of the metal composition of the bronze bucket was performed by particle induced
x-ray spectroscopy (PIXE). This technique proved the alloy to be bronze; 87.6% Cu, 9.9% Sn
and 1.2% Pb (m/m; measured on polished surface) (Angyal et al., 2018). The vessel 15 now
stored in the collections of the East Bohemian Museum in Pardubice, Acg. No. 412/2017.

The bronze bucket (height 69 cm, max. Width 60 cm, base diameter 29.5 cm; Figure 2) was
already partially damaged, and cracks were observed close to the bottom part. When the bucket
was lifted the base had separated from the body. The bucket rim is a separate part, which was
mounted on the wall of the neck and then to the body. The body of the vessel is made of four
bronze sheets, which are connected by rivets at the edges. The base was also separate. The
shoulder of bucket is decorated with a moulded cordon and small studs (Figure 2a). The same
decoration is also present on the four handles (Figure 2e). The handles divide the decorative
area into four equal quarters in which identical decoration is repeated, and they are decorated
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FIGURE 1 (a) Map of the Czech Republic showing the village of Kladina in north-East Bohemia (b) excavation
pit after extraction of the bronze vessel () locality of the find, east of the village Kladina (d) bronze vessel in situ in the
terrain

with two rings and swallow tail-shaped pendants (Figure 2e). In each quarter there is a central
motif of the solar barge (Figure 2a) finely embossed from lines of tiny studs. The composition
of the central décor consists of concentric discs with a central stud (sun motif). Above and to
either side of the sun there are two mirror-image waterfowl (“Apollo’s Swans”), which are con-
nected to the orbital line, also composed from tiny studs. Two isolated waterfowl] are embossed
in the opposite lower part of the solar disc. The motif of the solar barge thus consists of a cen-
tral stud surrounded by four stylized waterfowl. Between the individual motifs of the solar
barge are two furtherl waterfowl, the upper is always connected to the orbital line, the lower is
1solated. The base consists of two sheets and 1s connected by a central rivet (Figure 2¢). The
space between the outer and inner sheets was filled with a slightly burnt ceramic material
(a substance close to the daub). Note that daub cannot be found in the surrounding area. The
bottom plate is reinforced by a rosette with thirteen radial strips and i1s again connected by a
central rivet (Figure 2d). The workmanship of the whole motif is very fine and sophisticated.

Pollen analysis

Overall, six samples were taken from the bronze vessel surface: S1 - filling of the central part of
the vessel; S2 — bottom of the vessel; S3REF — the outer surface of the vessel; S4 — the inner sur-
face of the vessel; S5 — upper sheet of the double bottom; and 86 — lower sheet of the double
bottom. Surrounding so1l was used as a next reference sample (STREF). The analysis ol samples
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FIGURE 2 (a) The object studied - a bronze bucket of Kurd type, Kladina variant, with four handles with
pendants and embossed decoration of the solar barge on the body, (b) detail of decoration technique, (¢) upper part of
the bottom, top view, (d) lower part of the bottom with rosette reinforcement, bottom view, () handle and pendant
detail

can also help to determine the environment and vegetation cover around the site at the time of
deposit. All samples consisted of a mixture of clay. fine sand, and verdigris. The volume of ver-
digris was limited by the need to preserve and protect the vessel; we have used only pieces which
were already detached. Pollen samples were sieved on a mesh after KOH treatment; only the
fine fraction was used for the next step. Approximately 0.5 cm® of material was used for pollen
processing. Samples were processed by a standard method of acetolysis, including using hydro-
fluoric acid (Moore et al., 1991). Pollen atlases (Beug 2004; Moore et al., 1991) were used for
pollen grain identification. Hard task is distinction between cerealia type and Poaceae. Briefly,
the distinction between cereals and grasses is possible according to two features: (1) relative size
of the pollen grain and (2) the size of annulus, which is about two times larger in cerealia. How-
ever, sometimes those features cannot be found in deformed pollen grains. Safranin was used
for pollen grain staining. At least 300 grains were counted in each sample. Plant names follow
the Database of Czech Flora and Vegetation (www.pladias.cz). The pollen diagram was made
using the freeware environment for statistical computing, R-project, version 4.0.0 (R Core
Team, 2020) including the package “rioja” (Juggins, 2020). For cluster analysis the package
“vegan” was used (Oksanen et al., 2020).

Gas chromatography/mass spectrometry (GCIMS)

The soil infill of the bronze bucket was divided horizontaly into three parts (first, second, and
third layer, marked as SL1, SL2 and SL3, respectively). The third layer contained the so1l from
the double bottom of the bucket. Surrounding soil was used as a reference sample (SLREF).
200 mg of each sample were directly extracted by 1 mL acetone/chloroform solution (50:50,
viv) and consequently centrifuged at 14.000 RPM for 2 minutes (Kucera et al., 2019). Agilent
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7.010 Triple Quadrupole GC/MS system with Mass Hunter software (Agilent Technologies,
Palo Alto, USA) was used for analysis. The separation was performed on two (5%-Phenyl)-
methylpolysiloxane capillary  columns HP-5 ms Ultra Inert connected in series
(15m x 0.25 mm x (.25 pm, each) with constant flow 1.0 and 1.2 mL min 5 respectively.
Nitrogen (Messer Group GmbH, Germany) was used as a collision gas with flow rate
1.5 mL min~! and helium (He 5.0. Siad. Italy) as a quench gas with flow rate 2.25 mL min ", Ini-
tial oven temperature was 70°C for 5 min, then the oven was heated up at a rate of 15°C min ™"
to the value of 300°C, which was held for 10 min. Injection volume was 0.5 pL with splitless
injection. The multiple reaction monitoring (MRM) screening method was used for detection of
miliacin in prepared samples (MRM transition was 440 — 189). The MRM is highly specific and
sensitive technique for quantification of compound ol interest. In complex matnx, as a soil, a
coeluting compounds could be found. The application of MRM ¢liminate this nuisance (Kuzyk
et al.. 2009). Besides MS1, SIM scan type (m/z 189, 204, 218) was used for identification of mili-
acin and detection of other pentacyclic triterpenes (PTMEs). For identification and quantification
of miliacin in a sample an authentic standard of miliacin (PhytoLab GmbH & Co.. Germany;
concentration 50 mg L' in 1:1 acetone: CHCl; solution [v/v]) was used.

Morphological analysis of starch grains

Soil taken from the bottom of the bronze bucket was transferred into a test tube with ethanol
solution. A drop of ethanol solution containing the microresidues was placed on a glass slide.
The shide was sealed with transparent nail polish. Identification 1s conducted by direct observa-
tion and comparison with specimens of a reference collection (Coil et al., 2003; Li et al., 2013;
Messner et al., 2008; Pagan-Jimenez et al., 2015; Therin et al., 1997; Yeung et al., 2015). The
analysis of starch grains is based on microscopic observation of samples in polarized and non-
polarized light. The structures found in the samples taken from the archaeological artifact
(vessel) were recognized on the basis of the optical properties and the morphological features of
the starch grains.

RESULTS
Typological, chronological and cultural aspects of the bronze vessel

The bronze bucket from Kladina is ranked in the Bohemian horizons of hoards of bronze
objects Ha B2-B3 Hostomice and LZovice-Slezské Predmésti. It falls culturally into the Silesian
phase (Ib-II) of the Silesian-Platénice culture of the Lusatian Urnfield culture (Jiran, 2013).
From a social point of view, we can attribute the bucket from Kladina to the elites. This bucket
from Kladina, dated to the ninth century BCE i1s unique, and it has no parallel in all the known
bronze buckets described in Supplement 1 (Figure 3; Supplement 1). We can classify it as a
Kurd type bucket, Kladina vanant (see Supplement 1). It is a “transition type” between the
older stage of the Late Bronze Age (11"-10" century BCE) and the Hallstatt Period (8™-6"™
century BCE), and is the most luxurious object from the period Ha B1-B3 in the Czech
R.epublic.

Pollen analysis

A detailed characterization of soil content from the Kladina bronze bucket was performed
using pollen and starch morphological analysis, and gas chromatography combined with mass
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FIGURE 3  Map of the occurrence of bronze buckets of the Hajdubdszdrmény (Ha A2-B1; black dot and Ha
C-D1; white circle) and Kurd type in Evrope, belonging to the three time periods — Ha A2-B1 (1 1" 10" century BCE:
black triangel — Hosszipdlyi variant; black square — ObiSovice variant), Ha B2-B3 (9" century BCE, inverted

black triangle — Kladina variant) and Ha C-D1 (86" century BCE: white square) (Egg & Kramer, 2013; Szabo &
Bdlint, 2016)

spectrometry. The samples for pollen analysis were taken from six places on the bronze vessel
and one from the area near the bucket (Figure 4a). All analysed samples of the bronze bucket
contained pollen grains from trees and herbs (Figure 4b). All analysed samples had an arboreal
to non-arboreal (AP/NAP) ratio of pollen grains of about 40%, a proxy for vegetation openness
of vegetation. The prevailing pollen types were cereals and grasses. The Bronze Age Period 1s
remarkable for the presence of silver fir (Ahies) and hornbeam (Carpinus) in lowlands
(Kozikovi et al., 2011). Various spectra of arboreal pollen can reflect a vegetation mosaic or
the seasonal period (e.g. the absence of hazel [Corylus], which flowers from February to March,
whereas other trees flower during April and May). Birch pollen indicates woodland distur-
bances and early succession vegetation. Despite the present-day site being pine woodland. there
15 a low abundance of pine (Pinus). The absence of pollen grains in surrounding sand excludes
postdeposition contamination of modern pollen grains. Interestingly. there is an abundance
(higher in sample S4, 1.e. 6%) of Euphrasial Rhinanthus-type pollen grains (Figure 4b). Those
plant hemiparasites occur in open habitats or open canopy woodland, but their abundance in
the pollen asemblages is unusually high. Note that, Eupflirasia was used in natural healing, and
their abundance in the pollen spectrum may be the result of such practices. The abundance
(37%) of cereal pollen on the bottom of vessel has 1ts origin in the vessel contents. It should be
noted that the large pollen grains (mainly coniferous and cereals) were often damaged and
degraded and. therefore, detailed determination of those types by pollen analysis is sometimes
impossible. Pollen samples contain an abundance of herbs, ruderal species, and indicators of
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FIGURE 4 {a) Sampling places for palynological analysis from bronze bucket, (b) S1 — Filling of the central part
of the vessel; 82 — Bottom of the vessel; S3REF — The outer surface of the vessel; 54 — The inner surface of the vessel; 85
— Upper sheet of the double bottom; S6 — Lower sheet of the double bottom; STREF — Sand ouiside the vessel; relative
pollen diagram of samples from inside and ouside the bucket with content = 1%

trampling such as Plantago major, Plantago lanceolata and Rumex acetosella. The presence
of herbs, such as Artemisia, Aster-type, Plantago lanceolata, Plantago major, Euphrasia,
Cichorioideae, Ranunculaceae, Rosaceae, Filipendula, and Cyperacae (Figure 4b), may indicate
deliberate addition to the contents due to their specific properties: healing, taste, aroma, possi-
bly others (e.g. the ability to preserve) (Behre, 1999: Hintz, Matthews, & Di, 2015;
Nelson, 2005). Raw data of pollen analysis are shown in Supplement 2 including pollen grains
with content < 1%, Microcharcoals were prevalent in all samples and. given their elongated
shape with wavy edges and dark brown colour, can be considered as burned grasses. The sharp-
edged black microcharcoal, typical of wood. had low frequency. Hierarchical clustering (HCA)
was used to study the similarity of pollen samples. Figure 4b shows the dendrograms of the rela-
tionships among the samples (S1-56) and reference samples (S3REF and STREF). Generally,
the soil samples from the Kladina bucket (S1, S2, 84, S5, and S6) were located in separated cla-
des (1.e., leaves 3, 4, 5, 6 and 7) compared with the reference samples (1.¢. leaves | and 2). HCA
points out that all samples from the Kladina bucket differ significantly from the reference ones.

Gas chromatography/mass spectrometry

Even if the cereal seeds are no longer present in soil, their ‘chemical imprint’ still persists. For
the exact determination of cereal origin, a GC/MS method was used (Kucera et al., 2019). In
samples (Figure 5a) from the bottom (SL3) and middle (SL2; Figure 5a) parts of the internal
so1l content an intensive signal of ion at m/z 440 was found (retention time 25.3 min, mass spec-
trum and TIC chromatogram in Supplement 3A). This compound was ascribed to a plant
triterpenoid miliacin-biomarker of broomcorn millet (Panicum miliacewm) (Bossard
et al., 2013; Heron et al., 2016; Jacob et al., 2008). This signal was found neither in the first soil
layer (SL1) taken from the internal part of the bronze bucket nor in the surrounding soil
(SLREF). This fact excludes cross-contamination of soil samples from the bottom and middle
parts of the bucket. Identification of this compound in our vessel was based on m/z value,
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FIGURE 5 (a) Sampling places for GC/MS analysis, (b) chromatograms of MEM transition 440 — 189 of soil
extracts and miliacin standard

comparison of analytical parameters with analytical standards, and data from literature
(Bossard et al., 2013; Kudera et al., 2019). Retention times of the miliacin standard and the
compound from the soil extract of the bronze bucket were identical (RT = 25.3 min;
Figure 5b). The concentrations of miliacin in samples SL2 and SL3 of the studied bronze bucket
are approximately 5 and 33 pg g’ of soil, respectively (single point quantification using mili-
acin standard at concentration level 50 mg L~"). Motuzaite-Matuzeviciute et al. (2013) dis-
cussed the potential of not only miliacin but also other pentacyclic triterpenes as biomarkers of
broomcorn millet, primarily due to their antifungal/antibacterial properties and therefore their
ability to survive to the present day. Multiple reaction monitoring (MRM) screening (MRM
transition was 440 — 189) done in our study revealed one more peak in an archaeological soil
sample (RT = 26.9; Supplement 3B). Characteristic fragments at m/z 189, 204, 218 were
observed within this peak n targeted SIM measurements (MS1 SIM scan tvpe). Moreover,
these characteristic fragments were observed during fragmentation of another three compounds
eluting at 25.4, 26.9 and 29.7 min (Supplement 3B). Note, that concentration of those com-
pounds in the samples is very low, which prevents identification of the parent mass. However,
comparison of this pattern and retention order with former literature (Bossard et al., 2013;
Heron et al., 2016; Jacob et al., 2008; Motuzaite-Matuzeviciute et al., 2016) suggests that those
compounds belong to the PTMEs group (e.g. isosawamilletin or urs-12-en-3f-ol ME).

Morphological analysis of starch grains

The results mentioned above point to the presence of millet and herbs in the Kladina bucket.
Moreover, a morphological analysis of starch grains was performed. Three starch granules with
damaged structure and weak light exposure in polarized light were found in the sample from
the bottom of Kladina bucket (Figure 6). The first starch granule is oval/ovoid in shape, and its
size 18 28.6 pm by 18 pm. This grain has a weak optical expression with a slight hint of growth
rings (Figure 6a,b). The second starch granule (size of the object is 39. pm by 30 pm) is round
to slightly oval with a significant crack and surface erosion. Optical activity is very faintly visi-
ble (Figure 6¢.d). The third structure is a small (4.5 pm) square or rather trapezoidal grain with
intact exterior, but the inner part of the mass of the object i1s missing. The rest of the border in
polarized light shows the characteristics markers for starch (Figure 6e.f). (Hayden et al., 2013;
Ma et al., 2019; Wang et al., 2017; Wang et al., 2019). Detenorated optical properties of starch
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10 pm

FIGURE 6 Starch grains found is soil samples taken from the bottom of Kladina bucket. (a — ovallovoid object in
transmitted light and b — In polarized light; ¢ — Slightly oval object with a significant crack and surface erosion in
transmitted light and d — In polarized light; e - small square or rather trapezoidal object without inner part of the mass
in transmitted light and - In polarized light)

grains indicate damage due to high temperature and enzymatic activity (Bemiller &
Whistler 2009; Henry et al., 2009; Messner et al., 2008). Henry et al. (2009) studied the effect of
boiling on different variaties starch grainules. Application of hight temperature in the absence
of water caused large damage to the starch granules (i.e. extreme swelling and cracking). How-
ever, heating in the presence of water caused the starch grains to lose their extinction crosses
and to appear softer. Author pointed out that, the appearance of the extinction cross is often a
tangible indicator of cooking damage, even when the starch grain appears relatively undamaged
under normal light, This pattern was found for third starch granule (Figure 6f), which means
that the contents of the vessel were boiled (in brewing industry called mashing). Wang
et al. (2017) analyse different starch types to find a typical pattern for beer making in ancient
times. The process starts with enzymatic attacks followed by a pattern of endocorrosion, creat-
ing pitting on the granule surface and then completely digesting the interior core of the granule
(Humia et al., 2019; Wang et al., 2017). This feature, called “pizza crust’ or ‘donut’ shape is vis-
ible in our samples as well.

DISCUSSION
Possibility of the presence of millet-based food with addition of herbs

The unique discovery of the millet ‘chemical imprint’, starch grains and the spectrum of the
stored herbs indicates that the bronze bucket contained millet grains/mash in combination with
fresh/dried herbs or millet beverage (herbal beer). The presence of herbal beer can be suggested
from the spectrum of herbs or trees (Figure 4b). For most of them. only higher scientific classifi-
cations were identified. such as genus or subfamily. Certain genera have characteristic proper-
ties (aromaticity, taste, medical use) and are known as an additive for the preparation of beers
(Behre, 1999; Nelson. 2005). It is very conspicuous that only two tree species were represented
in the bucket (with no proven presence in the surrounding soil}-Quercus sp. and Sambucus
nigra. Leaves and bark of oak are characterized by a high content of lignans that makes its taste
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significantly bitter, and they are used in the food industry as additives (Winstel &
Marchal, 2018). Both trees were already used as additives for flavoring hop-free beers
(Behre, 1999). The addition of flavorings and other additives is necessary to improve the taste,
quality, and shelf life of beer (Behre, 1999). Nowadays, mainly hops are used, and that has been
widespread since the 14" century AD. Until then, beers were produced with the addition of var-
ious herbs, the so-called gruit (Vilsteren, 1996). To achieve the right taste of beer, it is necessary
to balance the basic flavors, bitter and sour (the sweet taste originates from the malt). Herbs
with a high content of tannins, alkaloids, flavonoids, terpenes, or phenols are most often added
to provide the bitter taste of beer (Drewnowski & Gomez-Carneros 2000). Herbs, mainly from
the Lamiaceae family (e.g. Thymus sp., Teucrium sp., Betonica officinalis, Salvia officinalis,
Origanum vulgare, Mentha sp., Melissa officinalis), are also added for acidity or specific smell
and Apiaceae family plants (e.g. Carum carvi, Mewm athamanticum and Petroselinum crispum)
for their distinctive aroma and taste (Behre, 1999; Heath, 1981). Herbs with acid properties are
desirable for preservative properties rather then taste, ke Artemisia, Potentilla, Lamiaceae,
Plantago, Euphrasia, Ranunculaceae, Rosaceae, and Filipendula (Hintz et al., 2015). Note that
commeonlly used natural preservatives for beers are Porentila anserina, Achillea millefolium,
Plantago lanceolata, and Filipendula ulmaria (Behre, 1999). Many of the above mentioned
plants are also used in medical and folk medicine applications, such as Euphrasia, Plantago lan-
ceolata, Filipendula ulmaria (Najafian et al., 2018; Oreagba et al., 2011; Paduch et al., 2014).
Pollen grains of the plants discussed were found in the bronze vessel from Kladina (Figure 4b).
Note, that the pollen spectrum has the same species as ruderal habitats, or dry grassland of the
Bronze Age Period. but the abundance of selected species (e. g. Euphrasia) does not correspond
to natural habitats of the then cultural landscape (Pokorny, 2006, 2015). Based on the facts
about taste, aromatic and preservative properties mentioned above the authors assume that the
spectrum of herbs found is not random or *natural’ in origin (clogged by intrusion) but was
deliberately used to prepare a bitter food/beverage with potentially *healing’ properties.

Due to the large dimmension (volume of about 1435 liters), authors assume that millet was in
the bucket as a beverage/liquid mash (millet beer). Large dimensions of vessels could be the first
archaeological indicators of the possible brewing of beer. In the 13th century beer was brewed
in vessels of 100150 liters (Vilsteren, 1996). Another indicator could be the expanding (conical)
shape of the vessel, as seen in buckets used for brewing beer in ancient Egypt (O’ Brien, 2006). It
is also worth noting the rosette-reinforced double bottom (Figure 2c,d), which contained a par-
tially burnt clay like daub. The authors believe that this is a technical matter. The reinforced
bottom could serve to improve the thermodynamics of the bucket (less burning during cooking)
and to better withstand pressures up to 150 kg. Thus, it is not excluded that the vessel served
not only for storage but also as a “beer brewing pot” for a large volume of beer. Note, that 1t is,
in the ninth century BCE, the largest metal vessel north of the Alps. It also seems important to
place the vessel vertically with the bottom on the ground, as was also true for hoards of buckets
from Remetea Mare, Siem Mariensminde (Soroceanu, 2005). In our case, we can combine
information about the packing and the content of wessel. Considering that the bucket in
Kladina was stored at the time of the millet harvest, and the beer was brewed from a new crop,
signifving the “first fruit” ritual, 1t should have been late summer. Almost all the herbs would
then be used as fresh.

CONCLUSION

Analysis of soil infill of bronze bucket from Kladina shows the deliberate placement of herbs,
which were found in considerable (relative) amount, and their combination points to the
original vessel content. GC/MS analysis of the soil extracts from Kladina bucket showed a chem-
ical imprint of millet. The presence of millet was also confirmed by starch analysis, where
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thermally and enzymatically modfified starch grains were found. The results from analyses
pomts to the presence of millet grains or millet *extract’. The combination of millet and herbs
with bitter taste and aromatic, preservative, and/or healing properties offers the most likely inter-
pretation, the storage of millet-based food/beverages with addition of herbs. The authors also
hypothetized that the content of the bronze bucket from Kladina could be the oldest European
herbal beer. The depiction of the two groups of motifs of the solar barge and separate waterfowl
on the vessel from Kladina, in conjunction with the food/beverage content, strongly suggests the
deliberate ritual deposition of the vessel, in the presence of the elites that owned the vessel.
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Abstract: The Late Meolithic palafitte site, Ustie na Drim, in the northern part of Lake Ohrid (Morth
Macedonia), excavated in 1962, offered ceramic fragments of large, flat, elongated pans. These artifacts
could be dated by relative chronology to roughly around 5200-5000 BC. According to their shape and
technological traits, the ceramic pans were probably used for baking. The attached materials on the
surface of studied pan fragments were sampled for consequent chemical and microscopical analyses
(i, analyses of starch, phyhﬂithﬁ, and microscopic animal remains). An immunaological method
revealed the presence of pork proteins in samples. The presence of organic residues of animal origin
was, moreover, confirmed by the detection of cholesterol using gas chromatography coupled to mass
spectrometry. Analysis of detected microscopic botanical objects revealed starch grains of several
plants (i.e., oak, cattail, and grasses). An interesting find was the hair of a beetle larva, which could
be interpreted contextually as the khapra beetle, a pest of grain and flour. Based on our data, we
suppose that the ceramic pans from Ustie na Drim were used for the preparation of meals containing
meat from common livestock in combination with cereals and wild plants.

Keywords: archaeobotany; ceramic vessel; cholesterol; pests; phytoliths; starch; proteins; gas chro-
matography

1. Introduction

Cne of the major topics in the contemporary bicarchacology of artifacts is the investi-
gation of archaeological vessels using the latest instrumental methods of chemical research
and the recent tools of archaeobotanical, genetic and microbiological investigation. An
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analysis of the shape, quality of material, and volume of a found vessel enables an estima-
tion of its use in the initial living context before being discarded and its existence during
cultural deposition [1]. [tis also possible to record the ‘life of artifacts’ from the time of their
production and the beginning of their use to the moment of their exclusion. Today great at-
tention is given to the residual content of vessels in Mediterranean regions due to chemical
signals in residue content on the inner surface of vessels [2-6]. Analogically, ceramic vessels
from the Iron Age in Central Europe have been subjected to chemical research that has
revealed the presence of several compounds indicating food remains [7]. Besides ceramic
vessels, special interest has been focused on analyzing the content of bronze vessels where
organic residues could be ‘trapped’ in corrosion products [5,9]. The aim of the research
on archaeological vessels is to identify their original function in society and contribute to
an understanding of the subsistence principles as well as ritual customs of past human
populations [2,10].

The Neolithic period in the Near East, Anatolia [11,12], and Europe [13] could be
characterized by the movement of people and the diffusion of new modes of life. However,
it should be noted that the development of populations in the Neolithic period was long and
diverse [14]. Variabilitv in their forms of settlement was also reflected in the development
of ceramics: from a relatively simple ceramic type in the Early Meolithic to more complex
variability in the Late Neolithic/Eneolithic. Current research on the functional traits of
Meolithic pottery is targeted towards organic bulk remains on the inner surface of ceramics
as well as chemical signals of organic penetration in the microporous matrix of ceramic
vessels [15,16).

Detailed chemical analysis of soil content and /or organic residues in ceramic vessels
and pans can provide information about their usage and former content, The analysis
of lipid residues present therein is an important part of this research due to the chemical
stability of nonpolar compounds in archaeological contexts (i.e., lipids, steroids, and ter-
penes) [17,18]. A frequently used technique for the characterization and identification of fat
origins is the analvsis of isotope ratios of individual fatty acids adsorbed in prehistoric, an-
tiquity, and medieval ceramics using gas chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS) [19,20]. However, ‘conventional’ gas chromatography com-
bined with mass spectrometry (GC/MS) can provide similar information, and sometimes
even more significant, when the use of the multiple-reaction meonitoring method (MREM
transition) is compared to GC-C-IRMS. The use of GC/MS together with MRM transition
has been applied in the analysis of soil extracts from Neolithic ceramic vessels where a
broomcorn millet marker miliacin has been found. The obtained results have improved
our knowledge concerning the use of millet in the past and can be highlighted as the first
direct evidence of usage of broomcorn millet in Central Europe [21]. Another technique for
the analysis of original and intact lipid molecules, i.e., di- and tri-acylglveerols, is matrix-
assisted laser desorption/ionization mass spectrometry [22,23], As mentioned above, the
stability of nonpolar compounds is much higher than the stability of polar compounds in
an archaeological context due to the higher level of hydrolysis and water leaching of polar
compounds [17,18]. For example, sterols, such as cholesterol in animals and B-sitosterol in
plants, are reasonably resistant to post-burial degradation and can therefore be a marker of
fat origin [9,24].

Until recently, only a few research teams have worked with the chemical signals and
archaeobotanical micro-objects from the residual material of the inner walls of archaeologi-
cal vessels [16,25-27]. The aim of this article was to combine advanced chemical analysis
{gas chromatography/mass spectrometry and immunological analysis) with microscopic
evidence of the microremains (starch grains, phytoliths, molds, veast cells, and other mi-
croremains) to determine the function of ceramic pans from the Late Neolithic palafitte site
of Ustie na Drim in the Lake Ohrid shore area in the town of Struga, North Macedonia.
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2. Results and Discussion

The gas chromatography,/mass spectrometry of organic residues attached on the
surface of ceramic pans KE1-KE7 revealed a cholesterol signal (Table 1, Figure 1). The pres-
ence of cholesterol in all samples was confirmed by the authentic cholesterol standard,
retention time, and fragmentation spectrum (Figure 2). The most significant sample was
from ceramic pan KE4, where a high amount of a thin, baked mass was found. The
concentrations of cholesterol in the sample taken from this thin, baked layer on the bot-
tom of ceramic pan KE4-1 was 0.44 mg-g_', while in the sample under the inner edge
of vessel KE4-2, it was 0.66 mg-g!; for the sample under the residue of sample KE4-1
(i.e., KE4-3) it was .19 mg-g !, and in the sample of the mass under sample KE4-2 {i.e.,
KE4-4) it was (.46 mg-g'1 (Figure 2a). The reference sample from the edge of vessel KE4
contained only traces of cholesterol (below 0.01 mg-g_l]. This significant difference in
the concentration of cholesterol in the KE4 samples excludes the cross-contamination of
pan pits by surrounding material at the storage location. The samples from KE4 were
also analyzed using immunological tests for the detection of denatured proteins. This
methodology has been successfully tested many times [28,29] and was also used as a
control for mass spectrometric data [23]. The sample KE4-2, with a high concentration of
cholesterol, provided a positive reaction for porcine proteins. However, a positive reaction
was also found in the reference sample KE4-5. Based on these results, contamination tests
were performed for porcine proteins [29]. The contamination tests pointed to different
origins for the porcine proteins in samples KE4-2 and KE4-5. The proteins in sample KE4-2
had been denatured by high temperatures compared with the ‘'unchanged’ {undenatured)
proteins in KE4-5. The results obtained by immunological analysis confirmed different
chemical compositions of both examined layers. Moreover, a signal of 18-norabietane
(BT 16.65 min.) and retene (18.64 min.) was found in samples KE4-2 and KE4-4, pointing
to the presence of resin/decaved wood [30]. Note that these compounds were also found
in other samples, and in the reference samples, the content of 18-norabietane and retene
was 32 times and 8 times lower, respectively, than that of sample KE4-2. The total ion
current (TIC) chromatogram of other compounds identified in sample KE2-4 is shown in
Supplemental Figure 51 and Table 51.

a b

Figure 1. Reconstructed ceramic pan KE7 (a), sampled fragments KE1 (b), KE2 (¢}, KE3 (d), KE4 (e),
KES (f), KE6 (g), and significant samples from KE2 and K4 ((h,i), respectively).
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Figure 2. GC chromatogram of cholesterol in samples laken from ceramic pans KE4 (a) and KE2 (b).

The highest concentration of cholesterol was found in the pit of pan KE2 (Figure 1h,
Figure 2b), i.e., 0.92 mg-g . Other samples taken from KE2 contained only a trace amount of
cholesterol (i.e., the reference sample from the surface, KE2-7, 0.01 mg-g" ; sample of ceramic
from the pit, KE2-2, 0.01 mg-g 1. sample of ceramic from the pit, KE2-4, 0.4 mg-g 1y Note
that in the second reference sample (KE2-5, sample from the bottom of the pan) and in sample
KE2-6, cholesterol was not detected. This significant difference in concentration of cholesterol
in KE2 samples excludes the possibility of cross-contamination of ceramic pans’ pits by the
surrounding material at the storage location. In ceramic pan KE1, the highest concentration
of cholesterol was found in a sample taken from a pit similar to ceramic pan KE2; however,
in the reference sample KE1-3, cholesterol was not detected. Besides the samples from pits,
the organic residues attached to the bottoms and edges of ceramic pans KE3-KE6 were also
analyzed. The concentration of cholesterol in these samples was 366 times higher compared
to the appropriate reference sample (Table 1). Finally, baked organic mass (Figure 3) associated
with the reconstructed ceramic pan (KE7) was analyzed by GC/MS. Cholesterol was found
at a concentration of 0.17 mg-g~'. Abietic acid was also detected, but due to the fact that a
suitable reference sample was unavailable, we did not trv to interpret this. In this organic mass,
baked remains of fungi hyphae have been observed through the glassy mass (Figure 3e.d).

The samples from KE4-2 and KEY were dated using the AMS radiocarbon method,
Comparing both resulting dates, we can see that they are statistically inconsistent at the
5% significance level (T = 7.9, T(5%) = 3.8, df = 1). Though the calibrated probability
distributions partially intersect, the KE 7 sample was earlier than sample KE 4-2 (Table 2).
Both dates significantly contradict the archaeological chronology of the site {ca. 52005000
BC), and we, therefore, considered them unreliable, particularly because the carbonized
food residues adhering to pottery have been proved to be generally problematic material
for radiocarbon dating. Due to their heterogeneous composition, it is difficult to remove all
sources of exogenous carbon [31]. Analyses of replicate measurements have evinced that
dating food residues can produce inaccuracies of between 15% and 30% in the results, and
offsets between replicate measurements can reach more than 1000 radiocarbon years [32,33].
As both radiocarbon dates from the Ustie na Drim site had approximately the same
deflection from the expected chronology, we should also consider that they may have
been influenced by a reservoir/hard water effect from Lake Ohrid [34], for which the
modern rate has been estimated at ca. 1500 radiocarbon years [35]. Despite the sampled
food residues being of terrestrial origin (see above), it should be noted that even terrestrial
animals from within a food web related to lacusirine environments (e.g., by grazing aquatic
plants) can also suffer from a reservoir effect [36].



Mulecnles 2021, 26, 3391

fi of 16

Figure 3. Ustie na Drim. Organic mass taken from ceramic pan KE7 before reconstruction. (a) profile
of organic mass, (b} profile detail—the glassy edge burn-on, and (e,d) glassy mass with fungi hyphae
baked inside.

Table 2. Radiocarbon dates from organic residuals. Calibrated in OxCal 4.4 software using IntCal20
calibration curve [37,38].

Sample Lab. Code BF Age cal BC 68.4% cal BC 95.4%
6341-6313 6369-6297
{13.2%) (22.6%)
6260-6216 6269-5204
KE 42 UGAMS-49232 7370 £ 30 (31.3%) (35.67%)
61426092 61986085
{23.7%) (37.2%)
6411-6366 6122-6332
; _— _ {36.39%) (53.3%;)
KE? UGAMS-49233 7480 4+ 25 6ANE_6265 6319-6319
{32.0%) (42.1%)

several types of microscopic organic particles were obtained along with several amor-
phous clusters of various different materials. The first type of obtained micro-residuals
were phytoliths, starch grains, and faunal remains (Figures 4 and 5, Table 1). The most
abundant (but still scarce, because generally, the amount of material gained for the mi-
croscopy was very low) were phytoliths named spheroid psilate aggregate (Figure 4d.e),
which were observed in almost every sample. Some skeletons (aggregates) or single cells
of a polyhedral shape were recorded (Figure 4g,j), as well as a particle reminding one of an
elongate psilate skeleton (Figure 4i), but appearing blue in the cross-polarized light; hence
its plant origin was not particularly certain. A few phytoliths could perhaps be attributed
to silicified vessel elements. Polyvhedral epidermal cells are the most common type of dicot
phytoliths; they are formed in the leaves of many deciduous trees as well as produced
by many of the studied herbaceous dicotyledons [39]. The spheroid psilate morphotype
often arise as vesicular infillings of the epidermal and parenchyma cells of foliage and
reproductive organs in a wide range of dicots, monocots, and some gymnosperms [40].
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Mote that none of the observed phytoliths could be attributed to cereal remains, The
phytoliths which would undoubtedly point to the Poaceae family were not found at all.

Figure 4. Microresidues in samples 5F1 (h,i k), 5P6 {f1-o0) and 58 (a—e.g.j). (a—c) starch grain, proba-
bly the underground storage organ of higher plants, cf. Liliaceae; (d.e) skeleton consisting of small
spheroid psilate phytoliths; (f} wood charcoal fragment; (g-k) phytoliths; (1-o) other organic residues
{probably faunal); (n) hair fragment of dermestid beetle larvae, cf. Trogoderma sp.) Magnification
500 {except {d,i}).
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Figure 5. Starch grains of cf. Setaria from the ceramic pans KE2, sample SP5 {a.e); starch grains of of. Typha found in KE4,
SP9 {b.f); starch grains of cf. Poaceae from KE2, 5P5 (c,g); starch grains of cf. Quercus in KE2, 5P5 (dh). Images were taken
in visible light {a—d) and in cross-polarized light (e—h).

Starch as a natural substance is subject to destruction. Starch grains can be damaged
mechanically (by breaking), chemically (by the action of acids), enzymatically (by amylase),
or by heat (food preparation and cooking). Due to the effect of higher temperatures (above
50-70 "C}) on starch grains, especially in humid environments, the gelatinization process
can begin, Starch granules gain in volume and lose their typical properties. If the damage
is extensive, the morphelogical identification method cannot be used [41]. Starch is also
affected by enzymatic activity, especially amylase from the glycosidases group of enzymes.
The source of amylase can be animals, plants, and microorganisms [42]. Despite a number
of factors, which may damage or destroy the starch grains, it is possible to find starch
grains undamaged or in a state which allows microscopic analysis, As the works of Henry
et al. (2009} and Crowther (2012) showed, concerning cooked starchy foods, it is common
to observe a variety of reactions to cooking where some granules will appear completely
unaffected, while other starch will be partially or fully gelatinized [42—45], An analysis of
starch remains was conducted on nine samples. In sample KE1-5P1 one small, round starch
granule and an undefined starch were found. In sample KEI-5P2 an oval starch grain,
undefined (cf. Poaceae), was found. In samples KE2-5P3 and KE2-5P4, the finding was
negative, In contrast, sample KE2-5P'5 was rich in starch grains (Figure 5). In this sample
following objects were found: an oval starch grain, undefined (cf. Foaceae); a small, round,
undefined starch (cf. Poaceae); an oval starch grain, damaged and undefined; a round,
damaged, and undefined starch; an elongated atypical starch (cf. Quercus) [46,47], and a
square-shaped starch (cf. Sefaria, [46,45]). In the KE3-5P6 sample, a round, undefined starch
(cf. Poaceae) was found. Sample KE4-5P8 contained a trapezoid, starch shape with growth
rings (cf. Liliaceae) [49]. The last sample, KE4-5P9, contained a round undefined starch
(cf. Poaceae) and a cluster of starch grains (cf. Typha) [50]. A microscopic investigation
was further conducted to reveal the remains of animal structures. The most interesting
finding was a fragment of hair belonging to a larval segment of Coleoptera of the family
Dermestidae, of. Trogoderma sp. [51] (Figure 4n}. This ‘hair’ was identified thanks to its
peculiar microstructure; hastisetae (or hastate setae), located on the dorsolateral surface of
the tergites of larvae and pupae, are generally quite small {estimated length between 150
and 900 pm) and inserted in setal sockets on the integument trough a pedicel. Hastisctae
microstructure consists of two main parts: the shaft and the apical head (Figure 4n).
The shaft is made by repeated modules constituted by one cylindrical segment provided
with one wreath of spines/scales posterolaterally oriented in the distal part. The head of
the seta is a subconical anchor-like structure subdivided into five to seven longitudinal
elements; the apex of the head is blunt. This arrow-shaped hair residue is already known
from archaeological samples as sporadic non-pollen palynomaorphs from the Early Bronze
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Age to Medieval contexts in Georgia [52,53] and generally oceurs in stored animal or
plant products,

The identification of starch cf. Poaceae and cf. Setariz does not mean the detection
of Cerealia on a microscopic level; however, in an archaeological context, their presence
on cooking artifacts of this Late Neolithic site allows the possibility of interpreting these
findings as to the presence and use of flour from both domesticated and wild plants.
Interestingly, the larval hair of a dermestid beetle (cf. Trogederma sp., a genus to which
pests of stored plant and animal products belong) was found coincidentally with the
above-mentioned types of starch. This combination led to the possible identification of the
Trogoderma granarinm species (Khapra beetle} in the record. This insect is generally known
as a grain pest; in its larval stage, it is a voracious feeder of stored grains and regularly
occurs mainly in cereals, pulses, and their products [54]. The starch grains found from cf.
Typha and cf. Quercus revealed the use of wild plant foods. Both plants are known to be
used as food resources for Palaeolithic and Mesolithic hunter-gatherers [55-55]. Cattail
(Typha sp.) represents an extraordinarily versatile plant with many uses, such as for roof
thatching and making mats or baskets. Moreover, many of its parts, such as the rhizomes,
young stems, flower spikes, or pollen of this plant, are edible and are widely known to
be used for human consumption [59]. The occurrence of cattail starch in a pan can most
likely be explained by its facility for being ground into a nutritive and tasty flour-like cereal
flour [60]. Furthermore, acorns have always been an attractive food resource within various
resource strategies, including that of agrarian societies. Acorns in prehistoric agricultural
communities may have played a role as a food substitute or as a reserve for times of crop
failure [61-63).

The combination of advanced chemical analysis with microscopic evaluation of the
microremains brings new evidence about the life of prehistoric people. We propose that
the studied ceramic pans were used for the preparation of meals containing meat from
common livestock in combination with cereals and wild plants.

3. Materials and Methods
3.1. Archacological Samples

The Ustie na Dirim site is located to the immediate north of Lake Ohrid along the banks
of the river Crn Dirim in Struga (Figure 6). The site is situated in a north-south direction
along the riverbed. It is registered in the archaeological map of the Republic of Macedonia
as a palafitte settlement from prehistoric times [64]. The initiative for the research of this
locality started during some work on regulating the riverbed in 1961, when stone, flint,
and bone tools, as well as ceramic fragments, came to the surface. This was reason enough
to start protective archaeological excavations. The excavation was conducted over a short
period in 1962. Three trenches were opened (trench | with dimensions of 6 % 12 m, trench
I1 with dimensions of 2 » 4 m, and trench I with dimensions of 2 = 2 m) with a total
open area of 84 m? [65,66]. Researchers solved the problem of the inflowing river water by
constructing a canal along the left bank of the river and smaller canals along the excavated
area in the southern and western profile where the water accumulated. Such a remedy
allowed digging to continue in relatively dry conditions. The strategy was to excavate
in mechanical lavers of 15 to 20 cm. In the third mechanical layer, the team came across
a deposit of charred and non-charred wooden planks. The situation was interpreted as
constructions that had never been destroyed by floods. In the next two mechanical layers,
archaeological finds of stone artifacts, bone tools, and pottery were made, together with
wooden piles belonging to a Late Neolithic settlement (Figure 6b,c).
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Figure 6. Location of Ohrid area and Ustie na Drim in the North Macedonia (a), with archive pictures
from the excavation of the palafitte site in 1961 (b.c). The large archaeological trench with wooden
poles (b), and the site with an in situ ceramic pan (c).

Among the ceramic material, the most common forms were the large, flat, elongated
pans (Taen), which are shallow oval vessels with pits in the flat bottom. Most of them
belonged to a group of ‘rough pottery”’ with a dark grey surface and were probably made for
some special use [67]. Similar ceramic forms have been found on the Stranata site, named
“crepni/upensn”; these are round shallow vessels with a flat bottom, but here without
any fingerprints. These vessels have large dimensions and usually a rough texture [68,69].
Cutside of today’s borders of the Republic of North Macedonia, a similar ceramic form
has been found on the site of Barg, in the Korgé region of Albania [70]. The mentioned
sites correspond, according to the relative chronology based on pottery typology, with
the second phase of the Late Neolithic in Pelagonia and with the relative chronological
position of the Vinca-Tordos 11 phase or during the Vinca B2 phase in the Central Balkans
and the Arapi and Otzaki phases of the Dimini [70-72]. This chronological horizon could
be dated back to around 5200-5000 BC.

3.2. Residual Sample Extrachion

The ceramic fragments from the archaeological research in 1962 were stored at the
Struga Museum. As a coarse ceramic, there was still sediment on their surfaces. In 2019,
ceramic fragments were sampled for their bioarchaeological residuals and chemistry by a
research team from the University of South Bohemia. The list of analyzed samples from
ceramic pans are listed in Table 1. It must be pointed out that the pits or depressions made
by fingers into the vessel’s surface are technical elements, which were fabricated before the
ceramic was fired in the kiln. This technological step with subsequent firing completely
eliminates all organic compounds in the ceramic material along with any contamination.
On the other hand, the pits were “traps’ for residual organic material in the process of baking
food. A special case was the fragment of the organic mass from the already-reconstructed
pan 7 (Figure 1a), This organic mass fragment was provided in a zip-lock bag separately,

Sampling was performed in two ways (Figure 1). First, the material was scraped from
the finger pits with a scalpel directly to polypropylene 2 mL microcentrifuge tubes (series
KE1-7, positions KE1-1, KE1-2, and KEx-y). The second series of sampling was processed
by liquid extraction using distilled water (sub-series SP for KE1-4, see below). Samples
were stored in a refrigerator and transported to the laboratories.
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3.3. Sampling for Starch, Phytoliths, and Non-Pollen Objects

A micro-pipetting method was used to sample starch grains from the ceramic frag-
ments. A small quantity of distilled water {(approximately 100 pL) was placed directly onto
the surface of the examined object or pores in the structure of the ceramic pans. Conse-
quently, the water drop containing the extracted residues was collected with a pipette set to
20 pL, Samples were stored in microtubes with an ethanol solution. A drop of the sample
was placed on a slide and covered with a coverslip. The corners of the coverslip were
fixed with clear nail polish, and samples were left to dry. A drop of distilled water was
added to the dried sample before microscopy, Identification was accomplished by direct
observation (using a microscope Leica DM2500 F) and comparison with specimens from a
reference collection [73-76]. The analysis of starch grains was based on the microscopic
observation of samples in polarized and non-polarized light. The structures found in the
samples taken from the archaeological artifacts (ceramic pans) were recognized on the
basis of their optical properties and the morphological features of the starch grains,

Furthermore, an analysis of phytoliths and non-pollen objects was performed. Samples
in microtubes, originally mounted in ethanol, were transferred to distilled water, left
to sedimentation overnight, and after pipetting off the water, the pellet was dried in
a laboratory drier at 50 °C (4 h). Then 1 mL of a heavy liquid (sodium polytungstate,
SPT) calibrated at a density of 2.35 £m 3 was added to every tube in order to separate
phytoliths and other less dense organics from mineral particles. Samples were centrifuged
at 800 rpm for 5 min. After that, the supernatant with its floating fraction was transported
to new tubes. Subsequently, 2 mL of distilled water was added, and the samples were
centrifuged three times (3 min /1500 rpm) to clean the 5PT residue. Residues were mounted
in distilled water and observed by a Leica DM2500P polarizing microscope (with attached
camera). Whenever possible, phytoliths were named following the International Code for
Phytolith Nomenclature ICPN 2.0 [35]. Organic matter from the reconstructed KE7 basin
was observed using a Keyvence VHX 7000 digital microscope (Figure 3). Part of sample KE7
{and KE4-2) was analyzed by radiocarbon dating at the University of Georgia, Center for
Applied Isotope Studies using the CAIS 0.5 MeV accelerator mass spectrometer,

3.4. Gas Chromatography/Mass Specirometry (GC/MS)

Gas Chromatography /Mass Spectrometry (GC/MS) was used for the determination
of the semi-polar and nonpolar compounds in the acetone /chloroform extract sample [21].
Briefly, the solid material was taken from the inner part of ceramic pans, and 16-50 mg
of the material was directly extracted using 1 mL acetone/chloroform solution (50:50,
v/ v). MNote that from each ceramic pan, the weight of the sample for analysis was the
same. After centrifugation (4400 RPM), the liquid part was transferred to a 1.5 mL glass
vial, dried by a fine stream of nitrogen, and consequently derivatized using 20 uL. N,O-
bis{trimethylsilyljtrifluoroacetamide (Sigma-Aldrich, 5t. Louis, MO, USA) and 20 pL
pyridine (HPLC grade, Sigma-Aldrich, 5t. Louis, MO, U5A). The measurement was
performed by an Agilent 7010 Triple Quadrupole GC/MS systemn with Mass Hunter
software {Agilent Technologies, Palo Alto, CA, TUSA). The separation was performed on
two (3% FPhenyl)-methylpolysiloxane HP 5 ms Ultra Inert capillary columns connected in
a series (15 m x 0.25 mm = 0.25 pm, each) with a constant flow of 1.0 and 1.2 mL min ',
respectively. Nitrogen (N2 4.8. Messer Group GmbH, Germany) was used as a collision
gas with a flow rate of 1.5 mL min~! and helium (He 5.0. Siad, Italy) as a quench gas with
a flow rate of 2.25 mL min~!. The initial oven temperature was 70 “C for 5 min; then, the
oven was heated at a rate of 15 °C min ! to the value of 320 °C, which was held for 10 min.
The injection volume of the extracts was 1 pL with splitless injection. The identification of
the compounds was made using the NIST 14 library, Comparison and quantification were
made using the authentic standard of cholesterol (Sigma-Aldrich, 5t. Louis, MO, USA),
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3.5. Enzyme-Linked Immunosorbent Assay (ELISA)

For the determination of the animal species of organic residues (proteins), an ELISA
was used [28,77]. BioKits for Speciation and Identification allowed for the distinguishing
between beef, pork, poultry, and mutton proteins. This ELISA used microwell modules and
thermostable species-specific muscle proteins. It is a non-competitive, sandwich-type assay
(Neogen, Lansing, MI, USA) and was used according to the manufacturer’s instructions
with some changes, such as a lower volume of the sample as available in the archaeological
material [28]. Additionally, aside from the instructions, samples were not boiled due to
the fact that proteins in the archaeological objects could have been heat-treated in the past.
In the case of the test for the presence of pork, the samples were boiled for the second
replication and compared with the results from the previous (the first) replication; thus,
possible contamination from the non-boiled proteins could be detected. Contamination by
non-boiled proteins is usually caused by midgut mucosa that is present in animal feces [29].

4. Conclusions

The advanced chemical and microremains analyses of ceramic pans from the Ustie na
Drim site have provided multiple evidence of their artifact use in the past. The location
of the sampled material in pits on the pan surface and the character of the mass directly
joined with the artifact surface reduces the possibility of contamination. Overall, the record
is fragmentary; however, each of the methods used contributed to answering the basic
question of what was usually prepared for a meal in this kind of pottery. Concerning the
stratigraphic position of these artifacts, it was possible to determine their age by relative
chronology to around 5200 BC. Two samples from the surface of the pans were dated
by AMS ¢ Both radiocarbon dates were probably affected by an intake of old carbon
from the environment. Considering the estimated reservoir effect of Lake Ohrid, both
dates indicate an origin for the organic mass within the period of functional use of the
ceramic pans, Since radiocarbon dates are older than the relative chronology of pans, we
can exclude any post-depositional contamination by material from a later archacological
period. The most relevant result was given by the advanced chemical analysis. The main
compound that occurred in all samples is cholesterol. A major source of cholesterol is
animal fat and meat (its presence was proved by immunological test). Recent data indicate
the amount of cholesterol in meat was roughly 75 mg /100 g (fatty parts like liver, brains,
etc., contain a much greater content, up to several hundred milligrams per 100 g) [75].
It should be noted that the concentration of cholesterol in the samples of organic residues
from the ceramic pans’ pits was significantly higher than in the reference samples, a fact
that excludes the possibility of cross-contamination of a pan’s pit by the surrounding
material at the storage location. The presence of denatured proteins in the ceramic pan
was also confirmed using an ELISA. Based on the results, we suppose that the analyzed
ceramic pans from Ustie na Dirim were used for the preparation of meals containing meat
from commaon livestock in combination with cereals and wild plants.

Supplementary Materials: The following are available online, Figure 51: Total ion current (TIC)
chromatogram of sample KE4-2 {(green line; inner edge: close upper part, baked layer) and KE4-5
[orange ling; edge: the reference sample). Table 51: Table of the most significant compound detected

in sample KE4-2.
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Abstract: An archaeological excavation in Prostéjov (Czech Republic) revealed a workshop of
a local potter with colourless, pink, and blue powders presumably used to Pnrduq‘t-r faience/ surface
decoration. A comprehensive analytical study, which combined elemental and molecular analysis
techniques, was performed to shed light on the chemical composition of these unique findings.
Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM EDX), iﬂdu(“['iw;tl_y
coupled-plasma mass spectrometry (ICP MS), flow injection analysis (FIA) with electrospray ioni-
sation mass spectrometry (ESI MS), laser desorption ionisation mass spectrometry (LDI MS), and
Raman spectroscopy were applied to reveal the elemental composition of the powders and identify
the colouring agents in the pink and blue powders. The colouring agents in the pink powder were
probably iron and the agent in the blue powder is Prussian blue, On top of that, it was also possible
to determine the organic additives in these powders through pyrolysis gas chromatography with
mass spectrometric detection (Py GC/MS), atmospheric solids analysis pruhe ion mobility mass
spectrometry (ASATP IM MS), and LDI M5, The organic constituents were identified as plant resin,
beeswax, and fats. These results point to the preparation of fajience/pigment mixtures as oil paint.

Keywords: Faience; direct mass spectrometry; elemental analysis; inorganic pigments; mass
spectrometry; organic additives

1. Introduction

The chemical analysis ot glazed pottery findings remains a big challenge because
of usually minute amounts of unique samples available for analysis, the complexity of
the matrix, and the transformation of the individual components during manufacturing
processes. hMany comprehensive studies on archaeological glazed pottery have been car-
ried out combining microinvasive and non-invasive analytical techniques [1-10]. The
main goal of these studies was to reveal the composition of the ceramic matrix, determine
the colouring agents and additives in the glazed layers (faience), reconstruct the manu-
facturing technology, and estimate the provenance of the pottery. Electron microscopy
combined with energy dispersive X-ray spectroscopy (SEM-EDX) and X-ray fluorescence
spectrometry are often the methods of choice for the determination of elemental com-
position. The disadvantage of SEM-EDX and XRF is their lower sensitivity. Due to this
lhimitation, [CP-MS 15 pr‘eferred when the pattern of trace elements needs to be determined.
For the analysis of cross-sections, it is advantageous to use laser ablation coupled with
[CP-MS since it has a suitable resolution (ie., tens of micrometres) [3,6,11-13], Among
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other techniques of elemental analysis, thermal ionisation mass spectrometry [7,5], sec-
ondary ion mass spectrometry [14], particle induced X-ray or gamma ray spectroscopy [4.5],
Xeray diffraction [1,9], laser induced breakdown spectrometry [15], neutron activation anal-
vsis [16] or X-ray photoelectron spectrometry [17] have been applied for glaze/faience
analyses. Methods of molecular spectroscopy, such as Raman spectroscopy or infrared
spectroscopy, are often utilised for the determination of the mineralogical structure of stud-
ied materials [18,19]. Until the present day, no study revealed the complete manufacturing
technologies of faience production since only final products or fragments are available for
physicochemical analysis using modern analytical techniques. The reason is the thermal
degradation of organic additives during the firing of faience on ceramics. It should be
noted that Zaremba et al. [20] observed the emission of CO; and ammonia during the
thermal analysis of the glazed and underglazed layer of the faience Ptolemaic bowl. They
assumed that the evolved gases were decomposition products of organic matter trapped
in the pores of the object. However, even in this case, it was not possible to determine the
original organic additives.

The technique of faience was applied to Moravian pottery (Czech Republic) from
the 16th century onwards [21,22]. It consists of applying a glassy layer on fired sherd to
make it harder, impenetrable, and easier to paint on. It was brought to the Czech lands
by Anabaptists in the 16th century, probably from southern Germany, and remained in
use after their expulsion from Bohemia and Moravia (1622 AD) after the Battle of White
Mountain 1620 AD [21]. In 2017, a rescue archaeological excavation in Vodni ulice Street
{Wassergasse) in Prostéjov (Moravia, Czech Republic) discovered the house of pottery master
Jan Skiivinek, born in 1773 and active in Prostéjov after 1802 [23]. Three powder samples
were found inside preparative ceramic vessels, ie., colourless/white (sample 1), pink
(sample 2}, and blue (sample 3) powders (Figure 1).

Sample 1

Sample 2 Sample 3

Figure 1. From the left: colourless, pink, and blue powders,

The aim of the presented study is to identify the inorganic and organic components
of the powders since their recipes were kept secret and formed a part of the “arcane”
knowledge of folk alchemists [21]. Although a number of recipes for such powders are
known to historians, ibid., these were also often written in “secret” language so that no
other pottery master could make use of them. In this way, this study helps to decode
this language and understand the beginning part of the manufacturing process of faience.
Untargeted analyses of powders were performed by ASAP-MS with ion mobility (IM],
FIA/ESI-MS5, Py-GC/MS, LIM-MS5, and Raman spectroscopy. For elemental composition,
SEM-EDX and semiquantitative ICP-MS analyses were performed. To the best of our
knowledge, this is the first-time the analysis of raw faience materials has been conducted
by modern instrumental analytical techniques.

2. Results

The morphoelogical characterisation of inorganic grains of particular minerals was
performed using SEM/EDX (Table 1). Based on the morphology of fragments observed
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with SEM and their chemical composition, the colourless powder is formed by crushed
glass, one of the components of a so-called frit (Figure 2a) [24]. In practice, it is later mixed
with water and colourants and applied to the pottery surface before the second firing. Some
fragments are enriched in Pb (EDX analyses 1, 2, and 4 in Table 1 and Figure 2a,b), ranging
from & wt¥ to 18 wit% of FbO while others (analysis 3) are almost pure silica. Sulphur
is present in small quantities (<03 wt% of 503} in all analysed samples, probably linked
with the Pb mineral {galena). A variability in chemical composition within single pieces of
crushed glass/frit was observed (Figure 2b), indicating the mixing of several types of glass.
Motably, a high amount of lead in various forms was confirmed by LDI-MS as well. The
signals of clusters with different elemental compositions dominate the LDI-MS spectra in
both ionisation modes (see Supplementary Material Figures 51-53).

Figure 2. BSE images of the powders encountered in Vodni ulice Street. Crushed glass or frit
(a,b) composed of glass of variable chemistry, pink powder {(c), and blue powder (d). The numbers in
red indicate the points of SEM-EDX analysis and correspond to the numbers of analyses in Table 1.

The pink-coloured powder turned out to be very fine-grained (Figure Z¢) so only
“bulk” SEM-EDX analysis was performed. Apart from the predominant SiC; and Al
oxides, we encountered CaQ), PbO, and K20 in the mixture; {h}rdr}lﬂ-xidnr«: of P40, Fa(),
TiO,, Mg, and Na; O, together with S04, were present in amounts < 1 wt%. The blue
powder comprises abundant baryte crystals (EDX analyses), a common additive in faience
manufacture which served as flux, increased the brilliancy of the glaze, and reduced the
number of bubbles during melting [24,25]. The remaining matter also contains 5i0;, Al Os,
PbO, and FeO, and in lesser or trace amounts Ca0, P05, MgO, 5r0, or Na; O as well. With
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regard to the manufacturing technology, the addition of Pb both in the crushed glass and
in the two coloured powders is obvious, The slightly elevated values of K0 and NazO
indicate that we have mixtures for lead glazes with low amounts of alkalis [3]. Though
elevated, the amounts of Pb (wt% from SEM-EDS) in the powders from Prostéjov are still
much lower than in Modern Age glazes published by Tite et al. or Gregerova et al. [3,22];
therefore, it can be assumed that another Ph-rich mixture, not found during excavation,
was added. Lead was probably available in the form of litharge (FbO), either a secondary
mineral from outcrops of galena ores, or a by-product from smelting (lead-) silver ores [26].
Similar to baryte, litharge served as a flux in glazes, increasing their brilliance, smoothness,
density, and resistance to cracking [3,14]. Its disadvantage was the release of lead in
meals, resulting in higher Ph-intake by the early Modern Age population, with potentially
poisonous effects [27,258]. Most of the analysed mixtures, especially the pink powder and
crushed glass, contain small amounts of P;Os, Ca(, and Mg0O, but their amounts are lower
than in the Anabaptist pottery from Strachotin (Moravia) where the use of bone ash from
calcined bones or antlers was conjectured [22]. As it stands, the mixtures from Prosté&jov
would probably result in translucent rather than opacified glazes. Only the joint presence
of Ti(y, 505, and FeQ in the pink powder may potentially indicate the use of titanium
oxide opacifiers, manufactured by soaking ilmenite (FeTi5i0;) in green vitrial, i.e., ferrous
sulphate (FeSOy).

Table 1. EDX results of the three sarnplu.s i Wi,
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In addition to SEM-EDX, 1CP-MS analyses were performed to obtain an exact con-
centration of elements in the studied powders and reveal the colour origin (Table 2).
One of the most commeon red pigments used in glazes/faience was hematite w-Fea O3 (or
maghemite y-Fe, O3} which causes red to brown shades depending on the conditions during
firing. The red hue was achieved under oxidising conditions at a temperature higher than
700 °C [29]. Red glazes were also achieved by the use of other minerals, for example,
cuprite Cuz(, crocoite (PbCrYy), or red lead (Pby(y) [29-51], Based on the results of the
ICP-MS5 analysis, though, we hypothesise that the colouring agent in the pink powder was
Fe found in concentrations of 0.50 mg-g“', probably in the form of hematite. Copper, e.g.,
in the form of cuprite or copper nanoparticles, was also used as a red colourant in historical
zlassmaking [32,33], but the amount of Cu used in such cases was about 100x greater than
in the red powder from Prost&ov (0.26 mg-g'], Table 2).

1

Table 2. ICP-MS5 results in mg-g
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Py-GC/MS analysis revealed the presence of organic additives in the pink faience
powder, i.e., diterpene resin acids of the abietane and pimarane types (Figure 3a). Abiefic
acid, dehydroabietic acid, pimaric acid, and levopimaric acid are significant components of
resins produced by conifers (gymnosperms), e.g., pine (Pinns), larch (Larix), spruce (Pices),
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and fir (Abies). [34,35]. ASAP-IM-MS5 did not allow the separation of individual resin acid
isomers but confirmed the presence of the resin as a sum of all isomers, A compound with
m/z 301.2145 (CypHas0: ") corresponds to the structure of protonated dehydroabietic acid
with the deviation from theoretical mass (dtm) of —2.3 mDa. The fragmentation spectra of
dehvdroabietic acid in the pink powder and in the standard are presented in Figure 3b,c,
respectively. In addition to the signals belonging to the resin, the signals at m/z 4634858,
4915186, and 519.5491 correspond to the ions of molecular formula CaaHeaOq 7, CagHer 0™,
CigHp O with dtm —2.1, —0.6 and —1.4 mDa, respectively (for fragmentation spectra
see Supplementary Material Figures 54-56). Those signals were assigned as thermal /ion
fragments of beeswax components based on a comparison with the mass spectrum of
a standard of beeswax. As further evidence of beeswax presence, we also identified
molecule CypHgz 02" (619.6393 Da) with dtm —0.8 mDa as an ester of palmitic acid, which
is a typical component of beeswax [36] (for fragmentation spectra see Supplementary
haterial Figure 57). In addition, diglycerols also were found with m/z 607 5640 (CaeHrs Oy "
dim —2.5 mDa; distearoyl glvcerol, S55), 579.5327 (Cy>Hy Oy " ditm —2.5 mDa; palmitoyl-
stearoyl glycerol; PS), and 551.4991 (Cs3 HgzOy™; dmt —4.8 dipalmitoyl glycerol, PP). (for
fragmentation spectra see Supplementary Material Figures 58-510). Those compounds
are present in high concentrations in fatty materials {originating from both plants and
animals) [36]. The pink powder was probably prepared in a similar way as pigments for
traditional oil paintings. According to Slansky, the preparation of traditional oil paints
includes pigment(s) and oil as main components with the frequent presence of resin, wax,
or balms [37].
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Figure 3. Pyrogram of the pink powder (1: pimaric acid TMS, 2: isopimaric acid TMS, 3: unknown
compound, 4: dehydroabietic acid TMS, and 5: abietic acid TMS) (a); ASATP IM MS fragmentation
spectra of compound m/z 301.2152 in pink powder (collision energy 20 V) (b) and in the standard of
dehvdroabietic acid {collision energy 20 V) {¢).

The blue colour in glaze making is normally achieved by the addition of Cr, Co,
or Cu [11,26,35], but none are present in the powder from Prostéjov—Vodni ulice Street,
According to the TCP-MS results, the bulk of the blue powder contained an increased
amount of iron (approximately 4 mg-g~!) which could be the source of the blue colour
as hexacvanoferrate pigment Feg[Fe(CN)gli, commonly known as Prussian blue. The
presence of PB was consequently identified and proved by the means of FIA/ESI-MS
and Raman spectroscopy. The FIA /ESI-MS spectrum of PB standard contained the most
intense signals of [Fe{CNJz]™ at m/z 133.9443 Da (Figure 4a). In the spectrum of the blue
powder, this signal was found as well (m/z 133.9434), with dtm —0.8 mDa (Figure 4b).
These results were consequently supported by Raman spectra of the reference material and
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sample (see Figure 4c). Four significant signals were found in Raman spectra, i.e., 2154,
2090, 527, and 275 cm !, The vibration at 2154 cm ! corresponds to v(C=N) stretching
vibration and [Fe(Il}, Fe(Ill})] vibrational state. This peak is followed by a shoulder of
a characteristic CN~ vibration, and signal at 20090 cm ! that corresponds to the viC=N)
stretching vibration of the [Fe(ll), Fe(Ill)] state. The remaining two signals at 527 and
275 em ! refer to Fe—C stretching vibrations of the lattice and Fe~CN-Fe bond deformation
vibrations, respectively [39]. Note that the high concentration of sulphur, which was found
in the sample of blue powder by SEM-EDX and ICP-MS (Tables 1 and 2), points to the
traditional preparation of PB, i.e., the usage of green vitriol (Fe50,-7 H;0) and dried cattle
blood as the source of cyano or/and ferrocyanide groups [29]. The problem with I'B,
though, is that it would probably not have survived the sintering process in glaze melts, In
oxidising conditions, the ferrocyanide bonds would have broken and disassembled (and
likely oxidised) into Fe™*. We assume that in reduction conditions, PB possibly formed
Fe?* which can cause the aqua blue colour of the glaze. [29]. Tt would seem that the potter
from Prostéjov manufactured a mixiure based on Prussian blue which he ultimately did
not achieve but was left with a perfectly viable alternative. Throughout the 18th century,
B was not used for pottery glazes from other parts of the world either, as it was mostly
used for paintings [26]. According to Cernohorsky, the blue powder could be utilised for
decorative purposes after the second firing. This decorative technique was well known in
the Moravia region since approximately the 1760s and was known under the German term
UI:rErgIaSumalerei [21]. In the findings of Anabaptist faience from 17th century Hungary,
another blue colourant based on CoO+ As; Oy, FeO, and NiQ was used [1]. This was applied
on tin-based glazes whereas Prostéjov potter Jan Skiivanek either manufactured lead glazes
{see Table 1) or his tin mixtures were not found during excavation.
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Analysis of the organic binders in blue powder was performed by ASAP-IM-MS
and LDI-MS. The content of organic additives was substantially lower in this sample
compared to the sample of the pink powder. In the blue powder, we identified only the
same diglycerols as in the case of the pink powder, 55, SF, and PP with dtm 1.2, 1.2, and
1.3 mDa, respectively (for fragmentation spectra see Figures 511-513). The LDI-MS in the
negative ionisation mode detected three common fatty acids, i.e., palmitic, stearic, and oleic
acid in the blue faience powder, further confirming the presence of fatty material in the
faience materials (see Figures 514 and 515). We hypothesise that the blue mixture also was
prepared similarly to oil paints. None of the aforementioned compounds were found in
colourless powder.

3. Materials and Methods
3.1. Chemicals

Abietic acid (Lachema, Brno, Czech Republic), acetone (HPLC grade > 99.8%, Fisher
Scientific, Waltham, MA, USA), acetonitrile (Honeywell, Charlotte, NC, USA), dehydroa-
bietic acid (Sigma Aldrich, St. Louis, MI, USA), hydrochloric acid (Analpure, 34-37%,
Analytika, Praha, Czech Republic), hydrofluoric acid {Analpure, 48%), leucine enkephalin
(HPLC = 95%, Sigma Aldrich}, methanol (LC-MS > 99.9%, Honeywell), Mili-Q water
{Merc), nitric acid (Analpure, 67-69%:), N,O-Bis(trimethylsilvljtrifluoroacetamide (BSTFA)
{(=99.0%, Sigma Aldrich), Prussian blue (laboratory prepared), red phosphorus (Sigma
Aldrich) for the mass calibration of LDI-MS), sodium formate for the TOF calibration
(prepared by mixing 100 uL 0.1 M sodium hydroxide (Fluka, Buchs, Switzerland) with
200 pL 10% formic acid (99-100%, Analar Normapur) and diluted with a mixture of ace-
tonitrile/water (80:20, v/v), and sodium hydroxide (Penta, p.a., Brno, Czech Republic)
were used.

3.2, Scanming Electron Microscopy—Energy Dispersioe X-ray Spectrometry (SEM/EDX)

Raw faience materials were mounted on carbon foil, carbon coating (25 nm), analysed
with SEM-EDX (JEOL JXA-B600), and the chemical composition of single minerals or frag-
ments of glass were established. In other inslances, and in the case of the very fine-grained
pink powder, “bulk” analyses were perfnrmed by targeting a ]arger area to determine
the composition of the whole mixture. The conditions of analysis were set as follows:
accelerating voltage 15 kV, beam current 10 nA, beam diameter 1-5 um, and counting time
6l s per spectrum. Acquired spectra were quantified by IdFix software (remX GmbH) and
the following set of standards: albite (Na), diopside (Mg, Ca), microcline (Si, Al, K), apatite
(I}, barite {Ba, 5), ilmenite (Ti, Fe), strontianite (Sr), and lead metal (Pb).

3.3. Inductively Coupled Plasma—Mass Spectrometry (ICP-MS5)

A microwave digestion unit MLS 1200 Mega (Milestone, Italy) was employed for
sample mineralisation. Prior to the mineralisation step, the powder samples were man-
ually milled and homogenised. Subsequently, approximately 20 mg of homogenised
samples were digested with a mixture of concentrated HNO; (1 mL), HCl (3 mL}), and HF
{0.125 mL) according to a seven-step digestion program consisting of 2 min at 250 W, 2 min
at W, 5 min at 400'W, 2 min at 0 W, 2 min at 500 W, 2 min at 0 W, and 6 min at 600 W. After
digestion and cooling, the samples were diluted with deionised water to 10 mL, transferred
into polypropylene tubes and stored at 4 *C until ICP-MS5 analysis. Blank samples were
prepared by digestion of the mixture of acids but without the presence of the sample.

All measurements were carried out using an inductively coupled plasma mass spec-
trometer 7700x ICP-MS (Agilent Technologies, Tokyo, Japan), fitted with an ASX-520
autosampler, a MicroMist concentric nebuliser, a cooled Scott-type double pass spray
chamber, and an octopole reaction cell operating in Helium mode to overcome spectral
interferences. The instrumental conditions for the semi-quantitative analysis of selected
isotopes (up to 70 elements) by ICP-MS were set as follows: RF power of 1600 W, plasma
gas Ar flow rate of 15.0 L-min~!, an auxiliary gas Ar flow rate of 0.61 L-min~!, nebuliser
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gas Ar flow rate of (.36 L-min L collision gas He flow rate of 5 mL-min I {He mode) or
0 mL-min~! (No Gas mode), All ICP-MS analyses were performed in six replicates, Ob-
tained data were evaluated in MassHunter (Agilent Technologies, Palo Alto, CA, USA),

34 Pyrolysts—Gas Chromatography/Mass Spectrometry (Py-GC/MS)

Gas chromatographic analysis was carried out on an Agilent 8890 coupled to a mass
detector Agilent 59778 (Agilent, Santa Clara, CA, USA). Pyrolysis of samples was per-
formed with a multi-shot pyrolyzer EGA /PY-3030D (Frontier Lab, New Ulm, MN, USA)
at 500 °C for 0.5 min. A capillary column Ultra Alloy UASMS/HT), 30 m = (.25 mm
* 0.25 pm (Frontier Laboratories Ltd., Fukushima, Japan) was operated with helium as
a carrier gas at a constant flow rate of 1 mL-min~!. The oven program was as follows:
50 *C for 4 min followed by a 20 “C/min ramp to a final temperature of 320 °C and held
for 15 min. The total run time was 32.50 min. The injection was performed in a split mode
with a 60:1 split ratio. MassHunter Qualitative Analysis software (Agilent Technologies,
Palo Alto, CA, USA) was used for data evaluation. A microsample of the potter’s pink
powder was put into a pyrolyzer cup. Derivatisation was carried out with 2 ulL of BSTFA
prior to Py-GC/MS analysis.

3.5. Direct Mass-Spectrometric Analysis

ASAP-IM-MS and FIA /ESI-MS analyses were performed on Synapt G2-5 (Waters,
Milford, MA, USA) equipped with an atmospheric solid analysis probe (ASAT) and elec-
trospray ionisation (ESI) source, a hybrid QgqTOF mass analyser, and an ion mobility cell
(TriWave). Exact masses of analytes were obtained by correction to the mass of leucine
enkephalin (356.2771 Da) at a concentration of 2 ng-mL lin water/ ACN 80,20 (v/v) with
0.1% formic acid, which was measured during each run. Data acquisition and processing
were performed by MassLynx (Waters, Manchester, UK). LDI-MS analyses were done using
a high-resolution tandem mass spectrometer Synapt G1 equipped with a Q-TOF analyser
and vacuum MALDI ion source (Waters). Obtained spectra were treated using MassLynx
4.2, In all cases, the TOF analyser was set to resolution mode (V-mode).

3.5.1. Atmospheric Solids Analysis Probe lon Mobility Mass Spectrometry (ASAP-IM-MS)

Analyses of the three powders were perfnrmed by means af ASAP-IM-MS. This ion-
isation technique utilises a stream of hot nitrogen to evaporate analytes deposited on
a glass capillary tube and ionises them in corona discharge [40]. Since this approach does
not require extensive sample preparation, samples were prepared in a form of acetone sus-
pension (3 mg-mL"} that was introduced into an open-ended glass capillary by capillary
elevation. After evaporation of the solvent, roughly 10 ug of the solid sample was subjected
to analysis. The glass capillary was transferred to the mass spectrometer ion source and
the analytes were evaporated by a stream of nitrogen and finally reached the tempera-
ture of 600 °C. Evaporated analytes were Rub:-;equenl]}r ionised in the plasma created by
a corona discharge, and the ionised species were additionally separated according to their
shape, size, and charge in the ion mobility cell. The experimental conditions were set as
follows: Tonisation mode positive, analysis time 3 min, trap collision energy 4 eV, transfer
collision energy 2 eV, source temperature 100 °C, ﬁampling cone 80 ¥, corona current 2 nA,
nitrogen flow rate 500 Lh~1, nitrogen temperature of 500-600 °C, IM wave velocity of
550 ms !, IM wave height of 40 V, and helium drift gas. The parameters for the fragmenta-
tion experiments were as follows: LM resolution 15, and transfer collision energy (transfer
CE) values are listed in Supplementary Material Figures 54-513 for each compound.

3.5.2. Flow Injection Analysis Electrospray Ionisation Mass Spectrometry (FIA /ESI-MS)
FIA /ESI-MS was utilised for the analysis of the decomposed blue pigment in an
alkaline solution. Sample preparation and method parameters were adopted from [41].
The parameters were set as follows: Ionisation mode negative, capillary voltage 2.30 KV,
sampling cone 30 V, analysis time 2 min, trap collision energy 4 V, transfer collision energy
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2V, source temperature: 120 "C, desolvation gas 250 “C at a rate of 360 L-h I nebuliser
6 bar, mass range 50-600 Da, and scan time 1 5. A mixture of methaneol and water (1:1,
o/ v) at a flow rate of 0.075 mL-min ! was used as a mobile phase, and 5 pL of the sample
was injected.

The sample of standard Prussian Blue (I’B, synthesised in our laboratory by mixing
a solution of 1 M iron(Ill) chloride with a 1 M solution of a hexacyanoferrate(Il) salt) was
prepared at a concentration of 0.05 mg-mL ™! in 0.04 M solution of NaOH. The decompo-
sition was supported by sonification in an ultrasound bath at laboratory temperature in
sweep mode for 30 min. The blue powder sample was decomposed in the same way, ie,
approximately 2.5 mg were weighed and dissolved in 10 mL of (.04 M NaOH. A blank
sample was prepared from a (.04 M solution of NaOH. All samples were diluted ten times
and filtered with syringe filters before injection into the system.

3.5.3. Laser Desorption-lonisation Mass Spectrometry (LDI-MS)

Raw faience materials were fixed on a standard stainless steel MALDI plate using
double-sided tape (Ulith, Prague, Czech Republic) and the MALDI plates were inserted
into the MALDI chamber for analysis. Mass calibration for the LDI-MS experiments was
done by the measurement of red phosphorus which was deposited as acetone suspension
(10 mg-mL~!) on a selected position on the MALDI plate. Samples were analysed in both
positive and negative ionisation modes without the application of a matrix. Parameters
of LDI-MS were set as follows: sample plate 10 V, hexapole bias 10, source gas flow
OmL-min—!, trap collision energy 6 eV, cooling gas flow 10 mL-min~ ! transfer collision
energy 4 eV, laser energy 500 (arb), trap gas flow 1.5 mL-min !, and laser firing rate 200,
Manual laser aiming was used.

3.6. Raman Spectroscopy

Raw faience materials were analysed using a DXRE2 Raman microscope (Thermo
Scientific, Waltham, MA, USA). The parameters were as follows: laser wavelength 785 nm,
laser power 1 mW, aperture 50 mm slit, collect exposure time 2 5, and 16 sample exposures
16. Omnic 9 (Thermo Scientific, Waltham, MA, USA} was used for data evaluation.

4, Conclusions

Modern analytical techniques were used to evaluate historical raw faience materials.
The colouring agent in the pink powder was probably iron in the form of Fex(y. The
colourant in blue powder is Prussian blue. To the best of our knowledge, this is the
first evidence of PB in faience materials. Additionally, Pv-GC/MS and ASAP-IM-MS
determined constituents of plant resin, beeswax, and fats in the pink powder. The blue
powder contained only fat constituents (according to ASAP-IM-MS and LDI-MS). Both
coloured powders were probably prepared in a manner also used for the preparation
of oil paints [37]. The colourless powder consists of various glass materials, lead as the
glaze-forming ingredient, and possibly opacifiers. An obvious difference is observable
between the technology used by Hungarian Anabaptists from the 17th century [1] and the
potter from early 19th century Prostéjov, especially regarding the glazes and blue colour,
but it is possible that some parts of the glaze mixture from Prost&jov are missing. Some
minerals present in the potter’s powders, or crushed glass, must have been imported from
other parts of Moravia, Silesia, Bohemia, or elsewhere. Baryte (Ba5Cy), the source of Ba in
the blue powder, is known from several polymetallic ore deposits in the Bohemian Massif
such as Horni BeneZov, Zlaté Hory (then Zuckmantel) in Silesia (83 km from Prostéjov [42])
or the suburbs of Jihlava (110 km) in the Bohemian-Moravian Highlands. The latter
two sources comprise galena mineralisation [42,43], a possible source of Pb in the pink and
blue powders and the crushed glass. As major mining activities around Jihlava occurred
in the Middle Ages, the deposits from Zlate Hory (or elsewhere) are more likely to be the
sources [42] to have supplied the pottery masters in Prost&jov. This seems more likely,
as Zlaté Hory was a traditional source of chalcopyrite and other Cu-ores [44], potential
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colourants of the analysed pink powder. Apart from Zlaté Hory, a possible source of the
lead (litharge) is the deposit at Pfibram-Zlate hory, a major source of Central European
lead and silver in the 19th century [45], albeit somewhat distant from Prostéjov (225 km). If
green vitriol (FeS0y) was indeed used in the glaze mixtures, it could have been acquired
from any pit water of the mentioned deposits (i.e., Zlaté Hory or another). To the best of
our knowledge, this is the first study describing the composition of raw faience materials
by modern analytical techniques and the obtained results help to understand the early part
of the manufacturing process in the Central European region.

Supplementary Materials: The following supporting information can be downloaded at
https:/ fwww.mdpicom farticle /10,3390 /molecules27165205 /51, Figure 51: LDI-MS spectra of the
pink powder in positive ion mode, Figure 52: LDI-MS spectra of the blue powder in positive ion
mode, Figure 53: LDI-MS spectra of the blue powder in negative ion mode (full range), Figure 54
MS,/MS spectra of 4634858 Da in pink powder, Figure S5: M5/MS spectra of 491.5186 Dia in pink
powder, Figure Sé: WS /IS spectra of 319.5491 Da in pink powder, Figure 57: M5/MS spectra of
619.6385 Da in pink powder (a) and beeswax (b), Figure 58: MS/MS spectra of 551.4991 Da in pink
powder, Figure 59: MS/MS spectra of 579.5327 Da in pink powder, Figure 510: MS/MS spectra of
&07.5640 Da in pink powder, Figure 511: M5/MS5 spectra of 551.4991 Da in blue powder, Figure 512:
M5 /MS spectra of 579.5327 Da in blue powder, Figure 513: M5/MS spectra of 607.5677 Da in blue
powder, Figure 514: LDI-MS spectra of the blue powder in negative ion mode (zoomed range
250-270 Da; lock-mass correction using PbO,H™ clusters), Figure 515: LDI-MS spectra of the
blue powder in negative ion mode (zoomed range 280-290 Da; lock-mass correction using
PbH - clusters).
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Chemicka analyza vzorkd jantany

13.5. Chemicka analyza vzorkid jantaru

L. Kufera, P Bedndf

Rostlinné pryskyiice obecné tvrdnou [osilizadnim pro-
cesem, ktery zahrnuje oxidaéni a polymeraéni reakee,
plasobeni tlaku a mikroorganisma. Tyto viechny pro-
cesy se navic odehravaji pi rmznych teplotach a povétr-
nostnich podminkiach. Visledkem je poté tuha prysky-
fice s raznymi chemickymi a fyzikalnimi vlastnostmi,
kiere jsou dany druhem rosiliny, ze kieré pochdzi, geo-
dgrafickym pivodem a okolhostmi fosilizaéniho procesu.
Nejenaméjsi fosilni pryskyfici je jantar. Malé. ale chara-
kieristicke rozdily v chemickém sloZeni jantaru mohou
tedy pomoci uréit geografickou eblast pivodu jantara.
Jantar miZeme popsat jako slozitou smés organickych
a anorganickych latek, Kterd obsahuje peiblizng 80 %
uhlikeu, 10 % kysliku a 10 % vodiku. Dale jantar obsa-
huje stopové prvky jako napt. méd, Zelezo. sodik, vap-
nik, mangan, vanad, olowvo, hlinik, dusik a siru (Ander-
son — Winans 1921; Chen — Lu 20086).

13.5.1. Pouiité metody, analyzovany soubor
a vysledky analyz

Evchly vyvoj instrumentélni techniky v analytickeé che-
mii v poslednich desetiletich wmoinil virasne rozsicit
moZnosii studia chemického sloZeni jantarm, mimo jiné
i pro téely uréeni jeho geografického pavedu. V lite-
ratufe se maZeme seikatl s fadon spekiralnich a sepa-
raénich technik. Studovany byly moinost pouZiti Ra-
manovy spekiroskopie, rentgenové krystalografie, elelkt-
ronové mikroskopie, nuklearni magnetické rezonance,
plynové a kapalinové chromatogralie ve spojent s hrmot-
nostnim spektrometrem (Vandenabeele et al. 2003; Ma-
tuszewsion = Czojo 2002; Pakutinsidene et al, 2007; Senf-
tle — Larter 1988, Truicd et al. 2012, Havelcova et al,
2016). Zrejmé nejéastéji je viak pro priblizeni ptvodu
jantaru pouZivina infradervenad spekirometrie s Fourie-
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rovou transformaci [FTIR). Dle dostupné literatury
umoZnuje tato lechnika napfiklad urdit, zdali jantar
pochazi z blizkosti Baltského mote € nikoliv, a to na
zikladé pritomnosti past znamych jako _Baltské ra-
meénko”. Roezliseni baltského jantaru od jinych typa je
zaloZzeno na hypoléze, e maleridly z Poballi obsahuji
visoky obsah kyseliny jantarove [aZ 8 ), jejiZ signaly
se projevuji v IR spektru ramenem ve vWie uvedeng
oblasti vinoéta 1110-1250 em! (Beck - Wilbur — Merel
1964). Poznamenejme, #e Baltsky jantar je podle ky-
seliny jantarové (z angl. succinie acid) v nékteryeh 1i-
terarnich adrojich nazivan Sukcinitem (Gough - Mills
1972). V urcitych pfipadech v3ak mtze dochazet ke
Epainému urdéeni ne-Baltského janiaru jako Baltsky,
co# by mohlo byl zpasobeno pfitomnosti uréitého
mnoZstvi kyseliny jantaroveé ve vzorcich jantara, napf.
gedanitu (Stout — Beck — Kosmawska-Ceranowicg 1995),
romanitu [van der Werf et al. 2014) a goitschitu (Y-
mamoto el al. 2006). Jeslé problematicléjsi maze lo-
gicky byt snaha o pou#iti FTIR techniky pro podrob-
néjsi geografickou/geologickou klasifikaci napfiklad
v ramei Balltskych jantam. Problematicks je v télo
souvislosti zfejmé nizka selektivita techniky s ohledem
na velké mnofstvi chemicky miznych slofek pFitom-
nych v jantaru. Na druhou stranu, ziejmou vwhodou
této techniky je jeji neinvazivnost - touto metodou je
moEno méfit veorek pfimo, prakticky bez jeho ovliv-
ThéT.

V této kapitole jsme testovali moznosti FTIR techniky
pro analyzu a klasifikaci vzorkd jantar pochazejicich
z Litevského pobfefi. ruského povechového dolu Jan-
tarny. Mazurslofeh jezer a 2 dalgich regiont z oblasti Balt-
ského mofe. Pro detailngjsi charakterizaci jantarm jsme
dale vyvinull techniku zaloZenou na jiném frzikilng-che-
mickém principu., hmotnosini spektrometrii s lasero-
vou desorpei-ionizaci (LDI-MS).

Metodou infradervené spekirometrie bylo analyzo-
vano 41 jantarovych artefakti (tabela 65). Vezorky jan-
taru bwvly méfeny pomoci infracervendho (FTTR) spekiro-
metru s Fourierovou transformaci (FTIR spektrometru
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Nicolet 6700, Thermo-Nicolet) ve spektralnim rozsahu
4000-600 cm ', Byla pouiita technika zeslabené totalni
reflektance (ATR) a finalni spektra byla ziskiana akumu-
laci 32 jednotlivich namérenych spekter. Spektra byla
zpracovina programem Omnic (Thermo Fisher Scienti-
fic). U viech vzorkd jantami analyzovanych technikon
infracervend spektroskopie byl nalezen signal 1134
1142 em!, na jehoz zakladé a vySe zminéné hypotéze
o rozdilech v obsahu jantaroveé kyseliny bvly tyto vzorky
piifazeny do Ballské oblasti (.Baltské jantary™). Mezi
analyzovanymi veorky se nachazely ¢tvii roziadovace,
U viech &tyi vezorka byly nalezeny signaly ndalezejici
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Obr. 285, LD-WS spekira veorkd
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LJhaltskému raménku” poukazujici na baltsky plivod.
Nicmeéné vzorck 2/413 (Gervena linka) se od ostatnich
vzorkn ligil (signdl 1104 em!, vyznadeno Sipkou; obr
283). Tento rozdil mGze mit spojitost s plivodem janta-
ru [regiony v oblasti Baltského maofe), Na obrn 284 jsou
zobrazena spekira vidy jednoho zdstupee z kazdé ana-
Iyzovand skupiny - hrobu,

Fro podrobné&jsl charakterizovini jantarm byla na
nasem pracoviiti vwvinuia nova metoda s vwaZitim vy
sokorozlisujiciho tandemového hmolnosinfho spekiro-
metru s laserovou desorpeifionizaci (LDI-MS) v kom-
binaci s vicerozmérnou analyvzou (analvza hlavnich
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komponent, PCA). [ kdyZ je tato technika destruktivni.
tak mnozstvi potfebné k analyze je mensi nez hlavicka
béiného Spendliku (zhruba 4 mg; 1 x 1 x 1 mm). Princip
LDI-MS metody spoéiva v desorpel flonizacl latek ze
vzorku pomoci pulzniho laseru a nésledné akeeleraci
ionizovanych molekul do hmotnostniho spektrometru,
kde dochdz k méfeni jejich pfesné hmotnosti (presndji
pomérn hmoinosti k naboji, m/z), Naméfend spekirum
obsahuje velké mnoZstvi (lisice) signala z davodu pii-
tomnosti velkého mnoZsivi ionizovatelnych latek (obrn
285). Tyto signaly jsou vezhledem k velké selektivite
hmotnostni spektrometrie velmi dobfe rozliSeny. Veza-
jemné porovndani jednotlivieh signaln ve spekiru meszi
vEtEim mmneZstvim vzorkd je obtiZné a téZko pfimo in-
terpretovatelné a z toho divodu byl vwuZit potenciil po-
krofilého statistického zpracovini dat. Analyza hlavnich
komponent (PCA) byla po pfevedeni signala ve spek-
trech na datovou maticl pouZita pro necilené zobra-
zeni rozdilt a podolmnoesti mezi jednotlivimi vzorky.
Predbéind visledky LDI-MS analyzy surovych jantara
2z pobieii Ruska (Donskoe). Litvy (Palanga) a Polska
(Gdansk] a povrchového ruského doelu (Jantarny — obr
286: A) poukizaly na chemickou podobnost vzorkt ze
stejné lokality a soutasné na rozdily v sadach vzorki
z pobiedi Polska a ruského povechoveho dolu (segregace
vzorkl pfibliZné ve sméru prvni komponenty. PC1. obr
286: B). Vzorky z pobfezi Litvy a Buska jsou v PCA Score
plotu situovény v levé éasti a lze tedy uvazovat o jejich
urdéité chemické podobnosti. Vyjimkou jsou dva vzorky
z ruského pobfezi a jeden vzorek z pobrezi Litvy, které
jesou situovany v pravé éasti plotu. Tl veorky z Polska
jsou situovany na pravé strané PCA plotu (jeden na
levé), Podobnou situaci miZeme pozorovat | u vzorki
2 ruského povrchového dolu (15 vzorky jsou situovany
pomérné kompakingé na pravé strané PCA plotu a jeden
je 2z hlediska PC1 v poloze mezi obéma skupinami. Prvni
a druha hlavni komponenta popisuje 66,1 % variability
v datech,

Pokud do toho statistického modelu implementujeme
vezorky z archeologického prickumuo z lokality Mikulowvi-
ce u Pardubic (provedeme spolednou PCA analyzu na
vzorcich rozfadovadét a mikulovickyeh vzorkal), mizeme
stale pozoroval separaci ve sméru prvni komponenty.
Vetsina studovanych veorka se nachazi v klastru odpo-
vidajicimu lokalitim polského pobfefi a/nebo ruského
povrehového dolu (obr 286: C), ale nékolik veorka spada
i do regionu pobfe#i Litvy a Ruska, Jednd se o Sest
vzorki €. 2/78. 2/127, 2/199, 2/413, 16/30, 36/152.

13.5.2. Zavér

MNa zikladé FTIR méfeni a pfitomnosti Baltského ra-
ménka® ve spekiru lze vEechny studované jantary zafa-
dit do oblasti Baltského mofe, Na zakladé pfedbéznych
vysledkt 2 LDI-MS méfeni a analyzy hlavnich kompo-
nent pochazi pfiblizng 85 % vzorkt ze studevané shirky
jantari z oblasti polského pobicii a/nebo ruského po-
vrchového dolu [Gdansky/Kaliningradsky zaliv). Zhy-
lych 15 % jantarovych artefakta pravdépodobné po-
chazi z oblasti ruske-litevského pobfezi (Kursky zaliv).
Kombinace m&feni infralervenon spekirometrii a hmaot-
nostni spektrometrii s laserovou desorpei/ionizaci se
ukazuje byt perspektivinim nastrojem pro ziskani detail-
néjsich informaci o pavedu jantar, Jde o piedb&ing
vysledky, které budou doplfiovany a zpfesfiovany meé-
fenim dalsich vzorka, Vo soucasné dobé pracujeme na
propojeni dat 2 FTIR a LDI-MS a cross-validaci statis-
tického modelu. 148

L antof by radi podékovali Grantové agentufe Ceské republily
[projekt 17-173463) za finanéni podpora a dr. Sigité Baguia
ite-Talackiend (Palanga Muzeum, Litva) a Archeologickému
muzeu v Gdafiskn za poskytnutl vzorkhd surovych jantard
k analyze.
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Abstract: In this study, a soil from two ceramic vessels belonging to Corded Ware culture,
2707-2571 B.C., found in a cremation grave discovered in Central Moravia, Czech Republic,
was analyzed using matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS)
combined with advanced statistical treatment (principal component analysis, PCA, and orthogonal
projection to latent structures discriminant analysis, OPLS-DA) and by enzyme-linked
immunosorbent assay (ELISA), MALDI-MS revealed the presence of triacylglycerols in both vessels,
This analytical technique was used for the analysis of the soil content from archaeological ceramic
vessels for the first time. Targeted ELISA experiments consequently proved the presence of milk
proteins in both ceramic vessels, These results represent the first direct evidence of the use of milk
or dairy products in the Eneolithic period in Moravian Corded Ware Culture and help to better
understand the diet habits and living conditions of Eneclithic populations in Central Europe.

Keywords: ceramic vessels; laser desorption—ionization; mass spectrometry; milk; enzyme-linked
immunosorbent assay; Eneolithic period; Corded Ware culture

1. Introduction

The analysis of human cremations from archaeological burials is a very important part of
archaeological research that provides valuable information for a better understanding of former
populations” habits. However, this research is difficult in general, especially because of a high level of
bone fragmentation, size changes, thermal fractures and distortions, and possible artificial changes of
bones related to burial rite habits [1-4]. In such a situation, explicit sex assessment, age estimation at
death, population affinity, body size estimations, etc. are almost impossible. However, the obtained
information can be completed by a detailed chemical characterization of graves’ content accompanying
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human remains (i.e., ceramic vessels containing certain material, residues of food, personal things,
zifts, etc.),

Analysis of lipid residues present in ceramic vessels has already provided information about
vessels’ usage and former content. Analysis of isotope ratios of individual fatty acids adsorbed
in prehistoric and medieval ceramics using gas chromatography—combustion—isotope ratio mass
spectrometry (GC-C-IRMS) appeared to be an effective tool for the identification of fat origin [5,6].
The detection of milk residues in archaeological contexts was already described by many authors [7-10].
The oldest evidence of storage of milk products in pottery was described by Evershed et al. [11]
{by using GC-C—IRMS]). These authors analyzed more than 2000 archaeological samples from Near
East and Southeastern Europe, and milk lipids were detected in a wide range of historical periods, from
the seventh millennium B.C. The presence of milk lipids in ceramic vessels from the Neolithic period
indicates milking skills and usage of dairy products in this period. Compared with the published
studies dealing with the analysis of organic residues of milk adherent to the surface of a ceramic
vessel or soaked into ceramics from Copper Age (Turkey [12]), Bronze Age (England [7]), and Iron Age
sites (MNetherlands [13], Scotland [9]), more ceramic vessels or shreds containing milk are found from
the Meolithic period, e.g., ceramic vessels from Sweden [14], Anatolia [15], Slovenia [16], France [17],
Switzerland [18], England [19,20], Germany, and Italy [21,22]. GC-C-IRMS is the method mainly used.
However, there are some papers dealing with the detection of milk lipids in archaeological ceramics
by direct temperature-resolved mass spectrometry and nanoelectrospray mass spectrometry [13,17].
Matrix-assisted laser desorption/ionization—-mass spectrometry (MALDI-MS) has been used for the
study of milk residues mainly in paintings, especially for the analysis of proteins after trypsin digestion
and lipids [23-30]. Besides, MALDI-MS was used for proteomic analysis of a compact organic residue
found inside a more than 4000-year-old container [7].

Another promising possibility for the exact determination of organic matrices (i.e., milk, etc.)
is the utilization of immunological tests. In archaeological samples, thermostable native as well as
modified (partially degraded) proteins are found. On the other hand, many factors limit antibody
tests applicability when dealing with archaeological material. TPossible cross-reactions [31,32],
degradation of proteins resulting in antigen binding—nonspecific reactions in ELISA tests [33],
and contamination from surrounding areas are the main risks that need to be kept in mind
when analyzing non-collagenous proteins from human and other mammal samples of modern
and ancient origin [34]. Nevertheless, following a proper experimental design including sufficient
reference samples and a reasonable amount of native proteins in the organic residues under study,
the commercially available ELISA kits can be used with an acceptable degree of reliability. This has
been already shown by the analysis of animal proteins in Neolithic samples (i.e., detection of heat-stable
species-specific muscle proteins) [35]. Besides, it is possible to utilize antibody tests targeted specifically
to denatured proteins that provide reliable results with a high selectivity. A wide range of detection
tests based on an immunological reaction that were developed for the identification of various
components in heat-treated foods are commercially available today. This category of commercial
tests is purposefully designed to work with degraded traces of biological tissues in the food industry
and they are undergoing a rigorous evaluation of their ability to correctly detect the ingredients in
processed food [36]. Tt can be emphasized that their suitability for archaeology has been already
proven by the identification of damaged and denatured proteins in desiccated and partially carbonized
organic residues from antiquity [37].

The usage of milk by prehistoric populations is problematic and still not well explained. Analysis
of ancient DNA (aDNA) shows that almost all people at the time {i.e., populations living in (E)MNeolith)
failed to digest lactose in adult age [35—40]. Currently, in Europe, only a single mutation of the lactase
gene, called 13910 * T, allowing to digest lactose in adulthood was found. This supports the idea of
the spreading of this mutation from one area [41]. The 13910 * T mutation was mainly detected in
samples from the Late Bronze Age and Hallstatt period [38-40]. The mutant allele allowing lactose
digestion occurred in Europe even before the Bronze Age, but its geographical distribution is uneven
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{e.g., in Scandinavia, where the hunter-gatherer economy prevailed, the mutant allele’s frequency in
the population was 5% in the analyzed assemblage). The prevalence of the mutant allele allowing the
digestion of lactose in contemporary humans is about 35%, and, in some North European populations,
it is up to 90% in adults [42]. The milk of dairy animals as a complex admixture of many important
nutrients—proteins, fats, minerals, vitamins, and others [43]—is a nutritionally beneficial food and
after natural fermentation {without any complex cultural addition} it can be digested even by lactase
activity-deficient people [44]. Based on the above-mentioned evidence, we hypothesize that milk
served as food in Neolithic—Eneolithic Europe, but not in fresh form. To decrease the amount of lactose,
milk processing could be used, i.e., fermentation and /or heating [44]. Therefore, molecular genetic
event(s) in the evolution of lactase persistence in adults might be a secondary by-product of herding
dairy animals. Anthropological reconstructions [45] showed that dairy product consumption and
adoption by human cultures preceded the evolution of lactase persistency by thousands of years
{milking came first, lactose digestion followed) [46]. Additionally, using milk in nutrition might have
been important not only for nutritional purposes. For example, the fermented milk products might
have positive health effects to gut microbiota during nomadic movements over long distances and in
diverse environments [47]. Therefore, the direct detection of milk proteins and lipids in archeologically
excavated vessels might be, in our opinion, a much better indicator of the time in prehistory of
dairy product adoption for human persistence and economic strategies than any molecular genetic
estimations of the evolution of lactase persistence.

In this contribution, the content of two archaeological ceramic vessels from a grave belonging to
the Moravian Corded Ware culture was analyzed by matrix-assisted laser desorption/ionization-mass
spectrometry (MALDI-MS) and enzyme-linked immunosorbent analysis (ELISA). To the best of our
knowledge, this is the first time that MALDI-MS is used for the analysis of ancient milk fat residues
from the soil content of ceramic vessels. Lipid profiling by MALDI-MS revealed the presence of
milk residues in the bottom soil layers of the excavated vessels. The subsequent ELISA experiments
confirmed the occurrence of milk proteins. Both methods thus mutually confirmed the presence of
milk or dairy products in the investigated vessels. Information about the utilization of milk products
in the Eneolithic period in Central Europe is of key importance for the description of the Eurasian
population’s migration at that ime and the expansion of lactase gene mutation,

2. Results

The soil extracts were analyzed by MALDI-MS, and the raw data were transferred to a statistical
software and studied by PCA, HCA, and OPLS-DA. Figure 1 shows the score plots (PCA) of
MALDI-MS data obtained by the analysis of acetone extracts of separated soil layers (for details
see Experimental, Chapt. 3.2). A distinct segregation of the bottom samples (5th layer) from the upper
ones (1st=3rd laver; 4th layer not considered) was observed in ceramic vessel no. 4. Each sample was
measured in three chemical replications represented by three points of particular color (Figure 1A).
A similar pattern could be observed in the soil extracts taken from vessel no. 5 (Figure 1B). Here,
the 4th and 5th layer significantly segregated from the upper layers. Hierarchical clustering was used
to study the similarity of specific layers. Figure 1C,D shows the dendrograms of the relationships
between the soil extracts of ceramic vessels no. 4 and 5. Generally, the soil samples from the 4th
and 5th layers of both ceramic vessels were located in separated clades (i.e., leaves 4 and 5 were
dissimilar to other leaves, with the exemption of two measurements of layer 1 in vessel No. 4 that were
probably due to a higher data dispersion visible in the related PCA plot). Both multivariate methods
pointed out a significantly different composition of the bottom layer(s). MALDI-MS combined with
multivariate statistics was thus a sufficiently selective tool to differentiate particular samples of soil
based on variances in chemical composition. The first two components explained 61.7% {ceramic vessel
no. 4) and 654% (ceramic vessel no, 5) of the variance in the data. Note that cumulative proportion
of variance with third and fourth component explained 75.5% and 81.0% of the variance for ceramic
vessel no, 4 and 75.5% and 79.9% of the variance for ceramic vessel no. 5, respectively (Supplement 4).
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Figure 1. Score p]ntﬁ and dmm{imgrumﬁ of MALDI-MS data measured in acetone extracts of five soil
layers from ceramic vessels noe, 4 (A,C) and no. 5 (B,D), respectively.

The following analysis of the data by OPLS-DA provided signals of significant markers describing
the main differences between the upper and the bottom layers of soil in the vessels. Markers
{Le., compounds present in the bottom layer in significantly higher amounts than in the upper layer)
with the highest variability and reliability at the same time were taken from a low-risk region of an
appropriate S-plot (Supplement 3). For our purposes, the low-risk region was defined as a box with
the following coordinates: p[1] = 30-100% and p[2] = 75-100% from the highest value on the y-axis
and y-axis, respectively, as already reported [42]. Table 1 shows significant markers of the bottom
soil layers taken from ceramic vessels no. 4 and no. 5. A manual inspection of appropriate MALDI
mass spectra supported the significant differences in those signals, evidencing the functionality of
the used OPL5-DA method. The most significant signals (taken from the appropriate S-plot) were
observed in soil from pottery no. 3. (soil from the fifth, bottom layer compared to the first, upper layer).
The differences between two adjacent signals corresponded to the CH» group homological increments
(i.e., Am/z(1) = 687.4951-673.4508 = 14.0143; Am/z(2) = 14.0163; Am/z(3) = 14.0172) and oxygen
{Ami/z(4) = 15.9721). These signals corresponded to potassium adducts of triacylglycerols (TAGs).
A good agreement of the theoretical mass of the proposed elemental compositions with the measured
values was observed. Picariello, Sacchi, and Addeo studied TAGs in various (recent) animal fats (lard,
tallow, and milk fat). Particular signals of TAGs were observed in the form of sodium adducts solely in
the bovine milk sample and not in the other fatty materials (i.e., m/z 657.5, 685.5, 699.6, 715.6), and,
after recalculation of the sodium adducts m/z values to the corresponding potassium ones, a good
agreement with our signals was observed [49]. On the basis of this agreement, the markers found in
the bottom soil layers of both ceramic vessels were attributed to organic residues of dairy products.
Similar signals were observed in the bottom layer of the vessel no. 4. Note that other (higher) TAGs
were also found in the spectra from ceramic vessel no. 4, i.e, m/z B29.7618, 855.7787, 925.7029, 939.7148,
953.7241, 967.7419, and from ceramic vessel no. 5, L.e., 829.7870, 835.5690, 8795928, 923.4188, 951.6760,
967.6469 (Figure 2). Note that m/z values of statistically significant triacylglycerols (TAGs) discussed
here represent the average values taken from three MS spectra (repeated measurements).

The presence of fat residues in both vessels was further confirmed by targeted immunochemical
tests. Results of specific ELISA tests on native B-Lactoglobulin (Table 2) confirmed the presence of
milk protein residues in the bottom soil layer of vessel no. 5. A significantly positive reaction was
observed (dual wave data, dwd: the difference at the two wavelengths of 450 and 650 nm was 0.044;
the dwd of the negative control was 1.320). On the other hand, B-Lactoglobulin was not found in
the soil from the bottom of vessel no. 4 (values approaching to negative control and dwd 1.812 were
obtained). The presence of dairy products was also tested by casein ELISA kit. A positive reaction
was observed in both studied vessels. Note that a weaker positive reaction was also observed in the
reference soil sample from the surrounding area. Values of 0.13 and 0.17 {i.e., close to the value of
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1.2 corresponding to 0.5 mg,/kg of casein standard) were obtained that were significantly lower than
the value determined for both vessels, These data confirmed the presence of dairy products in both
ceramic vessels. The usage of dairy products in ancient diet has already been proved by many authors
{analysis of organic residues of dairy products adherent to a surface of a ceramic vessel or spaked into
ceramics) [15,16,21]. It can be emphasized that this is the first application of MALDI-MS to analyze
ancient milk fat residues in the soil content of ceramic vessels.

Table 1. List of the most significant markers of the bottom soil lavers taken from the two studied vessels.

miz CN/DB Theoretical Formula dtm (mDa)
Ceramic vessel no. 4 6734879 362 CagHpp Oy K =70
687.5005 372 CyHpOgK -39
701.5178 g2 CiHeg s K —5.6
715.5337 32 ChaHpg O K ~5.8
731.5103 39:2 CaHz 7K 12,5
Ceramic vessel no. 5 6734808 36:2 CagHrpOsK 0.1
£87.4951 372 CypHrOsK 1.5
701.5114 38:2 CHpg O K 0.8
715.5286 392 CynHrg O K =0.7
731.5007 39:2 CyaHpeHK 22.1

CMN: carbon number, equal to the tolal number of carbon atoms of the three fatty acid moieties; DB: number of
double bonds; dtm: difference of measured mass from that calculated for a particular elemental compaosition.
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Figure 2. MALDI-MS spectra of acetone soil extracts from ceramic vessels no4 (A B) and no_ 5 (C,D).
The presented spectra represent one measurement of the 1st (A,C) and 5th (B,D) layers.

Although milk was part of ancient diet, it is questionable whether populations in Eneolith were
already able to digest lactose (milk sugar). Recent findings from Hungary focused on the [ron Age
show a possible milk consumption by nomads, based on the proven genetic proximity of the Hungarian
population to eastern populations [39]. Nomads from the Late Bronze and Iron Age living in this
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region usually belonged to the Indo-European historical Cimmerians [50]. However, it is still unknown
when and where the European mutation arose. In this sense, the presence of bovine milk products from
the end of the Eneolithic period in Moravia discussed and confirmed in this paper is extraordinarily
important and evokes the need of a more proper genetic research of ancient remains.

Table 2. Results of the casein sandwich ELISA test and of the cattle B-lactoglobulin {FLG) competitive
ELISA test used for the analysis of bottom soil layer samples taken from the studied vessels.

Casein (ppm) Evaluation Cakile BLG Evaluation
{ppm)
Megative control 0.02 0 132 0
Positive control g2+ + (L0271 +
Ceramic vessel no.d .36 . 1.81 0
Ceramic vessel no.5 0.52 + 00444 +

+: positive, (: negative, * 0.5 mg,/ kg of casein standard, ** 10 mg,/kg of BLG.

3. Materials and Methods

3.1. Archaeological Description of the Inspected Cremation Grave

The investigated cremation grave was discovered during a rescue excavation close to the village
of Drzovice (Prostéjov, Central Moravia, Czech Republic, Figure 3) in the years 2014-2015. Five graves
were found at the burial ground. The soil from two ceramic vessels coming from a grave denoted H4
was analyzed. The detailed archaeclogical description of the excavation close to the village of DrZovice
is presented in a paper by Fojtik [51]. The two ceramic vessels were described as a pair of Corded
Ware beakers (ceramic vessel no.4 and no.5 with volumes of (1L.8 and 0.6 L, respectively) with imprints
of cord (circumferential grooves and a combination of inclined cuts on the neck). Beside the studied
vessels, bone industries represented by a pair of massive chisels (radius or metapodium? Bos faurus,
Supplement 1), a bone tip and awl (shinbone of medium-large mammal, presumably from sheep or
eoat, Supplement 2}, and a worked tube bone (radius of sheep or goat, Supplement 2} were found
in the grave. The presence of those bones illustrates the circumstances of the funeral, and they are
described in more details.

The cord beakers with a sigmoid profile and the classic form of a jug of Dfevohostice type
{CD1: variant Dievohostice) belong to the earliest period of the Moravian Corded Ware culture (MCW;
phase [IIa). The exact dating was performed by the radiocarbon method (Beta Analytic Radiocarbon
Dating, Miami, USA) on a bone chisel found in the grave. The high-Probability Density Range Method,
Intcal 13 was used, and the period of the bone material was determined to be in the ranges 2707-2571
B.C. (probability, prob = 62.3%), 2863-2807 (prob = 22%), 27592717 (prob = 9.9%), and 2513-2503
(prob = 1.1%). These data confirm that the bone chisel and consequently the grave belong to Eneolithic
period. A particularly interesting item in the grave is a small bony tube (length: 94.75 mm; width
14.02 mm; outer diameter 14-15 mm, inner diameter 7.45-8.92 mm). This type of artefacts was
found in Central Europe in the tombs of several groups of Corded Ware culture. Bony tubes could
come from the earlier Eneolithic cultures in southern Ukraine and Pribajkali. The recent finding
of a damaged and perhaps incomplete bone tube with a hint of engraved decoration in the late
Jevigovice culture settlement at Kroméfiz 3-Mituivky could confirm the relationships of this tube to
East (South-East) Europe.

The anthropological analysis followed the already published recommendations for the assessment
of human cremated remains [52-54]. Most of the fragments ranged in color from light grey to white and
were classified accordingly into the category of burning temperature 900 “C or higher [55]. Preserved
parts of skulls indicated that the burial content represented remains of (at least) two human individuals,
which was also supported by the weight of the bone fragments (2,146.6 g) [53,56]. One preserved
third molar indicated that the age at death of one of the individuals was at least 18 years [57]. Skeletal
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fragments (pieces larger than 2 mm} were measured by means of the original semiautomatic metric
procedure developed by Polcerova [58,59], The lateral angle values measured in the preserved pyramid
of the temporal bone ranged from 54° to 62°, which is in the zone of variation occupied predominantly
by females in the reference sample [60]. To sum up, the grave H4 represented remains which were well
burmed during regular cremation and contained skeletal and teeth fragments of two or more humans
of whom at least one was an adult and at least one was a female (for more details see Supplement 3).

WP 2B5925
et iivd

Figure 3. Place of rescue excavation (A), five ceramic vessels in the grave (B), and drawing of ceramic
potteries and bone tools (C).

3.2. Sample Preparation

The ceramic vessels were compact but with visible cracks. The sherds were gently removed,
and the internal part of the ceramic vessel (soil) that remained in a compact piece with the shape of
the vessel was carefully reinforced by food plastic foil and transported to the laboratory. The soil
material from the ceramic vessels was divided manually by a big knife in the vertical direction into
five equal parts. Each part was consecutively extracted with four solvents with different polarity and
acidity, i.e., water, 0.05% ammonium hydroxide in methanol, 1% formic acid in methanol, and acetone,
providing the extraction of a wide number of chemical structures. All chemicals were purchased from
Penta Ltd. (Prague, Czech Republic). The individual extracts were filtered through cellulose filter paper
{black label, pore size 7-8 um, Schleicher & Schuell A.G., Feldmeilen, Switzerland) and concentrated to
a defined volume of 1 mL using a fine stream of nitrogen. The aqueous extracts were concentrated by
lyophilization to the same volume. The concentrated extracts were subjected to analysis by MALDI-MS
(experimental parameters are given below).

3.3. Matrix-Assisted Laser Desorption/Tonization-Mass Spectrometry and Mulfivariate Data Analysis

MALDI-mass spectrometry was used for a non-targeted analysis of the extracts of the soil content
of both vessels. A Synapt G2-5 high-resolution tandem mass spectrometer (Waters, Milford, MA, USA)
with a vacuum MALDI source and a hybrid QqTOF type of mass analyzer with integrated two collision



Molecudes 2018, 23, 3247 fof 12

cells and one ion mobility cell was used. Two microliters of sample extract were applied on
MALDI target plate, and after solvent evaporation, the formed residue was covered by the matrix
solution. As matrix, 2.4,6-trihydroxvacetophenone (THAF, Sigma-Aldrich, St. Louis, USA, dissolved in
acetonitrile/water (1.1, /v, at a concentration of 25 mg/mL) was used. This matrix is appropriate for
lipid analysis by MALDI-MS technique [61]. The following parameters were chosen for of MALDI-MS5:
Mass range: 50-2000 Da, ionization mode: positive, MALDI extraction voltage: 10V, hexapole bias:
10V, laser: 1 kHz, Nd:YAG solid state, 355 nm wavelength with variable pulse energy, 50 1] @ 1000 Hz,
pulse width 2 ns, peak power 25 kW, laser energy: 450 (arb). MassLynx 4.1 (Waters) software was used
for data collection.

The obtained MALDI-MS data were processed by MarkerLynx X5 software, optional part of
MassLynx, allowing extraction, normalization, and alignment of m/z values and intensities {formation
of data matrix from raw MALDI-MS5 spectra). The method parameters were set as follows: Analysis
type: Combined scan range, peak separation: 0.05 Da, marker intensity threshold: 1000 counts.

Logarithmic transformation was applied. The transformed data matrix was transferred to freeware
environment for statistical computing R-project, version 3.5.0 [62] and studied by principal component
analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA)
(package "muma"” [63]). Pareto scaling was used. The outputs were evaluated in the form of
appropriate biplots and S-plots. For hierarchical clustering analysis (HCA), the default package
“stats” was used. The complete linkage algorithm was applied on the data [62].

3.4. Enzyme-Linked Immunosorbent Analysis

The soil samples from the studied Eneolithic ceramic vessels were tested for the presence of dairy
products from cattle. Tests were made using BIOKITS BLG (p-Lactoglobulin, BLG) Assay kit (Neogen
Corporation, MI, USA) and R4612 RIDASCREEN Fast Casein (R Biopharm AG, Germany). We used
the competitive enzyme-linked immunosorbent assay (ELISA) test. In total, 2 mg of crushed and
grinded sample was mixed with 150 ml of extraction buffer {Allergen extraction buffer without additive,
concentration 1:10), mixed vigorously using a vortex, and put for 10 min into a water bath thermostated
at 60 “C. After incubation, the sample was cooled down (ice water) and centrifuged for 5 s at low
speed (1000 RPM). Then, 100 uL of supernatant was used for the ELISA test. The procedure followed
the protocol suggested by the kit producer [64]. BLG-biotin was added to the extract solution as the
secondary antibody [38]. Measurements were done on a microtiter plate using ELISA competitive test.
Megative reactions were revealed by a specific color (bright vellow). The labelled antigen competed for
the primary antibody binding sites with the sample antigen (unlabeled). The samples were measured
using an ELISA reader VERSAmax™ (Molecular Devices, San Jose, CA, USA) at 450 nm.

4, Conclusions

Matrix-assisted laser desorption/ionization-mass spectrometry combined with multivariate
statistics revealed signals belnnging to triac}rlgl}fcemls in two ceramic Corded Ware beakers with
volumes of 0.8 and (1.6 L. Those signals corresponded well with milk fat components formerly found
in recent samples. This is the first application of matrix-assisted laser desorption/ionization—-mass
spectrometry for the analysis of milk fatty residues in ancient ceramic vessels. The enzyme-linked
immunosorbent assay proved that the fats in both ceramic vessels originated from dairy products
(i.e., positive reaction with casein). Moreover, the ELISA analysis of the soil sample from one Corded
Ware beaker (0.6 L) provided a positive response in the B-Lactoglobulin assay. We can suppose that
ceramic vessel no. 5 served for storage of bovine milk or dairy products. These results represent the
first direct evidence of the utilization of milk products in the Eneclithic period in Moravian Corded
Ware culture. Our data related to the utilization of milk in the Early Neolithic-Eneolithic period in
Easter Central Europe (the Central Danube Region) significantly extend the former evidence of dairy
products usage in Western Central Europe {Germany, Switzerland).
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ARTICLE IMNFO ABETRACT

Recently, the phenomena of red staine defects was found on historical and modern golden eoins around the world.
Thiz “Gold corrosion”™ can be the reason for reduction of coin value, especially of modern high-premivm coins,
Geld In such modern investment coins, the contamination of the surface by micrescopic pariicles of meiallic silver is

Keywards:
Carroslon

::':;“'EE‘I reported to be a common canse of such staing, Corraslon of these particles (or even back reduction) is assoclated
Mint?:?gng with a distinct change of colour. In the case of historical coins, this relatively simple explanation does not respond

in some cases. The submitted study is dealing with analysis of red stains on of Austro-Hungarian gold ten crowns
coing, which served as a common part of circulating currency, They were therefore minted in thousandsmillion
pleces by standard procedures each vear. 1t is therefore quite logical that these coins can have different mech-
anisms of red spots formation than modern high-premium coins. Red stains on Austro-Hungarian coins were
analysed by the means of light (LM} and digital microscopy (DM), energy-dispersive X-ray spectroscopy (EDS],
energy dispersive Xoray fluorescence spectrascopy (XAF), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XP5), Masshauer spectroscopy, Xeray powder micro-diffraction (p-XRPD) and Raman microscopy,
The EDS, XRF and XP5 analysis points to the presence of iron and oxygen in red stains, no silver or its corrosion
products were detected. The exact determination of red stains was done by p-XRPD and Raman microscopy where

an iren(TI} exide-hydroxide (Goethite) was found as main product.

1. Introduction

In recent years, the phenomena “Gold corrosion™ was studied in more
details. All these studies provide direct evidence that the corrosive spots
are mainly formed by silver sulphide (Ag.5) and in some cases silver
oxide, silver chloride, silver sulphate or copper sulphide [1-10]. This
conclusion is in good agreement with the long term generally accepted
hypothesis about the possible origin of these unwanted stains [1]. Note,
that authors [9] detect next to silver and copper also traces of iron in red
stain, Mevertheless, the iron was taken as a contamination rather than
a main corrosion product [9]. All these published results are contrary
ter the fact, that the spots cannot be always eliminated by conventional
treatment, i.e. solution of 20 % citric acid in water, 25 % ammonium
solution or mixture of concentrated potash and sulphuric acid in ratic
1:2 (v/v) [1]. The fact that many modern gold coins of high fineness
(Au 995.9) are after some time affected by red spots as well as the his-
torical ones (hundreds of vears old) shows that later formation of these
spots is not necessarily connected with silver present in the alloy. The

most probable origin of red spots on the surface of gold coins is pushing
of tiny silver particles into the gold matrix during the machining oper-
ations (milling, rolling or punching)l. Consequently, the silver is trans-
formed to AgsS by sulphide compounds (Hy8 and related compounds)
or to Ag.50y [3,6,8]. MNote, that besides oxidization of silver and for-
mation of related corrosion products on the surface of gold coin also
the reduction of these compounds due to the photochemical processes
and formation of thin layer of pure silver can oceur. Red colour of these
spots is caused by interference phenomena. The red stains were already
found on historical and modem golden coins around the world, Those
defects can highly affect the value of modem gold coins, especially in the
production of modern high-premium coins (high value collectible and
investment coins), and additionally the coins are in some cases marked
as copy due to the red stains on the surface. The crucial problem is that
it takes long time (usually several vears) to make these spots visible,
Coins therefore leave the mint or distributor's stores seemingly defect-
free, and stains are latent. When the stains will occur on purchased
gold coins in the hands of the customer, the usual argument of retail-
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Fig. 1. Three Austro-Hungarian 10 Corona (Vienna mint) dated 1897 (A, B)
and 10 Korona 1905 (C, D) and 1907 (E, F) (Kremnlea mint). The false-colowred
pictures B, D, F present highlighted places affected by corrosion (purple) (For in-
terpretation of the references to color in this figure legend, the reader is referred
o the web version of this article. ).

ers and mints is that this was due to improper handling or improper
storage. However, this is only an excuse, the presence of these impu-
rities means a technological error in coins production, pure 0,999 gald
coins could not show corresion even after removal and improper slorage
or handling. Highlight that, red stains were also found on investment
gold coins closed in the original etui (placed in directly in mint) that
never were taken out. At present, the mints are aware of their miscon-
duiet by supporting varlous studies and are trving to implement control
measures [0 varying degrees, Different studies identically recommend
the same precaution - total separation of gold and silver coinage [3,8].
Other recommendations include enhanced air qualicy control and micro-
seopie metal particle filtracion [7], In presented study, “corroded™ gold
coins were characterized by energy dispersive X.rav fluorescence spec-
troscopy (XRF), visible light (L) and digital (DM) microscopy, scan-
ning electron microscopy combined with energy-dispersive X-ray spec-
troscopy (SEM/EDS), X-ray photoelectron spectroscopy (XPS), Raman
microscopy, X-ray powder micro-diffraction (u-XRPD), atomic force mi-
croscopy [AFM) and Misshauer spectroscopy to point out on the new
origin of red stains,

2, Experimental
2.1, Coin under study

The studied material consist of three Austro-Hungarian gold ten
crowns codns dated o 1897, 1905 and 1907 (Fig. 1), which served
as a common part of circulating currency, that were minted in thou-
sands/million pieces (specifically the mintage amount was for 10 C
1897: 1,803,000 pleces, 10 K 1905: 868,624 pleces and 10 K 1907:
752,217 pieces). Parameters of all coins were as follows: diameter
19 mm, thickness 0.9 mm, weight 3.39 g, purity Au 9001000 (gold-
copper alloy), Austrian 10 C was minted in Vienna mint (Fig. 1AB) and
Hungarian 10 K in Eremnica mint (Fig. 1C-F). For completeness it is
worth noting that the parameters of gold circulation coins differed in
different countries in 19th and 20th centuries, but the purity of (0.900
was usually the same for these coins intended for ordinary payments,
Likewise, the technology used to produce and mint these coins was com-
parable in most mints at that time.

2.2 Scarming electron microscopy combined with Energy-dispersive X-ray
spectroscopy (SEM/EDS)

Measurements were performed by ZEISS EVO LS 10 (Carl Zeiss Mi-
croscopy GmbH, Jena, Germany), The EDS analysis was performed us-
ing SEM-EDS with energy-dispersive analyser OXFORD X-Max 80 mm®
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{Oxford Instruments, Abingdon, United Kingdom). The detection limit
of major and minor elements is 0.1 %. Analysis parameters: Acceler-
ating valtage 20 kV, working distance 12 mm, detector dead time ap-
proximately 50 %, effective acquisition time 100 s, average count rate
10,000 cps, beam current 7.5 nA. Quantitative calibration was per-
formed on the silicon monocrystal. The measured data were analysed
using Oaford AZtec software, the accuracy of measurement is (L5 wi %,
with the exception of carbon and oxyeen. These elements can be de-
tected qualitatively but with limited gquantitative value. This is due to
the built-up effect of carbon and oxvgen compounds on the analysed
sample in SEM. The typical margin of error for these elements is there-
fore approximately 3 wit %

2.3, Light (LM) and digital microscopy (DM)

Surface analvsis of golden coins was performed in terms of light op-
tical microscopy (LM, ZEISS Stemi-20000C light optical microscope with
additional light scurce was used for the coins observation. Surface ob-
servation was performed on ethanol cleaned coins using the additional
light source for surface relief and colour differences revealing. The dig-
ital optical microscope (DM) VHX-3000 (Kevence, Japan) was used for
image acquisition. A high-resolution zoom lens (VH-Z500R) was used to
obtain images with the following parameter settings: 3D Image Stitch-
ing with a pitch of 0.2 pm was used as the capture mode, magnifica-
tion ranged from 1000-5000x, for the analysis of the images was used
Keyence image acquisition software.

2.4, Atomic force microscopy (AFM)

AFM measurements of coin topography and surface potential were
performed using Dimension Icon atomic force microscope (Bruker),
equipped with Kelvin probe force microscopy (KPFM) module. Topog-
raphy was obtained in Tapping Mode and surface potential was mea-
sured in Tapping Mode combined with LiftMode using amplitude mod-
ulated KPFM (KPFM-AM). Both operations were carried out with elec-
trically conductive SCM-PIT-V2 antimony doped silicon probe, coated
in platinum-iridium, with resonance frequency 50-100 kHz and spring
constant 1.5-6.0 N m~!. The data were processed using NanoScope
Analvsis software (all Bruker Corporation, Billerica, MA, USA).

2.5, X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out with Axis Ultra DLD spectrometer
(Schimadzu, Japan) using a monochrematic Al Ka (hv = 14867 eV)
X-ray soiiree operating at 150 W (10 maA, 15 kV). The spectea were ob-
tained using an analysis area of approx. 300 x 700 pm. The high reso-
lution spectra were measured with the step size 0.1 eV and 20 eV pass
energy. Instrument base pressure during the measurements was con-
sistently at 21079 Pa. Speetra were analyzed using Casa¥PS$ software
(version 2.3.15) and have been charge corrected to the main line of the
carbon C 15 spectral component {C-C, C-H) set to 284.80 eV, A standard
Shirley background was used for all sample spectra,

2.6, X-ray powder micre-diffraction (u-XRPD)

Diffraction patterns were collected with a PAMalytical X'PertPRO
diffractometer equipped with a conventional X-ray tube (Coy, radia-
tion, 1.7890 A, 40 kV, 30 mA, point focus). A glass collimating mono-
capillary with the length of 165 mm and the exit diameter of 0.1 mm
was used in the primary beam, A multichannel position sensitive detec-
tor X'Celerator with an anti-scatter shield and the Fe beta filter was used
in the diffracted beam. X-rav patterns were taken between 4 and 80° 26
with 0.0334° step and 2,200 5 counting time per step that produces to-
tal counting time of about 11.25 h. Patterns were not pre-treated before
interpretation, as no background correction was needed. Qualitative-
phase analysis was performed using HighScorePlus software package
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(Malvern PANalytical, the Netherlands, version 4.8.0) and the current
PDF4+ database [11], More details about the experimental procedure
has been published by Svarcovd et al. [12,12). Estimation of weight frae-
tions (quantitative phase analvsis) was performed wsing the Rietveld
method. The Profex / BGMN code was used for all calculations [14].
Structural models were taken from the PDF4+ database [11].

2.7, Raman microscopry

The selected areas on gold coins were analvsed using DXR2 Raman
microscope (Thermo Scientific, MA, USA) in imaging mode, The pa-
rameters of measurement were as follows: Laser 785 nm, laser energy
10 mW, aperture 50 pm 5lit, collect exposure time 2 5, sample exposures
16, step in X-Y dimension 20 pm, objective with magnification 10,
thermoelectric-cooled CCD detector. The data were measured and eval-
vated in Omnic 9 software for Dispersive Raman microscopy (Thermo
Scientific, MA, USA).

2.8, Energy dispersive X-ray fluorescence spectrometer {ED-XRF)

An elemental analyser SPECTRO XEPOS energy dispersive X-ray fu-
orescence spectrometer (SPECTRO Analvtical Instruments GmbH, Kleve,
Germany) equipped with a 10 mm? Si-Drift Detector with Peltler cool-
ing and a 75 um Be side window was emploved, The instrument uses a
Pd-target end window tube at a maximum power of 50 W and a maxi-
mum voltage of 50 kV, Spectral resolution of the instrument (FWHM) is
< 170 eV for Mn K (measured under input count rate 10,000 pulses),
SPECTRO XEPOS was operated and data were evaluated by means of
the software Spectro X-Lab Pro, Version 2.5. For light elements excita-
tion (Mg-V, tube voltage 24,82 kV, tube current 1,00 mA, measurement
duration 200 5, impulse rate = 16,775 cps, relative dead time < 10.6 %,
peak time 2 ps, gain 12.5 eV channel~!, zero peak rate 5000 cps) HOPG
(Highly Oriented Pyrolithic Graphite) crystal target was used. For heav-
ier elements determination Mo secondary target (Cr-Y, Hi=U, tube volt-
age 44.70 kV, tube current 0.55 mA, measurement duration 200 s, im-
pulse rate < 26,382 cps, relative dead time < 15.4 %, peak time 2 ps,
gain 25.0 eV channel -', zero peak rate 5000 cps) and Al 04 polarisation
target (Zr-Ce, tube voltage 49.16 kV, tube current 0.50 mA, measure-
mient duration 400 &, impulse rate < 667 eps, relative dead time < 0.9 %,
peak time 2 ps, gain 50.0 eV channel ™!, zero peak rate 5000 cps) was
used, Samples were measured in vacuum using the so-called Turboquant
methed (fundamental parameters method).

Iin the case of analysis of small areas, an aperture of pure malybde-
num sheet (99.9% Mo, 3.6 x 3.6 cm, 0.1 mm thickness, Koch-Light
Laboratories Ltd., Colnbrook, Buckinghamshire, England) with an ap-
proximately square gap with area of 10,5 mm? was used to accurately
demarcate analysed area. The aperture was placed directly on the coin
surface and fixed with adhesive tape to prevent unwanted movement,

2.9, Misshauer spectroscopy

Backscattering 7 Fe Mossbauer spectrum was measured by a system
emploving MS96 Mosshauer spectrometer [15] operaling in a constant
acceleration mode and equipped with a ®" Co(Rh) source at room tem-
perature. The gas proportional counter, which registers 6.3 keV conver-
ston x-ray, was used for accumulation of backscattering spectra. The ac-
quiired Méssbauer spectea were evaluated using the MossWinn software
program [16]. The isomer shift values were referred to the centroid of
the spectrum recorded from an a-Fe foil (thickness 30 um) at rocm tem-
peratire.

3. Results and discussion
3.1. Chemical analysis of red stain

Gold coins affected by the red stains were investigated in the context
of the present study by means of LM, DM, Raman microscopy, SEM/EDS,
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Fig. 2. [A)Optical image of red corrosion products on surface of gold Hungarian
10 K 1907, (B) cubic structure of crystals of red product, (C) height profile clear
surface of coin - red stain (For Interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

XPS, XBF, AFM, p-XRPD and Mossbauer microseopy. The coins in this
study were coversd by red stains in larger scale (i.e. Austrian Corona
from 1897 and Hungarian Korona from 1905 and 1907, Fig. 2A). The
area of spots on individual coins included in this study is summarized in
Supplementary (Supplement 1), In higher magnification a cuble stre-
ture of crystals of a red product can be found (Fig. 2B). The height
profile of red stain on gold coin (10 K 1907] is shown on Fig, 2€ The
thickness of corrosion layer is about 14 pm in that case but it is not uni-
form, differs depending on the location, the degree of corrosion and also
varies from coin to coin. Given the considered origin of corrosion, these
differences are understandable and expected. These corrosive products
cannot be removed mechanically without damaging the coin, they hold
firmly on the surface of the material.

AFM technique was used for detailed determination of morphology
and surface potential in affected areas by “corrosion”, The scanned area
was selected using an optical microscope that is a part of instrument, in
arder to scan both corroded and clean surface in a single run (Fig. 34,
D, G). The recorded topographic images show the flat surface of the
gold coin and then the markedly elevated corroded parts (Fig. 3B, E,
H). The height difference is approximately 1.7, 2.2 and 4.6 pm for gold
coins minted in 1897, 1905 and 1907, respectively. Note, that those val-
ues are roughly 12-33 times lower than determined height from digital
microscopic analysis, This difference in the determination of the height
profile may be due to the measurement of the relatively smaller area
and edge of the spot using the AFM technique compared with DM, On
the contrary the thickness measurement in DM can be highly affected by
reflection (e, DM cannot focus exactly), Simultaneously oliained sue-
face potential map (Fig. 3C, F, 11 shows a striking difference between
cotroded part (ped) and the rest of the scanned area (violet) which is,
baszed on higher potential, made of more noble metals.

The determination of the chemical composition of red stains was in
the first step performed by XRF with Mo aperture. The XRF instrument
Spectro Xepos does not allow the exact localization of X-ray beam on
sample and relatively large area is measured (see below). Even if the
measurement in this way is possible and is able to confirm the presence
of Fe on coins stained with red spots, the results are not very convinc-
ing. So for the precise definition of area of interest a Mo aperture was
created (approx. hole size 3.1 = 3.3 mm, exactly 10.5 mm?), which was
placed directly on the surface of the coin, For maximizing of X-ray beam
the Mo aperture was fixed in the measuring space of the instrument to
ensure that the incident radiation was in maximum level. The measure-
ment shows higher content of iron in all three gold coin samples (notice
that in all cases silver was under the limit of quantification}. For better
comparisen of areas with red stains and without them and for determina-



L Ewfere, J. Rozsypal, P. Bednif o al.

Aw/Cu and Au/Fe ratios (ratio of each element intensity - counts) of
red steins and pure golden surface of three-coin samples measured

by XRF.

Sample {Coin] Place AuCu ratio A Fe ratio

10 C 1897 red stain “letter X* 6.5 53
pure golden surface 6.0 132

10 K 1905 red gtain “letter EF* B4 ]
red stain “wing” Ba 14
pure golden surface B3 141

10 K 19907 red stain “boots® B.7 27
red stain “pants” BT 43
pure golden surface 9.0 121

Table 2

Element content of ved staing on gold coin samples measured by SEM/EDS
{shown in mass %),

10 1847 10 K 1905 1k K 18907
Fe 35344 + 015 43.46 *= 020 A6 45 + 019
4] 3293 0+ 016 3436 o+ 017 I2TT o+ DI
Au 2010 + 016 nd = nd. n.d. + nd
C 1042 * 023 20.28 * 026 17.29 * 027
Cu 1.45 + 008 nd + nd n.d. + nd
Az 042 + 007 nd + n.d. + nd

tion of origin of Fe a ratio of Au/Cu and Au/Fe counts was calculated.
The Aw/Cu ratio shows the roughly same value for intact surface and
red stain (Table 1) and it excludes the formation of red stains by these
Cu and Ag. On the other hand, the ratio Au/Fe in regions of red stains
is roughly 2-15 times lower compared to intact region which clearly
demonsirates the presence of iron in the stains (Table 1). The measured
areas are shown in Fig 4,

SEM combined with EDS was used for red stains analysis. As in the
previous case hight content of iron {together with oxygen) was found,
ie 334, 435 and 46.5 % of Fe, 32.9, 34.3 and 32.7 % of O for 10 C
1897, 10 K 1905 and 10 K 1907, respectively. Table 2 shows the mass
percentage amount Fe, O, Au, C, Cu and Ag. The remaining percentages
up to 100 are common minor elements (K, Ma, Cl, 5i, Al, Ca, N, Mg,
P secvrring on abjects of normal use (common surface contamination

Materfalia 15 {2021) 101025

Fig. 3. Optical, 3D topography image obtained
by Tapplng Mode AFM and 3D poteatial map
of a coin 1897 (A, B, C), 1905 (D, E, F) and
1907 (G, H, 1), respectively (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article. ).

Fig. 4. Definition of measured areas by XRF on 10 Corona 1897 (A, 1 - red stain
“letter X7, 2 - pure golden surface), 10 Kerona 1907 (C, 1 - red stain “boots”, 2 -
red staln “pants”, 3 - pure golden surface) and 10 Korona 1905 (B, 1 - red stain
"letter EF", 2 - red stain “wing”, 3 - pure golden surface) (For interpretation of
the references to color in this figure legend, the reader is referred o the web
versiom of this article, ).

with e.g. human sweat, dust and other impurities), Distribution of iron,
oxygen, carbon, copper, silver and gold in analvsed areas was deter-
mined on 10 € 1897, region “EX™ by elemental mapping measurement
(Fig. 5). The obtained results clearly show that iron and oxvgen are sit-
wated only in red stains. Other elements originate from gold allov used
for minting are impurities from circulation and contact with other sub-
jects (Fig. 5B,C). Note, that silver is in the analysed region of gold coin
1897 barely visible and for remaining two gold coins (1905 and 1907)
is silver again under limit detection. This result completely refutes the
theory that red spots on coins are caused only by Ag or Co based cor-
rossion products. In the case of circulating coins, it is important to note
that any inconsistent remnants of silver on the surface of the coin may
also be due to abrasion. During the validity of these gold coins, silver
1, 2 and 5 erown coins (in addition to small coins made of base metals)
were also in circulation.
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Fig. 6. XP5 spectrum of red corrosion products on gold Hungarian 10 K 1907
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article. ).

Fig. 6 shows the high resolution XPS Fe2p spectra of measured sam-
ples. The oxidation states of iron are determined based on Gupta and
Sen multiplet peak parameters [17]. The iron is presented mainly in the
oxidation state Fe'*, However, due to the usage of an argon ion beam
for the cleaning of samples, the composition change occurred, In a mul-
tielemental material, elements may sputter at different rates, and hence
change the stoichiometry of the analvsed surface. In the case of transi-
tion metal oxides, such as iron oxides, oxygen atoms typically sputter at
a higher rate than the metal atoms, leading to a reduction of the metal's
oxidation state. That is the reason why the Fe?* oxidation state is also
detected. During the fitting process, a peak reporting to surface struc-
tures was added to fill the rest of the envelope. The single low intensity
peak on the low binding energy (“pre peak”) was also added to the ac-
count as well. This peak includes changes in surface struicture caused

Materfalia 15 {2021) 101025
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Fig. 5. EDS mapping: Distribution of ivon, oxy-
gen, carbon, copper, silver and gold In analysed
area between E and X letter on 10 C 1897 (For
interpretation of the references to color in this
figure legend, the reader is referred o the web
verzion of this arricle.).
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under the cover of inert gas. Those results confirm the assumption that
red stains are formed by iron, Note, that Mossbauer spectroscopy was
alse applied on analysis of red spois. However, the detailed character-
ization of those products was problematic by this technique due to the
small size of measured area (red stain size). Based on the isomer shift
0,34 + 0,02 mm £~ we can assume that red spot could be farmed by iron
compound (probably Fey0,) and the particles (crystals) are smaller than
100 nm (quadrupole splitting 0.63 + 0.03 mm s~1}. Even, if the Miss-
baver spectroscopy could not unequivecally identify chemical composi-
tion of red stains, it is another technique that points to the presence Fe
corrosion products in red spots. Tt is consistent with results from other
technigues used in this article (Supplement 2).

Raman microscopy was applied to analyse the red stains. Goethite
can be easily identified in Raman spectrum by peak at 385 cm™! [18],
Mevertheless, sometimes goethite peaks are overlapped by hematite
peak at 412 em~! {Fe—0 vibration). In our samples the most significant
signal at 394 em~! was found. This signal belongs to Fe-0/-0H. The
same signal shift in goethite samples was already described by Sklute
et al. [19]. The spectrum pattern from red stains region {iLe. signals
of Fe—0 at 238, 297, 394 and 549 em~") was also found in reference
goethite spectrum (RRUFF Baman Minerals signals [20]), Note, that in-
creasing of laser energy from 10 to 20 mW cause the transformation
of goethite to hematite, that can be observed by changing the ratio
of signals 394,293 em™! (Fig. 7). The results from Raman microseopy
imaging show consistent distribution of goethite in red stains at signal
394 em~! (Fig, 8A=C.). For an unambiguous confirmation of the phase
composition of iron corrosion product, the p-XRBPD was used. Fig. 9.
shows the spectra of pure metal and two regions with red stains. Com-
parison of spectra with reference spectrum of goethite clearly confirm
the presence of iron cxyhydroxide in red stains.

3.2 Qrigin of red stains on surface of gold ten-crowns

For an explanation of the presence of iron particles in a gold alloy
can be used analogous information as mentioned Gusmanao et al. in their
waork [6]. The iron particles may contaminate the gold alloy during the
casting of gold in the iron mould. The solubility of iron in gold at the
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melting temperature of gold is very high - several percent [21]. With
decreasing temperature, the solubility of iron in gold decreases rapidly.
During cooling, the iron particles in the melted gold start to segregate.
After gold flans production iron particles that are present directly at
the surface are cleaned by diluted nitric acid, but the particles that are
deeper and covered by a thin gold layer are not etched with acid but
can be uncovered during minting process (thereafter oxidize) or later
due wipping coins in circulation. The fact that red spols sometimes ap-
pear on gold bars may speak in part in favor of this alternative. Un-
fortunately, we did not have the opportunity to analyse any such ingot
with corrosion. However, given the technology of making gold bars, it
is quite likely that at least some of the stains on these ingots could have
their origin in iron based corrosion products. Another alternative how
iron particles could be clogged into the gold strips is forcing-in of mi-
croscopic metal chips released froim the steel machine parts serving for
rolling golden strips or from steel punches. Due to fatigue of material,
defects may occur resulting in the delamination of steel scales which
are then moulded into coins. Precise determination of the origin of the
Fe impurities may be possible by the XRPD (or p-XRPD) measurement
of the coins, If the Fe contaminated the gold during melting and cast-
ing, iron should be in solid solution with gold, on the other hand, if
the contamination is caused by forging and coining, the Fe should be
in the form of ferrite (or martenzite). Iron in the solid solution and iron
on the surface should be therefore clearly distinguishable by the XRPD
analysis.

p-XRPD analysis allowed to verify findings by Raman spectroscopy
with unambiguous determination of goethite FeQOOH (PDF4+ # 04-015-
2900) in the red stain regions (Fig. 8, revers point #1, avers point #1).
Additionally, p-XRPD analysis helped, at least in the analysed avers
point #2 on pure metal surface of the 10 K 1905 coin, to find out that

Fig. 8. Raman imaging of corrosion products
on surface of Austro-Hungarian 10 Korona
1897 (A), 1905 (B) and 1907 (L) ar the sig-
nal 394 cm~!. The lowest intensity of Raman
signal is shown by blue colour and the high-
est intensity by red colour (For interpretation
of the references to collor in this Agure legend,
the reader is referred to the web version of this
article. ).
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the marerial of this coin was most probably contaminated by iron dur-
ing the melting process. We have unambiguously revealed that at least
two different phases co-exist in the analysed area. The first one (esti-
mated about 16 wit %) is composed of pure gold and the second one
{estimared about 84 wi %) could be attributed to Auy oyFep 40 (PDF4+
# 04-018-66100, See diffraction pattern of the pure gold surface (Fig. 8,
avers point #2).

S0, both sources of iron contamination were most probably found,
The segregated grains of iron and/or mechanically introduced iron was
converted by degradation processes to Fe oxide hydroxide (FeDOH,
goethite). Iron that is comprised in the inter-metallic phase remained
muost probably intact.

Under certain circumstances, of course, the fact that the corrosion
products of iron on the surface of gold coins adhered only secondarily
cannot be ruled out. If such corrosion products were as firmly adhered
to the surface as the products we had the opportunity to study, the fact
that red spots on coins may have a different nature than that of silver-
or copper-based corrosion products remains a key fact of our study. This
fact is the key message for conservators and restorers who care for rare
items, which are often a valuable cultural heritage. Knowledge of the
chemical compesition possibility of removal of these stains can better
help them to choose a suitable method of their treatment and possibly
removal, In this respect, the principle of the formation of iron-containing
stains is a secondary problem, the fact that they exist is crucial,

4, Conclusions

Eight techniques (LM, DM, SEM/EDS, AFM, XPS, p-XRPD, ED-XRF,
Raman microscopy, Mossbauer spectroscopy) were used for the analysis
of red stains on gold coins, Defects analysed in this study show a high
content of iron and oxvgen. Raman microscopy and p-XRPD proved a
goethite form of iron in red stains. Note, that this is the first direct evi-
dence of contamination of gold coin by iron and consequent formation
of “corrosion”, The results show that silver and consequent formation of
Ags5 is not the only possibility for the formation of red stains. The coins
that are minted in thousands/millions of pieces have higher risk to dam-
age the parts of instruments in the mint and contaminate a golden alloy
with iron particles. This study expands the knowledge of formation of
“corrosion” products on gold coins surface and can be the primary im-
pulse to control steel components during minting process. The results
are alzo important for conservators working with gold coins in museum
collections. More possibilities of chemical compositions of red stains log-
ically entail the necessity of knowing their composition before cleaning

and preservation process to avoid expose coins or medals o aggressive
procedures,
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Analyza zbytku barev z fragmentu kresby
na bfezové kiife z Litovle

Analysis of pigment residue on fragment of paint
on medieval brich bark from Litovel

Nikol Schénwiilderova / Pavel Slézar / Lukag Kuéera

Abstrakt

V ramci archeologického vyzkumu v kostele sv. Marka v Litovli byla v uloZenindch z 16.-18. stoleti
nalezena bfezova kira s inkoustovou kresbou kvétinového motivu, Cilem vyzkumu bylo zjistit,
jake barvy &i pigmenty byly pouzity na vytvofeni rostlinného motivu na kife. Pomoci rentgeno-
fluorescenéni spektrometrie byly zachyceny tfi wvyznamné prvky - Zelezo, olovo a méd. Na zakladé
vysledkld z Ramanovy mikroskopie se ndm podafilo identifikovat zeleny pigment jako mala-
chit a cerveny jako hematit, tedy souéast £ervené hlinky. Vy35i obsah Zeleza v tmavych linkach
pravdépodobné pochazi ze zelezitodubénkového inkoustu.

Kli¢ova slova
pigment, archeometrie, Ramanova spektrometrie, rentgeno-fluorescenéni spektrometrie

Abstract

Curing archaeclogical research in Litovel, a birch bark from the 16th-18th century with floral mo-
tive. The aim of the work was to find out what colors or pigments were used to create a plant motif
on the bark. Three important elements - iron, lead and copper - were captured by X-ray fluores-
cence spectrometry. Based on the results from Raman microscopy, we were able to identify the
green pigment as malachite and the red pigment as hematite, ie part of the red clay. The higheriron
content in the dark lines probably comes from iron-tube ink.

Key words

pigment, archasometry, Raman spectroskopy, A-ray flucrescence spektrometry
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1. Uvod

Béhem rozsahlého archeologického vyzkumu
v kostele sv. Marka v Litovli v roce 1999 byl udi-
nén objev inkoustem kresleného rostlinného
ornamentu na dtrzku biczové kury. Vyzkum
v interieru kostela byl vwvolan narusenou stati-
kou objektu po povodnich v roce 1997. V sou-
¢asnosti se jednd o trojlodni kostel s kapli pii
jizni boéni lodi, polygondlnim chorem a sakris-
Lif na severu a s hranolovou véii v jihozipadnim
naro# stavby. V jadru goticka stavba, jmenovi-
i¢ piipominana roku 1382, byla upravovina
ve 2. poloving 15, stoleti a zejména v obdobi
renesance, 7ze Krere Pﬂchézf sakristie nesouct le-
topolty z roku 1529 a 1532, Nyn¢jsi podobu
stavba ziskala béhem barokni prestavby v letech
1675-1680 (Faltynek-Slézar 2006, 309-315; Sie
zar 2008, 28-67).

Archeologickym vwzkumem se podafilo od-
kryt ¢ast presbytiie prvotniho kostela z posled-
ni ctvrtiny 13, stoleti a takika cely ptdorys nove
vistavéncho kostela ze 14, stoleti. Kromdé tra-
di¢nich sondainich odkryvi pod podlahou kos-
tela, ze kierveh pochazi fada prozkoumanych
zdiv, hrobt, artefakth, stavebnich prvka a suti,
byla pozornost vénovina take suchym zasyptam
kleneb jihozapadni kruchty. P prosévani zasy-
pu byly ziskdny hojné devociondlie i predméty
denni potieby litovelskych méstanu, jako jsou
zlomky keramickych nadob, stovky riZzenco-
vych korialkna 7 |'l°|z|'|}7l:h materiali, kovove, kos-
tené, dievéné a niténé knofliky, ¢etné kovové
piedméty jako medailonky, Spendliky a soubor
¢irnacti minci. Dile se zde nalezly atriky litek
a nekolik papirovych svatych obrazkil (sv. Sal-
vator, sv. FrantiSek z Assissi, oplakdvini Krista
aj.). Nechybély ani koZzené a dreveéné artelakty,
napf. pistalky, a potieby na psani (hrudky bilé

kiidy). Kromé artefakttt samotych napoma-

haji dataci celého souboru nilezi do rozmezi
16. ai 18, stoleti nalezené mince, piicemi vér-
sina razeb patfi do prabéhu 17, stoled, coz
odpovidd 1 zivéram stavebné-historickych
prozkumu. Datace viak odpovida pouze dobé
zanikové transformace artefaktu, tedy dobé
ukondeni existence predmétu v lidském svétd
{Fa!’.f_’fﬂfk—gff.‘},ﬂ!' 2006, 309-315; Faft_fmk—ﬂis’mr
2007, 73-84; Slézar 2008, 28-67: Slézar 2018,
87-97, 101-102). Jednim z nalezt ze zasypu
kleneb jihozdpadni kruchty byl fragment bie-
zove kary (cca 4,0 * 2,2 e¢m) s inkoustem pro-
vedenou barevnou kresbou rostlinného motiva
(inv. ¢. 672/3, Obr. 1). Na kiie jsou nakresleny
stonky a zeleny list s éervené zabarvenym pou-
pétem, zvyraznénym tmavou linkou, Patrné jde
o ru# Sipkovou (Resa canina, urcil Mgr. Petr
Kocar, Ph.D.), i kdyZ tvar listu pro rizi typicky
neni. Pravdépodobné byl list silné stylizovan
(napf. kresba bez predlohy). Mohlo by jit take
o ruZi alpskou (Rosa alpina), kterd je v horni
casti takrka bez trmnu a vzhled lista je dokonce
bliz3i ztvarnéni listu na kresbé. Na zdkladé po-
¢t vybihajicich véwidek se lze vyjadiit i k pu-
vodnimu vzhledu kresby. Vedle vétvicky s pou-
pétem byly na kresbé jesté daldi dvé vétvicky
a jeden list. Vérvicka sousedici bezprostiedné
s poupétem nesla pravdépodobné rovnéZ pou-
peé. Treti véwicka nesla rozkvelly kvét ruze.
Zbytky korunniho lisku jsou dobfe patrné, na-
znadeny jsou tfemi obloudcky, Stejné tak je na
torzu kreshy dobie patrné, kde se nachdzel
i druhy list riZe, kresba jeho konce se na svitku
rovneZz dochovala. Zda mohl byt [ragment sou-
fasti dobového _herbare”, nelze rozhodnout.
Stejné tak i zda mohla kresba nést néjaké sym-
bolické sdéleni, vzhledem k bohaté symbolice
ruZe (napf. symbol Lisky, smrti, mléenlivos,
Cistoty, raZe bez trni = bez hiichu, mariansky
motiv aj., srov. Lurker 2005, 438-439).
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Obr. 1. Litovel, okr. Olomouc, kostel sv. Marka, vzorek bfezové kiry s rostlinnyrm motivern

Fig. 1. Litovel, Clomouc district, 5t Mark's Church, sample of birch bark with plant motif

2. Metodika méreni

2.1. Ramanova spektroskopie

Vzorek brezové kiry byl méfen pomoci Rama-
nova mikroskopu DXR2 (Thormo scientific,
MA, USA), umosiujictho 1D ( liniovy profil*)
nebo 21 zobrazeni povrchu. Parametry me-

feni byly: laser 785 a 532 nm, energie laseru
(0,5 mW, podet expozic 16, doba jedné expozice
2 sckundy, iitka clony 50 pm, zvétieni mikro-

skopu 10=.

2.2. Rentgenova-fluorescencni
spektrometrie

K elementirni analyze byl poudit energiove dis-
perzni  rentgenove-fluorescenéni  spektrometr
Vanta (Olympus, MA, USA). Paramctry mdéie-

ni: geochemicky mad, rozsah excitacni energie
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8-40 keV, doba meéreni 120 s, kiremikovy drifto-
vy detektor, Pro méieni vzorka pomoci mitizky
(pro nasledné vvhodnoceni obrazu) byl celkovy
Cas méfeni 30 s, Ziskand data byla vwhodno-
covana pomoci programu R software (R Core

Team 2022,

3. Vysledky a diskuze

Pro méreni tohoto vwznamného vzorku byly po-
uzity pouze nedestruktivni a neinvazivni meto-
dv. V prvnim kroku byly jednotlivé barevné ob-
lasti {zelena, cervenad, dernd) a oblast disté kury
méieny pomoci ruéniho XRF. Na zikladé srov
nani téchto oblasti pomoci krabicovych graf
(boxplota, Obr, 2} je paund, Ze vysoky vyznam
pro adliseni ¢isté kiry a barevnych oblasti maji
prvky Fe, Cu a Ph. Zajimavy je zvvSeny obsah fe-
leza v Cerne oblasti, coz muie poukazoval na po-
u#itl #elezitodubénkového inkoustu. Méd mude



Schanwilderova / Slézar / Kuéera

Analyza zbytkl barev z fragmentu kresby na biezové kife z Litovie

Cu
200 :
w150
S”I 00 T —
a0 '
ey
[ [ [ T
Cerng canena cista kura Zelera
Pb
140 ]
E1 00 ~
§ 80 ] .
20 R 2
T T T T
cernga camnvena cista kura Zelera
Fe
700 1
530
gm . —_— e [r—
L
350 '
500 -
T T T T
Cerng camnvena cista kura Zalera

Obr. 2. Krabicovy graf intenzity vybranych prvkd (Cu, Pb a Fe) na vzorku bezové kiry

Fig. 2. Box-plot of intensity of selected elements (Cu, Pb and Fe) on birch bark sample

poukazovat na piitomnost malachitu a olova na
olovnatou bélobu. Pro zjisténi distribuce jed-
notlivych prvku v ramei celého vzorku byla kara
méfend pomocd miizky (Obr. 3). Vv obsah
medi se vyskytuje v oblasti listka a zelené casti
kvétu. Muzeme tedy predpokladart, Ze ke kreshe
byl pouzit médnaty pigment. Vysii obsah olova
se vyskytuje také v oblasti listu a spodni dasii
kvétu, Jednou z moznosi je smichani zelend-
ho médnatého pigmentu s olovnatou hélobou
pro ziskani svéilejsich tént. Distribuce Zeleza je

bohuzel velmi heterogenni a na zakladé zobra-

zovaci metody neni moZné jednoznacéné urdit
vyisi obsah Zeleza v jednotivych éastech kreshy,

Nasledné pro presnéjsi uréeni mineralu byla
pouZita Ramanova spekiroskopie (Obr. 4). Spek-
tra ziskani mérenim jednotlivych barevnych ob-
lasti byla srovnana s autentickymi standardy. Na
zakladé srovnani téchto spekter muzeme kon-
statovat, 7e cerveny pigment obsahuje hematit
(pravdépodobné pigment cervena hlinka) a ze-
leny zase signaly ndlezejici malachitu. Ramano-
va spekirometrie tedy potvrdila nad predpoklad

z XRF métent.

146



Schanwilderova / Slézar / Kudera

Analyza zbytki barev z fragmentu kresby na brezové kiure z Litovle

Obr. 3. XRF zobrazovani distribuce prvkd na vzorku biezove kiry

Fig. 3. XRF imaging of element distribution on sample of birch bark
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Fig. 4. Raman spectra of red (A) and green (B} area and their comparison with authentic standards
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4, Zaveér

Malba, kresba ¢€i psany text se uZ radu tisiciletd
pouZiva na zachyeeni pocitu nebo piibéhu. Kro-
me ustniho sdélent, pisni, legend a dastecné sa-
motnych artefaktil se jednalo o zptusob, jak pie-
davat informace a sdélend dil, naptiklad dalsim
generacim v ramci rodiny. Pro zhotoveni pomu-
cek na kresbu a malbu se vyudivaly anorganicke
pigmenty pouze z piirodnich zdroju (okrajove
také synteticky pripravené) a také organicka
barviva. Fragment biezoveé kury s inkoustovou
kreshou, ktery byl nalezen v Litovli, je rozhodné
jeden z piikladi uvedencho typu artefakit se
sdélenim. Na zlomku kury se nachdzi nakresle-
ny zeleny list s Cervené zabarvenym poupétem
a se stonky, na nékterych &astech kresby jsou
patrné rostlinné vzory olemované tmavou lin-
kou. Cilem tohoto vyzkumu byla analyza barev
za ufelem urdeni jejich pivodu. Jako prvni bylo
vyuZito méfeni ruéniho XRF, piicem# na zdkla-
dé vysledkn je jasne, ze prvky Fe, Cu a Pb maji
odliseni od disté kiry k barevnym oblastem. Za-
Jimavy je zvyieny obsah Zeleza v ¢erné oblasud
kresby, coi by mohlo poukazovatl na vyuiiu zele-
zitodubénkového inkoustu. Distribuce Zeleza je
bohuiel velmi heterogenni a na zakladé mérent
pomoci miiZky neni mozné sledovat distribuci
Zcleza v jednotlivich dastech kresby. Jako dalsi
nedestruktivni metoda byla vyuzita Ramanova
mikroskopie, Spektra ziskanda z barevnych ob-
lasti byla srovnana s autentickymi standardy. Na
zakladé srovndni spekier mizeme konsiatovat,
ie cerveny pigment obsahuje hematit a zeleny
zase signaly malachitu.

Nilez inkoustové kresby na biezoveé kafe
dava podnét k dvahdm, zda by brezovd kira
mohla byt na nafem udzemi, podobné jako
v zahrani¢i (napiiklad v Novgorodu), levnym

a vhodnym materiilem pro prile#itostné zarna-
mendvani pisemnych tdaju. Ostainé obliba to-
hoto materialu pro psani je znama jiZ od antiky
(Janin 2007; Slézar 2018, 101). PouZivini biezo-
vvch kar k psani na naSem tzemi vyslovné uvi-
di Viclav Hajek z Libocan ve své Kronice Ceske
z roku 1541: I rozkdzal to viecho potdd na kovdch
biezowych poznamenali a pro budouci pamél a dalsi
spravu schovati,”, ,...slovanskymi literami a slowy
na kordch biezovych k tomu pripravenych popsa-
ti...* (Hdjek 1541, 1IIL/37, VIIL/45). Z kontextu
sdéleni vyplyvd, Ze Hajek tento zpusob zazna-
mendni tdaji povaiuje za starobyly. Nicméne,
Hajkova Kronika ceska je faktograficky kontro-
verznim dilem a Hajek sam casto prebiral cele
pasize od jinych autord. Hodnovérnost toho-
to sdéleni tudiz neni jista, i kdy# z ngj ziejme
vyplyva néjaka znalost pouZivini biezove kiry
k zdznamu texio.

Vysoki hladina spodni vody v Litovll doki-
zala uchovat stiedovéké artefakty a ekofakty
z organickych materiali ve velmi dobrém stavu
i v béznych uliénich vrstvich. V Litovli bylo ob-
jeveno nékolik svitku bitezovych kar, na Zidném
z nich viak prozatim nebyly makroskopicky po-
zorovany vyryté znaky i pismena. Na zikladé
nalezu fragmentu biezové kary s inkoustovou
kresbou z kostela sv. Marka viak existuje moi-
nost, ze k zaznamim na birezove kiary mohl byt
v minulosti inkoust pouZivin. Inkoust se lépe
dochoviava nikoliv ve vihkém prostiedi, ale v su-
chych podminkich (jako jsou privé zdsypy kle-
ncb), co? viak vzhledem k obeené nizké fetnos-
i nalezenych artefakim z organickych matenala
zi¢duje moinost ovéfeni této hypoiézy. O gra-
motnosti litovelskych méitanu jiz ve stfedovéku
sveddi nalezy psacich pomucek - Zeleznych pi-
satek (stilu) = rydel, kierymi se psalo do vosko-
vvch tabulek (Slézar 2018, 101).

Tato préice vimikla za podpory projekin OA IT1 - ARTECA:
0,0 1T _O48,/0007578 financovandho z EFRRA/ESE.

né kulturniho a vméleckého dédictvi Reg, ¢ CZ.02.1.01,/10
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Analysis of pigment residue on fragment of paint

on medieval brich bark from Litovel

During archaeological research in Litovel, a birch
bark from the 16th-18th century with floral motive,
probably rose. Three important elements - iron, lead
and copper = were captured by Xeray fluorescence
spectrometry. Based on the results from Raman
microscopy, we were able to identify the green pig-
ment as malachite and the red pigment as hematite,
ie part of the red clayv. The higher iron content in
the dark lines probably comes from iron-tube ink. Af-
ter all, the popularity of this material for writing has
been known since antiquity. The use of birch bark for
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writing in our territory is explicitly stated by Viclay
Hijek of Libocany in his Chronicle of Bohemia from
1541, Additionaly, several scrolls of birch bark have
been discovered in Litovel, hbut no engraved charac-
ters or letters have been recorded macroscopically
on any of them so far. Perhaps only ink was used
for birch bark recordings {Russian sources mention
ink inscriptions), which is well preserved only in dry
conditions. Identification of text or painting remains

will be a matter of further research.
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Dental enamel

Phosphate

Accentuated siress lines

Dizruption of metabolic processes during human enamel mineralization may resule in the appearance of
areentuated lines in enamel, These accentuated lines in the ename] relate to stress events that were experienced
and overcome in early ontogenetic phases, Accentuated lines are visible in transmitted light microscopy as dark
areas. However, their appearance 1z varlable even within single rooth, The objectlve af this srudy is to analyze the
distribution of phosphate in human enamel with a focus on sccentuated stress lines by Raman microscopy.
Transmitted light microscopy and Raman microscopy records of 15 human teeth (11 samples from archacological

excavalions, 4 from recent population) were compared, using visual evaluation and statistical methods (corre-
lation of plxel light intensities in the micrescopic images). The data obtained by Raman micrescopy suggests a
relarionship berween low phosphate content (siznal at 960 em ') and accentuated stress lines in human enamel.

1. Introduction

Dental enamel mineralization in human tecth takes plage in peri-
odically recurring intervals, resulting in formaton of characteristic
growth marks observable in mature enamel microstructure (incremental
lines) [1-3]. These incremental growth marks can be divided into shori-
period marks forming in 24-h intervals and long-period marks (period-
icity of several days) called Retzius striae/lines (RL) (shown as peri-
kymata at the enamel surface) [4]. Dental enamel matrix secreting cells
(ameloblasts) are sensitive to fluctuations in metabolic processes during
enamel development, which can affect the rate of secretion (5], or can
cause a change in the structure of the marrix produced [6]. Once
secreted, the enamel matrix is mineralized, Enamel mineralization only
oceurs during early stages of ontogenetic development and unlike other
bone tissues, it does not remodel afterwards. This means that potential
metabolic  disturbances (e.g., infectious pathogens, malnutrition)
ocourring in early life remain “written” in enamel as developmental

* Carresponding author,
E-mil @ddress: lukes kucera@upolez (L. Kutera).

I|;||'|:." Sidlod. o B 10,1016, _i microe, 2021, 106370

defects. These defects have altematively been referred to as “accentu-
ated siress lines (ALs)” [7,4], “Wilson bands™ [9.10] or “accentuated
strlae of Retzius” [11,12], These dismuptions to focmal enamel growth,
as well as the sensitivity of ameloblasts to metabolic stressors and the
retention of these markers within enamel after mineralization, make it
possible 1o study the chronology of dental development. This includes
establishing the timing of stress events experlenced 1o the early stages of
ontogenesis, creating a “time-lapse record” in dental enamel (as well as
in dentime). This principle of dental “time-lapse records™ is increasingly
used for analytical purposes in palecanthropology [5.12-16] and bio-
archeology [2,17-21] to reconstruct individual lite histories from
archaeological human skeletal remains, This human “barcode” pattern is
unique to each person, preserving a record of individual life experience,
However, several events occurring during the life history of all in-
dividuals ean lead to the formation of specific accentuated lines,
including lines related to birth, the neonatal line [7,22] or accentuated
lines related to weaning [19,23.24 ], Accentuated lines related to events

Received 18 March 2021, Received in revised form 4 May 2021; Accepred 5 May 2021

Available online & May 2021
O026-265X,8 2021 Elsevier BV, All rights reserved.
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that most or all individuals experience manifest in the dental enamel
record of the majority of population.

Microstructural studies of hard dental tissues and stress lines are
subjective and depend, to a large extent, on the observer’s experience,
Furthermore, the quality of thin-sections and the chosen evaluation
method substantially impact the analysis of hard dental tissues [25.26].
Additionally, the appearance, length, breadth and visibility of ALs are
variable [10.27] and it is necessary to define what is considered as AL

27]. The current challenge is to refine detection and objective guanti-
fication {width and frequency measurements) of accentuated lines, as
well as their more detailed specifications and internal breakdown (e.g.,
the degree and nature of stress thar affeets the body [26]) Similar
imethodological efforts applied to images of tooth thin-sections gemer-
ated from a light microscope are limited by the difficult standardization
of light (differences in the thickness of the cuts, which cannot be pre-
cisely standardized) and numerous taphonomic changes in dental
tissues,

Tooth enamel is highlv mineralized and contains 95% carbonated
hvdroxvapatite crvstals (HAP), The rest of teoth enamel is composad of
proteins and water [28,29], Inductively-coupled plasma combined with
mass spectrometry is the most commonly used technigque for analysis of
tooth enamel |30-34], However, this method requires partial destruc-
tion of the sample through laser ablation, In contrast, Raman spectros-
copy is a non-invasive analytical method uvsed to study dentin
demineralization. This method was already used for the early detection
of dental caries [35], for analyzing the influence of tooth bleaching
solutions on phosphate concentrations in dental enamel [36.37],
chemical enamel composition effect on tooth color [38], changes in
mineral matrix of dental enamel after external ionizing radiation [39]
and the estimation of post-mortem interval in forensic sciences [40].
Therefore, Raman microscopy (RM) is a potentially promising methed,
which would improve the detection of non-standard, or irregularly-
shaped areas of tooth enamel (ALs). However, the method must firse
be verified, by comparing Raman microscopy concentration records of
enamel components against line sequences (which can be observed
optically} in transmitted light microscopy (LM). To the best of our
knowledge, there iz only one publication exploring analysis of stress
signature markers in dental enamel using Raman microscopy. However,
this study was [ocused on non-human primates and analysis was per-
formed on sections of embedded tooth blocks [41]. Because we wanted
to compare the exact same accentuated lines visible LM with KM record,
we used thin sections for evaluation, Comparing embedded tooth block
RM record and thin section LM record could cause even more ermor or
shifts in the data. We are not aware of any published studies that have
specifically combined accentuared stress lines analysis in human tooth
enamel via Raman microscopy and transmitted light microscopy on the
histological thin sections. The aim of the current study is to compare the
sequence of changes (a time-lapse record of mineralization in the enamel
of a human tooth) by Raman microscopy (phosphate intensity) and
transmitted light microscopy in human dental enamel. Subsequently,
the determination of ALs using RM and LM is statistically compared.

2. Materials and methods

2.1, Sample preparation

The studied material consisted of 15 human teeth, including both
permanent and deciduous teeth. The study included the teeth of in-
dividuwals from archasological sites that had good preservation, no
crown abrasion, and no macroscopically observed taphonomic changes
that could affect quality of histological section, Ar the same time, teeth
were selected from individuals, for whom it was possible to age ar death
using anthropological methods (or from a questionnaire survey in the
case of recent samples). Children’s teeth were selected based on the
presence of A neonatal line that separates the prenatal enamel from the
postnatal, Eleven of the 15 teeth originated from two archasological
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sites dated to 1000 - 1300 CE. These comprised Brno-Videnska street
{BV), excavated by Archaia o.p.s, |26 and Détkovice - Za zahradama
(D), excavated by Institute for Archaeological Heritage [42-45], Four
recent teeth were sourced from the Evropean Longitudinal Study of
Pregnancy and Childhood (ELSPAC) [46] (Table 1), Thin-sections of
teeth samples were prepared according to published protocols [47-49].
Briefly, teeth were embedded in epoxy resin (Araldite 2020) to harden
the sample before seetioning, Subsequent histological analysis was
performed through odontochronology [12,18], which allows enamel
growth increments to be monitored as a space—time record. For this
reason, a consistent section plane of the sample was necessary, Canines
were cul in labio-palatal/labio-lingual direetion in the mesiodistal plane
and molars were sectioned in bucco-lingual bucco-palatal divection
through mesial or distal cusps using low-speed circular saw (Struers,
Accutom 1007, Sections were ground to a final thickness of approxi-
marely 100 pm and were mounted on a slide with epoxy resin (Araldite
20207, Cover slips were not used ro allow subsequent Raman spectros-
copy analysis.

2.2, Transmitted light microscopy (LMD

Thin-sections were studied using a Leica DM2500 LED optical mi-
croscope combined with Leica DMC 6200 microscope camera. Because
images of enamel from the whole tooth are necessary for subsequent Als
identification, photomontages of microphotographs were put together
in Photashop C54 and final records were analvzed in ImagelJ software,

First, Als were identified in enamel at the objective magnification
50 following recommendations by Fitzgerald and Saunders [27].
Because analysis on Raman spectroscopy in imaging mode is a time-
consuming process, we selected several smaller areas of enamel where
a) Als or at least clear series of RLs were clearly visible and b) area
included the enamel-dentin junction (EDJ). Enamel was divided in
inner, middle and outer area |50 and number of ALs in these areas was
recorded (Fiz. 1).

2.3, Raman microscopy (RM)

Selected areas were recorded at the magnification 10 by digital
microseope and then analyzed by DXR2 Raman microscope (Thermo
Scientific, MA, USA) in imaging mode. The parameters of measurement
were as follows: laser 785 nm, laser energy 5 mW, aperture 50 pm Slit,
collect exposure time 2 5, sample exposures 16, step in X-Y dimension 5
pm, thermoelectric-cooled CCD detector. The data were measured and
evaluated in Omnde 9 software for Dispersive Raman microscopy

Table 1
List of analyzed samples. Sax and age in samples 1 - 11 was determined by
standard anthropological methods [53-56), Sex in samples 12-15 during

ELSPAC questionary survey from participants, dental age using anthropolegical
method [56] BY = Broo-Videnskd street site, D = Déthovies site, ELSPAC =
recent teeth from ELSPAC study, F = Female, M = Male.

Sample 1D Orlgin 1D of an individual FDn Sex Age (vears)
1 By Ha1z a3 F 2025

2 BY HA15 33 M 20-25

3 BY HE41 33 M 2025

4 BY Hade A5 KA 6.5-7.5

3 BY H3E12Z 46 MNA 8.5-9.5

& B H3g2 £ NA 85495

¥ BY H3824 83 NA 8.5-9.5

g 1] HI1 26 NA 14.5-15.5
9 ] H30 26 KA 8.5-0.5
10 1] H70 16 N 7.5-85
11 [ H70 kS KA 8.5-0.5
12 ELSPAC Z_ G G4 F 9.5-10.5
13 ELSPAL £ (ol 74 F 45105
14 ELSPAC 003 65 M 7.5-8.5
15 ELSPALC Z 00 G5 M 7.5-45
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Fig. 1. A - Microphotography of permanent mandibular right 15t molar (FDI 46), sample 5-BY_H3812_46, magnification 50<, Red dotted rectangle defines the area
of Raman spectroscopy analysis, Arrows point 1o ALS in enamel, asterisk polnts to EDJ. B - Detail on sectlon from part A, arvows and asterisk point (o same structures
as in part A, magnification 100, Red areas on RM record corresponds with artefacts from thin section production (air bubhles). C - Sections from part B converted
into grey scale, used in further analysis, (LM = Transmitted light microscope record, RM = Raman microscope record, AL = Accentuated stress lines, EDY = enamel-

dentin junction),

[Thermo Scientific, MA, USA). The results from Raman microscopy
imaging show distribution of phosphate group in selected areas at signal
960 cm ! [51],

24, Adjustment of LM and RM records for further staristical evoliation

Data from light microscopy amnd Raman microscopy were visually
compared (Supplement 1, Figs, AL 1-A.14). Both records were converted
from RGB spectrum to gravscale to simplify data for better evaluation of
changes in both records. Light microscopy records were converied in
Photoshop CS4 and Raman microscopy records were converted directly
in software Omnic 9. Finally, every pair of records were formatted to
have the same dimensions in pixels, the same resolution and color
spectrum. Black areas in Raman microscopy records correspond with the
lower concenteation of phosphate (dark blue color in RGB imaging re-
cord) and white corresponds with high phosphate concentration (red
color in RGE imaging record).

Every pair of records was then separately analyzed in Imagel soft-
ware in order to obtain numeric values of pixel light intensities, Using
ROT manager in Image J software, light microscopy record was trans-
ected with three horizontally directed, parallel line segments. The three
lines were placed as close to each other as possible, Line segment lengths
were identical with the width of record and their positions had to
intersect accentuated lines (ALs), We used Multi Plot tool from ROI
manager of Imagel in order to get pixel intensity of these three
segmented lines. Final data containing the position of each pixel and
corresponding value of light intensity pixels, and values of pixel in-
tensity for every segmented line were recorded. Data from Raman mi-
croscopy was processed analogously. At the end of the process, every
pair of 2D records had a data set for light microscopy and a datasel for
Raman microscopy in values of light intensity of grayscale images, Final
records are in a standardized position with unified orientation of the
teeth struciures, where the direction towards tooth eusp Is at the top,
dentin is on the left and outer enamel 15 on the dght of the lnage.

2.5, Srafstical analysis

Univariate records of pixel light intensities were compared in pairs
(light microscopy vs. Raman microscopy) by means of statistical
methods using R-software [52). This procedure has been taken as
acomparison of two time-series with equal distances and numbers of
measurements. Values of the three separate measurements (of the three-

line segments) were averaged for each device leading to one, maore
robust record for each device and sample. Each of the two averaged
univariate records was numerically standardized separately for each
sample (mean = 0, sd = 1), The standardized data were modelled with
fine smoothing spline (with df = 30) by the R-function smooth. spline.
Predictions of the spline models for the original pixel position were
correlated between the two records (light microscopy vs. Raman mi-
croscopy ) by means of Spearman rank order correlation coefficient.
Other function was cross-correlations (function ccf) with default setting
of maximum lag of 10%logI{N/m) where W is the number of pixels
measured in a given sample in one line and m the number of seres. Light
mieroscopy and Raman microseopy represent two independent records
of the same sample, which is connected with two different light/optic
distortions. Each of the records were manually cropped in image soft-
ware separately. These procedures might slightly shift or otherwise
distort the record when directly compared. This could be a source of
respective shifts in correlated curves. Therefore, we used cross-
correlation (with an appropriate lagd to find the highest possible
marching of the two curves.

Side by side, we compared both records by careful qualitative visual
inspection through manual comparison of the mages placed Morpho-
scopic description were recorded and a comparison of marching and
non-matching items was performed, We evaluated the number of ALs in
LM and RM records and signal intensity of phosphate group in RM
records,

This assessment was recorded in Table 2, and, finally, compared with
the results of the quantitative statistical methods described above.

3. Results and discussion

The visual assessment shows that decrease/inerease of signal in-
tensity at 960 ¢m-1 (vibration of phosphate group) in BM records was in
partial congrivence with LM records in the majority of samples (Table 2,
Figs., Al-A1L, Al4-A15, Fig. 1). At least one AL in LM record was also
observed in BM record. Signal intensity deereased in EDJ positlons
except for sample 12, where a signal Increase was observed (Fig. A12).
[m all samples (except for sample 1}, accentuated stress lines detected by
LM contain a lower content of phosphate, as evidenced by BM (Fiz, AL
In sample 1, the intensity of phosphate increased in AL position in the
inner enamel area, However, the signal increase in this area could be a
consaquence of localized sample surface irregularities, Signal intensity
of phosphate group resulted in generally lower values throughout the
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Table 2

Qualitative evaluation of RM and LM records. n ALGD = number of accentuated
stress lnes in inmer part of enamel, n ALUm) = number of accenmuated stress lines
in middle part of enamel, n AL{o) = number of accenmwated siress lines in outer
part of enamel, n AL{sum) = total number of accentuated stress, EL = enamel-
dentin junction, AL = accentuated stress line, RL = Retzius lines.,

Sample Analyzed Descripdion Descriplion Conclusion
1 SRpILEnt light Raman
bcmaliong mhcroscoy InicToscopy
1 Cuspal = nalliy=2 » Signal intensity  Lower signal
eqansel & pAL{m) =2 decrease in intensiry values
= nAL(D) = O pasitions of AL through the
» 1 AL (siwm) (=1 enamel with
=4 « Signnl intensity  several
» EIn = Increase in Increases.
clearly positions of AL decreases in Als
visible =1 and decrease in
& Signal imlensity  EDJ posilions.
decTease in Congruence in
positions of AL inner enamel
{m} =1 Als positions
= Signal intensity  and partally in
derrease,’ middle =namel
increase in Als positions,
oaler enaneel
=0
= Signal intensity
derrease in
ED = ves
2 Lateral = nAL=0 « Signal mdensity  Lower signal
enankel = HL = clearly decrease, intensey values
vizible with increase in RL through the
futii pasitions = ne enamel with
intensity in » Signal intensity  simple decrease
auter decrease in in EDJ posttion.
enamel EDJ = ves RLs are not
direciion visible in BM
« EIN = record,
clearly
visible
3 Cuspal = nALGE =0 » Signal intensity  Lower dignal
enamel & n ALim) = 2 dermeases infensity values
= nALla) =2 Inerease in through the
& 1 AL {sum} inner enames| enamel with
=4 =0 single decreass
= EIN = & Signal imlensity  in EDJ position.
clearly decrease in Higher signal
visible positions of AL intensity values
[m} =1 in puter enamel
= Signal intensity  digection are
decrease in wvisible. Partial
positions of AL congruence in
B =1 mmsdedle amd
intensity Signal - outer enameel
intensity ALs positions in
decrease forn: af signal
Inerease in Intensicy
oufer enamnsel decrease.
=10
& Sipnal intensity
decrense in
EDJ = yig
4 Cnspal & n AL =0 # Signal intensity Lower stgral
enanel = nALm) =1 decreases Intensicy values
o n Alig)] =0 increase m throngh the
= n AL {sam} Inner enamel enamel with
=1 =0 decrease in EDJ
« EIN = # Signal intensity  position and one
clearly decrease in AL position.
visihle pasitions of AL Higher signal
(m}=1 Intenzicy values
« Signal intensity  in inner enamel
decreases directon are
inerease in visible. Partial
oater enameel congTuence in
=0 middle enamel

Als positions in

Table 2 (continmed )
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Sample Analyzed Diescription Treseriptinn Conclusion
m SEEIEnt Hght Raman
lncation microscopy micrascapy
» Sigoal inrensity  form of elgnal
decrease in intensty
EIM = yes decrease,
5 Crispal « nALE =0 = Sigmal intensily  Lower sigmal
ename « nAL(m) =3 decrease/ intensity values
s nALe) =0 inerease in through the
& o AL {sum) inner ernamel enamel with
=3 =0 decreases in EI
& ENJ = & Sigmal infensity  position and all
clearly decrease in three Als
vizilile positions of AL positions.
{m) =3 Higher signal
= Sigual intensity  infensity valoes
decrenses im inner enamel
increase in direction are
auter enamsl winible.
=0
= Sigual intensity
decrease in
El = yes
6 Cuspal « AL{i}) =1 # Signal intensity  Lower signal
enanel = nALlm} =0 decreaze in Intensity values
& nALlp) =0 pasitions of AL through the
= n AL {sum} =1 enamel] with
=1 = Sigoal intensity  decrease in EIW
« Bl = decrease/ pagition and AL
clearly incresse in pasitions.
wisible middle enamel Higher signal
=0 Intensity valoes
& Sigmal infensity  in outer enamel
decrenses direction are
increace in visible.
ounter ename
=0
« Signal infensity
decrease in
EDJ = yas
7 Cuzpal = nAL =0 = Sigual infensity  Higher signal
enaneel & nALm)=1 decreases intensly valoes
« nALlel =0 increase in throngh the
* 0 AL {sum} inner evamel ename] with
-1 = decrease in ETW
= EDJ = + Signal intensity  position amd AL
clenrly decrense in pasitinns.
vizlble positlons of AL
{m) =1
» Signal intensity
decreases
increase in
outer enamel
=
= Signal intensity
decrease in
EDu = yes
8 Cuspal e« nALE =0  « Sigoal intensity  Higher signal
enameel & nAL(mp -1 is wniform with intensity valaes
= nALle) =0 Inereasing through the
& n AL (sum) tendency fram enamel with
=1 ED to cwter Inereasing
» ENJ = ename] temdency from
clearly direction. Mo EDT to auter
visilile sigoal intensity  emmel.
decreases
Incresse visible
in single AL
pasiton,
9 Cuspal ® AL = 1 » Sigmal intensity  Middle sigral
ename « nAL(m) =1 decrease in intensity valoes
s nALE)=1 positions of AL through the
& n AL {sum} =1 engmel with
=3 + Signal intensity  decreases In EDJ
& BENJ = decrense in measitian amd all
clearly positlons of AL three AL
wvisible {m} =1 pasitions.

[cortinied on next paps)
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Table 2 {continzmed } Table 2 (contined }
Sample Analyzed Descripsion Dhesseription Conclusion Sample Analyzed Diescription Treseriptinn Conclusion
I segIent light Raman m SEEIEnt Hght Raman
location micrascapy microscopy location microscopy micrascapy
= Signal intensity = EDJ = In single AL{) decrease in AL
decrease in clearly pasition. asition.
positions of AL visible = Signal intensity
(p)=1 decrease in
= Signal intensity EDJ = yes
decrease in 15 Cuspal = nALE) =1 = Sigoal intensity  High sigial
EDJ = yes enameel & nAL[m} =10 is uniform intensity values
10 Cuspal = nALID =1 = Signal intensity  Higher signal = nALle) =0 through the through the
el @ n ALim) = 1 derrease in intensity values & n AL {sum) aren with emamel, Mo
= nALla) =0 pasitions of AL through the =1 inereasing signal increases’
& 1 AL {sum} =1 enamel witl & ENJ = tendency from decreazes visible
=2 « Signal intensity  decreases in EDn clearly EDu ro cuter In EDW ar AL
- %= decrease in posithon and AL visible emamel position.
clearly pasitions of AL pogitiens direction.
vizible [m}=1 » Signal intensity
& Signal intensity derrenze in
decrease ED = ni
increate n
oater enameel
=0 enamel in samples 1-6 and 9 (Fig. 1, Figs. A1-A5, AR) and middle/higher
. ;i‘"':;“" "*f“" values in samples 7, 8, 10-15 (Figs. A6, A7, A%-Al4),
ENE_E:E: Retzius lines observed in LM record of sample 2 were not visually
1 Cuspal « MAL =1 = Signalintenslty  Higher signal detected in RM data record in RGB imaging (Fig. A2B), This fact may
el * nAL(m) = 1 is uniform with  intensity values signalize that Rls contains similar phosphate values as surrounding
= nAL{) =1 decreasing through che enamel, However, RM grayscale record shows slightly visible lines in
" 'l‘:lm"” ;”D'::'n?uﬁnl ;::i:lﬂI;;J places of Rls. In addition, statistical analysis indicated moderate to
o B = R position and AL strong correlation between those records (Fig. 2 -sample 2). These re-
clearly direction. No positions. sults suggest that RLs visually detected in LM record contain slightly
vislble signal intensiry lower phosphate values than surrounding enamel. Phosphate signal
decredse/ decrease is not as visible as in ALs positions, but is still present, based on
increase in Als : ;
- the results of correlation analysis.
peositions. 34 G ;
19 Cuspal * n ALY = 0 « Signal intensity  Higher signal The statistical assessment shows that, in most of the samples, dis-
enansel * nALm) =1 decreases Intensicy values tribution of the light intensity values was mostly skewed toward the
# nAlla] -0 increase in through the lower values with many more outliers in the lower tail (dark pixels) than
an T*{‘“m]' '““ﬂ“”““"“ﬂ “mmi::'i‘:& in the oppocite side of the distribution. Correlation between pixel in-
« EDJ = « Signal intensity _ positions. No tensites from the Raman image record and the record from light mi-
clearly decrease in signal intersity croscopy  within the whole sample (N 7935, ie, merging all
visible positions of AL decreases visible standardized wvalues inio one correlation) was low and positive
(m} =|f  InEDJ position. (Spearman B~ 0,33, § = 55535 4 10, p-value < 2.2e—15). Separate
' E:ﬂ;ﬁ o correlations for each sample (Vg 2), were mostly moderate to highly
{ncreate in positive in its value (ranging from Spearman B = 0.40 1o 0.84) and
oarer enamel highly statistically significant, with four exceptions (sample 6, &, 11, and
=0 14) that will be discussed more closely later in this text. Cross-
. m;ﬂ'ﬁ"ﬁ“'“ correlation method confirmed these resulis. In many samples, an
EDJ — o appropriate shift (in some samples to one, and in others to the opposite
13 Cuspal « nALG =0 = Sipnal intensity  Middle-higher direction, Table A2) within the defined lags evidently improved
examel & n AL = 1 decrease/ signal intensity increased) the correlation between records from Raman microscopy
= nAL[) =0 increase in values through and light microscopy. Based on the correlation analysis, records from
= n AL {sum} inner enamel tlse enamel with ; itted light ; d with Ra :
-1 -0 decreases in AL THTESITI ]E TI:I.IEI'DSEIJP}' mrrespnn Wi man lTlII'.'I'DEEDP}"
« EIM = « Signalintensity  positiens. Ne records.
clearly decrease in signal intensity In the four analyzed samples (6, 8, 11, and 14) previously high-
wialble pasitions of AL decresse visible lighted, correlations between pixel intensities from RM and LM records
g;;;l : i i, K0 posation. were much lower than in the remaining samples (Fiz. 2). Sample 6's RM
Ro record in RGB imaging (Fig. ASB) is in congruence with LM record
increase in (signal decrease in single AL position and in EDJ position) visually, but
outer enanyel the RM record in gravscale differs from the LM grayscale. One possible
=1 : : explanation is that grayscale imaging mode intreduced more ‘noise” that
b 5'37'5:;!“:““3 o could have affectad statistical results. In LM record of sample 8 [Fig. A7),
EDJ — no there is a visibly darker part of ename] in the outer enamel direction and
14 Cuspal AL =1 » Signal intensity  Middle-liglser signal intensity in BM record is high in value, However, the higher in-
enamnse] * n ALLm) = 0 i ﬂniu;ﬂﬂ;l ;,.;,JWH] Et:ﬂmi: tensity of signal at 960 cm ! in the outer part of enamel in Raman im-
= nALio] =0 through nes LR P 1
3 AL e R SR agzing record could be related to inequality of thickness in prepared tooth

S clear decrease  decrease In EDJ thin section, or dental caries based on LM record. The quality of trans-
position and no mitted light microscopy record strongly depends on thin section quality
which is also dependent upon thin section thickness, If the thin section is
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comparatively thick (s a result of inconsistence in thin section prepa-
ration process), the final record from transmitted light microscopy can
be shifted blurred, and therefore may not match well with the Raman
microscopy record. On the other hand, Raman microscopy records the
sample on the surface, s0 when disagreement between LM and RM re-
cord oceurs, Raman microscopy shows that the problem may be sample
thickness or irregularities of sample surface. Exact sample thickness can
be determined using a digital microscope or a more sensitive method
(atemic force microseopel. After removing Arst 100 pixels from both
records (dark area in LM), CCR = 0.713, which provides strong positive
correlation between LM and BM records (Frg, 415 Sample 115 BM and
LM records in grayscale visually correspond more than RGB imaging
cecords (Fig. A10C), but correlation between them is low (Fig, 2, sample
11). The reason may be ‘noise’ introduced from sample preparation (e
£, bubbles in resind, which could affect quality of both LM and EM re-
cords. The result of such “noise’ may be lower visibility of microstrue-
tures in the LM record and sample thickness irregularities may causs
uneven signal decreases/increases in the RM record. There iz no visual
congruence between sample 14's LM and BM records, which iz in
accordance with correlation analysis results (Fig, 413, Fig. 2 — sample
14}, RM analysis did not detect signal intensity decrease or increase in
single AL position visible at LM record,

As previously described, results can be seriously affected by several
factors. Taphonomic factors can influence enamel microstructure (hac-
terial degradation and decomposition of the enamel) and methodolog-
ical inconsistencies (e.g., bubbles in resin) can introduce ‘noise’ that can
seriously increase the complexity of the results and make interpretation
challenging.

4. Conclusions

Raman microscopy was used [or analysis of accentuated stress lines
in human enamel. The changes in intensity of phosphate in tooth sam-
ples generally agrees with changes in accentuated lines measured by
transmitted light microscopy of dental enamel longitudinal thin sec-
tions, These accentuated lines, which form a “barcode” appearance in
dental enamel, are mostly areas with reduced phosphate concentrations,
i.e., hypomineralized lines, Based on obtained results, we suppaose that
Raman microscopy of ALs could offer new and alternative perspectives
on the emamel structures. In most cases, we found that the optical change
in the light microscope corresponds to the change in phosphate con-
centration in Raman microscope. However, BM may not detect every-
thing that is recognized by LM. This suggests that that something
changes optically without altering the phosphate content, or that RM
may distinguish differences that we do not see in an LM. As this is a pilor
study combining the two described methodological approaches, it is
necessary to develop this methodology further, We should focus on
between LM and RM records to discover exactly what they mean. This
may provide more information about sample variability and/or appli-
cability of used method. In the future, together with 8 more detailed
aszessment of the concentration of phosphates in individual AL, these
deviations could help to classify stress lines into subtypes, corresponding
to different progress or intensities of stress in the body occurring in early
onlogenetic stages.
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ARTICLE INFO ABSTRACT

Keywords: Objective: This study evaluates & case of pseudopathology and the effects that postmortem taphonomic changes
Psendopatholagy and environmental influences can have on bone.
Radiography Materil: & skeleton of a voung male from the early medieval site Staré Mésto, dated o the 9th-10th eentury CE,

Soil inclusion

X-ray fluorescence spectromatry (XRF}
Computer tomograpliy (CT)
Taphonomy

Methods The skeletal remalng were subjecied ro detalled macroscople and X-ray examinatton, and then a CT scan
and XRF analysis were performed.

Results: X-ray examination of the mandible revealed unusually dense structures, whose appearance was not
consistent with any known pathelogy, Based on the results of CT sconming, it was hypothesized that these were
cavities filled with alluvial sediment. X-ray Muarescence spectrametry (XRF), focussing on the determination of
the silica content, revealed a high intensity of silica in the samples of the affected area of the bone.
Conclusion: The hypothesis that the inclusions were composed of waterbome sediment was supported.
Signifivance: Although it is well known that soil can infiltrate bones buried in the ground, its appearance on plain
radiographs 2 not that commonly known, The case [lusteates the usefulness of differentiating true pathologies
from postmortem alterations to avoid inappropriate interpretations.

Limitations: Mo similar cases have been described.

Suggestion for further research: In palseopathological evaluation, the use of multiple imaging and evaluative
techniques should be implememed o differentiate pathological lesions from psewdepathology.

1. Introduction differentiation betwesn antemortem and postmortemn effects is impos-

sible. At times, X-ray examination is sufficient to make the determina-

Distinguishing pathological lesions from conditions that only
resemble them is one of the most challenging problems in palae-
opathology. Examples of pseudo-lesions, including the presence of non-
metric traits and postmortem alterations cavsed by biological, physical
or chemical factors influencing buried bones, must be taken into account
during palacopathological examination. Taphonomy has received much
attention in recent vears (Haglund and Sorg, 2002; Duday and Guillon,
2006; Duday et al., 2009 Fernandez-Jalvo and Andrews., 2016; Stod-
der., 2018; Kntisel and Schotsmans., 2022; ere.). As early as 1967, Wells
warhed against hasty diagnoses in the evaluation of prehistoric skeletal
findings and introduced the term “pseudopathology”. Although this topic
has been addressed in research (e.g., Fulcheri et al., 1986; Corron e al.,
2017 Carotenuto et al., 2019), there are instances when macroscopic

tion (see Wells, 1967), and many issues can be resolved through the use
of light microscopy (Schuliz, 19%6; Ortner, 2003). However, in some
cases, advanced imaging technigues such as computer tomography (CT)
and x-ray florenscense (XRF), can be more beneficial.

In this paper, we introduce a ease from the site “Na Valdich™ in Stard
Misto in the Czech Bepublic. We aim to show how the bone strieture has
been altered due to taphonomic processes, mimicking a pathological
condition, and to increase the recognition of pseudopathology.

2. Material

I 2018, during a rescue archaeological research carried out in a part
of the burial ground “MNa Valich” in Staré Mésto, Zlin Region, Czech

* Correspandence to: Anthropos Institute, Moravian Museum, Zelnt? trh 6, 65037 Brno, Czech Republic.

E-mil @ddress: miojiova@mem.cz (M. Fojtova).

hitps:/ddoiorg/ 10,1016/, ijpp. 2023, 10,003
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Fig. 1. a) Location of the site on a map of Europe; bl Grave 772018,

Republic (see Fig. 1a), human skeletal remains of 26 individuals from a
total of 23 graves were excavated (Fojtova and Galuska, 2022), The
large early medieval site has been dated to the late Sth to the mid-10th
century CE, and in the past 100 years, more than IDUU gra'-'e-ﬁ h.we heen
ﬂra'.atm:l there (see Hmuby, 1955; Hochmanova-Vavrov 962
Galuika, 2002 7). Based on the grave finds, T|'||.=h pa:rr of Tl'naI hu.nal slte

excavated in 2018 was used from the second half of the 9th to the first
half of the 10th century, Grave 7/2018 contained a male of 18-29 vears
of age, buried on their back with the upper limbs tightly flexed at the
elbows and with hands almost touching the shoulders (Fiz. 1h), A part of
the grave had been damaged by a recent pit. The grave pit was very
shallow - only about 40 cm below the present-day surface, Originally,

Fig. 2. Left mandible in lateral (2) and sugerior (b) view with two fistulag deaining a periapical lesion of the first molar and carious defiects on the first and third
maolars (clrcles); Radiographs of the left (¢} and right mandible (d) with dense shadows visible (arrows).
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Fig. 3. CT images of the mandible recovered from grave 7,/2018.

the grave was deeper, biil as a result of later ageicultural use of the site
and landscaping related to construction, the topsell was gradually
reduced. There are two other similarly shallow graves in this part of the
burial site {Fojrova 022, What drew our attention to this
case was the extensive destruction of the dentition — there were
numerous carious lesions on the teeth of both jaws,

3. Methods

To determine the sex of the individual, skull morphology was
assessed] (Ferembach et & 9800, Due to the poor preservation of the
skeleton, the tooth wear method (1o | 9851 was used and, since the
molars of both jaws show almost no signs of attrition, we evaluated the
skeletal maruration phase (spheno-occipital synchondrosis and femoral

head fusion - Schaefer ot al, 2009), For macroscopic and X-ray evalu-
ation of the bones, criteria based on Aufderheide and Rodriguez-Martin
1981, Vvhnanek (1999, and Ortner (2003) were used.

as

Radiographs were obtained using a statlonary X-vay machine Sam-
sung GC 80 A, The images were processed with TomoCon Lite software.
CT scanning wsed a Canon Aquilion 64 CT scanner — a standard diag-
nostic multidetector CT seanner with &4 rows of detectors, with post-
processing 30 analvsis performed in a Siemens Svngo Via software
envirenment,

For X-ray fluorescence spectroscopy analysis (XRF), two samples
were taken from the affected area under toorh roots and a reference
sample was taken from the mandibular ramus where no shadows were
observed, All samples came from the same jaw, the sampling sites” se-
lection was basad on the radiograph (Fiz. 5a, h). A rotal of 100 mg of
sample was taken from the bone using a 0.75 mm carbide drill and
Proxxon Micromat 60/EF drill (Proxxon GmbH, Fohren, Germany).
Elemental analysis of the samples was performed using an Olympus
WVanta X-ray fluorescence spectrometer. The measurement parameters
were as follows: analytical mode, excitation energy range: 840 kV,
acquisition time: 310 s,
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4. Results and discussion
4.1. Macroscopical and X-ray examination of the mandible

The macroscopically visible pathological changes in the mandible
(several carious lesions, one of which developed a periapical lesion
drained by fistulas) (see Fiz. 2a, b) prompted the idea to radiograph the
jaw to assess intracsseous changes, As expected, post-inflammatory
bone changes with perapical and peridental ostealysis corresponding
Lo a periapical cyst or abscess are seen around the lower left first molar,
with fistula formation that perforated the outer surface of the alveolar
bone, The findings correspond to a chronic inflammatory state, In elin-
leal practice usually presented by variously long perlods of relatively
mild discomfort interspersed with painful exacerbations (All el

S9E A relatively extensive carious lesion is also evident on the lower
left third molar, with reactive changes in the surrounding bone, How-
ever, the image also showed unexpected artifacts, In the bone marrow,
multiple, largely confluent shading of dense mass are evident, with
granular and fibrillar structures present in places, More or less the whole
mandibular body is affected, without lateral predilection (Fig. 2e, d.

4.1.1. Differential dicgnosis

A group of specialists consisting of several pathologists and paleo-
pathologists, three dentists, an anatomist, and a radiologist was con-
sulted. The group independently suggested the following possible
differential diagnoses:

1. Foreign material

2. Odontome and its variantz (pssifying fibroma, caleifying odonto-
genic cyst, Pindborg tumour, adenomatoid ameloblastoma, amelo-
blastic  fibroma or fibro-odontoma,  odontoameloblastoma,
odontogenic Abroma)

3. Dsteapetrosis

4. Extensive osteopoikilosis

5. Melorheostosis

6. Paget's disease

7. Osteoplastic metastases, &.g., prostate cancer

8. Deposition of heavy metals (lead, mercury)

9. Diffuse inflammatory foci with recalcification

4.2 CT scanning

Since the group of specialists did not reach a consensus, we decided
to include a CT scan of the jaw to provide further information (Fig. 7).
The CT scan showed the fine granular character of the densities, without
the cystic components or expansive manifestations and mass effect that
would be expected in an expansive bone formation process. Thus,
odontomas was excluded from the differential diagnosis with a high
degres of certainty (Shimizu et al., 20014}

The relatively extensive involvement of the mandible sugzests that
the changes might be associated with a condition that affected the rest of
the skeleton (Mallva and Ls 201H). However, no changes corre-
sponding to whole-bady involvement were found in the other preserved
skeletal components, Therefore, osteopetrosis, osteopoikilosis, melo-
rheostosis, Paget's disease, osteoplastic metastases, and heavy metal
poisoning could also be excluded from the differential diagnosis with a
high degree of probability (Ortner, 2003),

The density of the material is significantly higher than the sur-
rounding cortical bone (approximately S00-1000 HU for the cortex,
150019000, If we were to consider abnormally extensive calcification
in a diffuse inflammatory process, which is highly unlikely in the
absence of osteolytic involvement, this newly formed sclerotic bone
should not exceed the density of the surrounding bone, However, the
results of the density measurements show nearly double the density
values. Thus, the hypothesis of recalcified post-inflammatory foci can be
excluded.

96
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Fig, 4. Magnified image of the mandible showing collections of dense material
primarily within the mandibular canal and adjacent alveall,

Table 1
Reladve content of silicon in the samples.
Sl %] Cassl
REF 0,97 = 0.08 0,013 4 0,001
SMFL 3.65 = 0.71 0,072 = 0.014
SMP2 1.36 = 0.06 0,023 4+ 0.001

It can be seen that maximum density appears in the mandibular canal
and among the cancellous bone nearby. The entrance to the canal at the
mandibular foramen is unobstructed (Fig. 4) If we consider the possi-
bility of long-term deposition of fine sediments in a modst enviromment,
then the mandibular canal and its secondary branches would form a
logical teajectory of miceo-sediments o the mandibular structiires.
Therefore, we concluded that the areas of density are deposits of fine
sediment with a siliceous component. Hence, these are postmoriem
changes.

4.3, X-ray flusrescence spectrometry

Based on the results of CT scanning, it was hypothesized that the
areas of density were caused by alluvial sediment. To prove this, the
samples from the mandible were assessed by X-ray Nuoreseence spec-
trometry (XRF), focusing on evaluating the content of silicon, calcium,
and phosphorus. Sinee silicon is found in rocks and soil mainly in the
form of silicon dioxide, the increassd amount of silicon could have
entered the bone tissue mechanically, i.e., water and sand could have
penetrated the internal structures of the bone, Although scil deposits
could have been wvisible with an endoscope, the instrument was un-
available. Similarly, small parficles of the soil in the bone can be
detected microscopically (5chb (00:3) but sampling is
destructive, and cannot be commonly applied.
shows the higher intensity of silica in the affected area (SMP1
and SMP2) on the mandible compared to the reference sample (REF).
Additionally, the calcium/silica ratio was calculated to make the sam-
ples independent of the measuring properties of the instrument and thus

tz, 1986 Orims
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Fig. 5. XRF sampling points (a, B); Comparison of Si intensities in samples (ch

make them more robust, Nevertheless, the samples show the same
pattern a5 when the raw data were used. This result confirms the
increased content of silicon in the samples. Fig. Sc shows the higher
counts in samples 1 and 2 compared to the reference sample (Ka line of
silicon in XRF spectra).

4.4. Discussion of possible environmental influences

The hypothesis of alluvial sediment filling is supported by the fact
that the burial site “Na Valach™ is located in the Morava River flood-
plain, on a slightly elevated promontory made up of hard fluviatile
sandy gravels, which slightly (alwout 2 m) exceeded its surroundings. At
the base of this promontory, archaeological evidence has been found of
terrain depressions, probably flled with water either permanently or
during flood periods (Haviicek cval, 2005) While floods were not very
freqguent in the 9th century CE and limited to a narrow steip around the
river, from the 10th century onwards, due to deforestadon and a
reduction in the retention capacity of the landscape, radical changes in
the runcfl ratios of precipitation in the entire Morava River basin
oocurred. As Aoods became more frequent and desteuctive during the
High Middle Ages, settlements moved awayv from the river floodplain
towards its edges (Haviicek, 19949,

As a result of the rise in the water table, the mandibular canal and
adjacent hane cavities of Grave 7/2018 could have heen filled with fine
sediment. The later creation of a garden, certainly watered regularly, on
the site of the grave, may also have influenced the process,

5. Conclusions

Postmortem taphonomic changes often lead to the formation of
structures that can easily be misinterpreted as pathological lesions, In
this study, we used CT imaging and XRF analysis to exclude pathological
conditions in an early medieval Slavic male mandible and to assess the
origin of the unusual formations. Although the presence of soil

az

inclusions, for example, in the medullary cavities of long bones is
comman in archasological bone, its appearance on plain radiographs is
less commaonly observed and evaluated. It is necessary to realise that fine
soil particles can also infiltrate unexpected anatomical areas. Our case
illustrates the uwsefulness of interdisciplinary collaboration  during
palacopathological evaluation and the importance of differentiating true
pathologies from postmortem  alterations to avoid insppropriate
interpretations.
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Zusammenfassung: Bei einer archiiologischen Rettungs-
grabung im Zentrum der Stadt Olomouc (Region Mahren,
Tschechischen Republik) wurden mehrere Graber gefun-
den. Diese waren Teil eines nicht mehr existierenden
Friedhofs in der Umgebung der Kirche St. Peter und
Paul. Die Forschung konzentrierte sich auf die Analyse
von 13 Schadelproben von Kindern, die von einer chroni-
schen Pathologie namens “Cribra orbitalia” (CO) betrof-
fen waren. Rintgenfluoreszenzspektrometrie (XRF) und
induktiv gekoppelte Plasma-Massenspektrometrie (ICP-
MS) wurden verwendet, um Unterschiede in den Proben in
Bezug auf das Alter einer Person, den Porosititserad (der
den Fortschritt von CO darstellt) und andere beobachtete
Pathologien zu untersuchen. Beide Techniken bewiesen,
dass das Verhilmis von Calcium zu Eisen mit dem Alter
des Kindes ohne Rilcksicht auf den Grad der CO-Schidi-
gung allmihlich zunimmt. Dariiber hinaus wurden die
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ICP-MS-Daten mittels Hauptkomponentenanalyse aus-
gewertet, die darauf hinwiesen, dass die hichsten Ph-
Gehalte in Proben von an Rachitis erkrankten Menschen
gefunden wurden. Die vorldufigen Ergebnisse zeigen,
dass mehr Forschung zu dieser Pathologie durchgefiihrt
werden sollte — nicht nur fir nachmittelalterliche, sondern
auch fiir prahistorische.

Schliisselworte: cribra orbitalia, Grah, Blei, Andmie, Eisen

Abstract: During an archasological rescue excavation in
center of city Olomouc (Moravia region, Czech Repuhb-
lic) several graves were found. Those graves were a parl
of a defunct cemetery situated in the area surrounding a
church of 5t. Peter and Paul. The research was focused on
analysis of 13 children’s skull samples affected by a chron-
ical pathology known as “cribra orbitalia” (CO). X-ray
fluorescence spectrometry (XRF) and inductively coupled
plasma-mass spectrometry (ICP-MS) were used to examine
differences in the samples with respect to an individual's
age, degree of porosity (representing the progress of CO)
and other observed pathologies. Both techniques proved
that the ratio of calcium to iron gradually increases with
the age of the child without regard to the degree of CO
damage. Moreover, the ICP-MS data were evaluated using
principal component analysis, which pointed out that the
highest contents of Ph were found in samples from indi-
viduals suffering from rickets. The preliminary results
reveal that more research on this pathology should be per-
formed = not only for post-medieval individuals but also
in prehistorical ones.

Keywaords: cribra orbitalia, grave, lead, anemia, iron
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1 Introduction

Cribra orbitalia (CO) is one of the most frequently found
pathological phenomena in human remains. CO is porotic
or sieve-like lesion in the bony orbital roof', It occurs to
a greater extent on children's and adolescent's skeletal
remains® and was firstly described in the 19" century by
H. Welcker. CO often appears on the skeletal remains of
medieval population that lived in unfavorable conditions,
such as high population density, insufficient hygienic con-
ditions, and limited access to food resources’, Fornaciari
et al. in 1982 studied the relationship between CO and the
level of iron in the bone tissue from the skeletal remains
of children under age 18 in the Carthage (Tunisia). The
authors confirmed significantly lower levels of iron in
bone in individuals with CO compared to healthy indi-
viduals {atomic absorption spectrometry was used). The
results point out to link between anemia (low amount of
iron) and CO that could be caused also by malnutrition®,
The hypothesis of iron deficiency and anemia is contrary
to the haematological research of Walker et al. in 2009,
This research shows that iron deficiency cannot sustain
massive production of red blood cells, which causes
expansion of bone marrow and is responsible for these
disorders. However, some evidence suggest that the accel-
erated loss and compensatory red blood cell overproduc-
tion observed in haemolytic and megaloblastic anemias
are the most likely a cause of porotic hyperostosis®.
Grupe (1995) also investigated this pathology on ten
skeletal remains from Bavaria (5™ — 7 century) includ-
ing collagen extraction, amino acid analysis and trace
element analysis (calcium, phosphorus and iron). The ex-
amined group showed higher values of proline, lysine, hy-
droxylysine and the ratio of iron to calcium, which refutes
the hypothesis of iron deficiency and leans towards hy-
pothesis of vitamin C deficiency. A significant amino acid
deficiency in the examined individuals was demonstrated
only for hydroxyproline®, Other investigations of Nubian
population from Missiminia, northern Sudan showed that
histologic hone structure does not support the diagnosis
of anemia. The histologic thin-sections were analyzed in
polarized light to clarify the possible sources of CO. In
56.5% of cribra orbitalia cases, there were no histologic
features indicating changes due to anemia. Authors hy-

1 Wapler et al 2003

2 Walker et al, 20009,

3 Welcker 1883,

4 Fornaciari et al 1982,
5 Walker et al, 20009,

6 Grupe 1995,
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pothesize that it is signs of other pathological conditions,
e.g. inflammation, osteoporosis and/or pseudopathaolog-
ical cases”,

Sguazza et al. (2016) analyzed an adult female skull
with partially preserved hair from the crypt of 5t. Maria
Annuciata in Milan dating to the 15%-17" century using
inductively coupled plasma-mass spectrometry (ICP-MS).
High content of Pb was found in an individual with C0,
i.e. 8.6 pg.g’ and 79 pe.g' for skull and hair, respectively,
compared with reference samples from the crypt (0.15 and
0.10 pg.g', respectively). The presence of higher content
of lead in this sample can be explained e. g, by use of lead
for domestic, medical and cosmetic purposes in the 17"
and the 18" century®, Zarina et al, (2016) performed the
analysis of 72 skeletal remains from southeastern Latvia
from the 17" to the 18" century by ICP-MS and isotope ratio
mass spectrometry analysis (6°C, §°N, §%0). A significant
relationship between low levels of rubidium and iron, and
lower levels of the isotope 8N have been reported. The
authors connect these results with nutritional deficiency
ot a parasitic disease®. Thus, two most common explana-
tions for the formation of cribra orbifalia are currently de-
scribed. First and prevailing opinion is that malnutrition
and/or physiological life cycle changes lead to anemia
(subsequently leading to CO). Second explanation is par-
asitic diseases occurring due to lower hygienic levels may
also lead to CO. Note, that both processes could have hap-
pened simultaneously.

The aim of this work was to analyze 14 skull samples
of post-medieval children found in the center of city
Olomouc (Czech Republic), close to a church of 5t. Peter
and Paul using X-ray fluorescence spectrometry and in-
ductively coupled plasma-mass spectrometry to find
differences in samples with respect to the age of studied
individuals, degree of porosity of orbit (representing the
progress of CO), and other observed pathologies.

2 Materials and methods

2.1 Archaeological context and anthropolo-
gical evaluation

During an archaeological rescue excavation performed in
the centre of Olomouc city at Kiizkovského 512 street (dis-

7 Wapler et al 2003
8 Sguazza ef al. 2016.
9 Zarita el al. 2016,
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Fig. 1: Map of city center Olomouc and inset of examined area Kitzkovského 512 with 5515 probe and graves H54 and RH91, inset show
55115 probe with graves H12, H13 and H14 (). Grégr a H. Dehnerova).

trict Pledhradi) in years 2015-2017, 542 graves were foind
(Fig. 1). In this work, all skull samples of medieval chil-
dren (13 pieces) affected by CO and one healthy individ-
ual (reference sample) (Fig. 2; age delermination for each
individual was based on methodology of Uberlakerl0 and
Florkowski/Kozlowski'') were analyzed. All of orbits from
13 children skulls exhibiting CO were classified using the
Stuart-Macadam grading system'. This system contains
a set of ascending grades which correspond to: capillary
impressions on the bone — grade 1 (5 individuals), scat-
tered fine foramina - grade 2 (2 individuals), large and
small isolated foramina - grade 3 (5 individuals), and tra-
becular bone linkage — grade 4 (1individual). This grading
system also includes a grade 5, which shows outgrowth of

10 Ubelaker 1978,
11 Florkowski/ Kozlovwski 1994,
12 Stiari-Macadam 1991,

trabeculae. However, this is not representative of CO and
has only been reported to occur in vitamin C deficiency
(scurvy). This grade was not detected in our samplesi3
(Tahb. 1). Naote, that 2 adult individuals (1 male, 1 female)
were also affected by CO, but due to the higher bone
remodeling processes were omitted for this study. The
survey also provided evidence of settlement in the area in
the prehistory and early Middle Ages. The graves were part
of a defunct cemetery (used since 1391 and abolished in
1784, data from the first written sources) situated in the
area surrounding the church of 5t. Peter and Paul (stone
foundations of the church were found). The church existed
in this area from the 14" century until 1792. Moreover, an
Augustinian monastery including the church of 5t. Jacob
was found in the south part of this area (documented

13 Nawveed ef al. 2012
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Fig. 2: Example of skull with cribra erbitalia (H18),

Tab. 1: List of studied individuals with cribra orbitalia.

Grave # Age Location of CO (O grading  Observed desease
RH%1 Z years (+ 8 months) . 0

H12 2 years (¢ 8 months) left arbit 3 anemia, rickets
H15 2 years [+ 8 months) right orbit 1

H10 2=i) years left orbit 1 .

H21 2-4 years both orbits 4 rickets

HE 2-4 years right arbit 2

Hig 4years [+ 12 months) both orbits 2 -

H54 4-6 years left orbit 3 rickets

H1% 6 years [+ 24 months) right orbit 1 G

H13 6=9 years both orbits 1 anemia

H14 3-12 years right orbit 3

H11 10 years (x 30 months) right orbit 3 anemia

H3& 10 years (+ 30 months) right arbit 3 anemia

H32 12-15 years right orbit 1
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since the 13" century)'. Composition of the parishioners
was diverse and included also craftsmen and fishermen
from the suburbs, nobles and burghers, in addition to the
people belonging to the church society {e. g. ministers of
the church - singers, bell towers, officials, servants from
canon residences, etc,)',

The examined area contains 542 individual graves in
total, where 486 graves are located in the north part of
the area and the remaining 56 graves in southern part.
Burial in the southern area of the church was complicated
by the relatively high-rise bedrock made up of the Kulm
crumb. The area was used for funeral purpose only for a
limited time frame — the graves were not disturbed and the
distance among them was wide. This part of cemetery is
dated to the span of the 14™-16" century. Burials belonging
to the early Middle Ages were not found and in contrast
to the northern area, also no barogque burials were found.
However, they could be removed by modern building mod-
ifications'®, The deceased were placed there in a stable po-
sition on their backs, with their head situated to the west
atid their feel to the east, with the exception of the 55/15
trench, in which four children were buried with their head
sitwated to the north (graves H8, H12, H15, H18), The 55/15
trench is situated in a natural fissure in the rock massive,
near the western supporting pillar of the southern perim-
eter wall of the nave of the church (Fig. 1). The natural
fissure reached a depth of 2.1-2.4 m below the surface of
the surrounding bedrock. During the second half of the
16" century, a total of 27 individuals were placed in the
natural fissure in at least eight levels (16 individuals of
them were children, i. e. H8 - H15, HI7-H19, H21, H22, H32,
H36 and a newborn, H4)". Majority of those individuals
were situated directly in the space of the 55/15 trench. The
relative position of the graves in this probe from bottom to
top was as follows: graves H35 and H36 (the lowest level),
followed by the graves H32, H33, H27 (in the intermediate
level}, and subsequently the graves H20, H21 and H22. All
associated individuals were situated with their head to the
west. The first child grave (H18, the western wall of the
fizssure) with head situated to the north was located on the
top of these graves, followed by the graves H17, H16, H19,
H1s5, H13, H14, Hi:, H9, H10, H11, HS, H4, HS, Hé, H1, H2
and H3.

The next studied grave HS4 was located 5 m to the
west of 55/15 trench. The grave BH91, used as a reference
sample, was located 21 m to the southeast of 55/15 trench

14 Dehnerova/Slézar 2020, 15-16.
15 Koufil 1579; 1960

16 Dehnerova/Slézar 2020, 23-24.
17 Sin 2017 Sin/Dehnerova 2015,
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(situated in monastery cemetery) (Fig. 1). The most fre-
quently represented finds from the graves include a pair
of fasteners — an eve with a hook made of copper or some
other non-ferrous metal®®.

Fastening, a universal part of clothes, was used from
the second half of the 15" century to the present. It has
been found in the individuals H8, H12 (eye), H13, H14, H15
(on three parts of the body - on the collarbone, on the ribs
and under the ribs) and H54 (tinned, also in three places -
on the neck, in the area of the right shoulder joint and on
the rib). In the individual H8, fragments of a bronze wire
were found in the oral cavity. The inventory of the indi-
vidual H54 contained the most items: in addition to the
above-mentioned fasteners, a pair of brass buckles was
found in the chest area, while brass belt fittings and small
glass beads (a total of 312 pieces) were found in the occip-
ital area and probably came from the cap (Fig. 3, probably
“crown of death™). This grave could be dated to the second
half of the 15* century — first half of the 16" century™,

2.2 Chemicals and reagents

All chemicals used to prepare the stock standard solutions
were at least of analytical grade. Single element agueous
calibration solutions ASTASOL® at the concentration 1000
+ 2mg L Ca, Fe, Pb), a multi-element calibration solution
ASTASOL™ at the concentration 10 + 0.1 mg L containing
Sc, Y, In, Th and Bi for internal standard solution prepa-
ration, HNO, (69 %, Analpure®), H.0, (= 30 %. analytical
grade+) and HCl (36 %, Analpure®) were obtained from
Analytika Lud. (Prague, Czech Republic). Two certified ref-
erence materials (CEMs) of lake water (TM 25.6 and TMDA
64.3) were purchased from EC, Canada. Ultrapure water
with the resistivity 18.2 M{Q-cm obtained from the Milli-Q
water system (Millipore Corporation, Molsheim, France)
was used to prepare all sample and calibration solutions.
All kinds of glassware and plastic labware used for ICP-MS
determinations were pre-treated by overnight leaching
in 10 % nitric acid solution, rinsed multiple times with
ultrapure water, and dried in an oven to avoid contamina-
tion with elemental impurities.

18 Slancarova 20185, #9-100,
19 Ihid. 200-201; 207
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Fig. 3: Layout of grave H54 (&) with three fasteners (B), small glass heads (C), brass buckles in the chest
area {D) and brass belt fittings (E) as part of inventory (Dehnerovd 2015).

2.3 X-ray fluorescence spectrometry (XRF)

The bone samples were manually milled and homoge-
nized in a mortar. Elemental analysis of the bone samples
was performed using an X-ray fluorescence spectrometer
(Olympus, MA, USA). The measurement parameters were
as follows: Geochem mode, excitation energy range 8-40
kW, time of acquisition 90s. Each sample was measured in
six replicates.

2.4 Inductively coupled plasma-mass
spectrometry (ICP-MS)

A microwave digestion unit UltraWAVE (Milestone,
Italy) was employed for sample mineralization. Prior to
the mineralization step, the bone samples were manu-
ally milled and homogenized in a mortar, Subsequently,
20 mg of homogenized bone tissues were digested with
mixture of concentrated HNE}J (4 mL), HO, (1 mL) and
HCI (0.25 mL) in quartz vials with Teflon caps using the
following two-step digestion program: 110 bar and 220
°C, first cycle time 15 min, second cycle time 10 min.
After the digestion and cooling, digests were diluted with

ultrapure water to 25 mL and stored at 4 °C until [CP-MS
analysis. Blank samples were prepared by digestion of
mixture of acids but without the sample matrix. Never-
theless, for Ca determination, all samples were diluted
100x% with deionized water due to high Ca contents in
bone tissue samples. All measurements were carried out
using an inductively coupled plasma mass spectrometer
7700x ICP-MS (Agilent Technologies Ltd., Japan), fitted
with an ASX-520 autosampler, a MicroMist concentric
nebulizer, a cooled Scott-type double pass spray chamber
and an octopole reaction cell operating in helium mode to
overcome spectral interferences. The instrumental condi-
tions for determination of total Ca, Fe, and Pb contents
by ICP-MS operating at a spectrum mode were as follows:
RF power of 1550 W, plasma gas Ar flow rate of 15.0
L-min™, auxiliary gas Ar flow rate of 1.07 L-min™, nebu-
lizer gas Ar flow rate of 0.9 L-min™, collision gas He flow
rate of 4.3 mL-min”, a dwell time of 100 ms for ana-
lyzed isotopes “Ca, *Fe, *Ph, “Sc and ™Bi (“Sc and
*%Bi served as an internal standards). It was prepared
by a hundredfold dilution of a multi-element calibra-
tion solution containing Sc, Y, In, Th, and Bi (c = 10
0.1 mg-L ) with ultrapure water. Semi-quantitative analy-
sis of selected isotopes (up to 70 elements) was measured
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Tab. 2: Pb content in studied samples, measured by ICP-MS.,

Sample Mean 5D
(pgg) (ng g
RH91 3.3 0.1
Hi2 43.1 1.7
H15 8.8 2.7
H10 14.2 0.5
H21 9.7 4.9
HE 21.8 1.5
H18 27.8 1.3
H54 68.0 4.3
H1% 25.4 0.9
H13 30.7 3.0
Hi4 4.5 0.2
Hi1 288 1.7
H36 4.6 0.4
H32 4.1 0.3

with the same parameters. All ICP-MS analyses were per-
formed in six replicates. For total Ca, Fe and Pb determi-
nation, stock standard solutions were diluted with deion-
ized water with the addition of same mixture of acids as
for sample mineralization.

The used ICP-MS method was validated in terms of
linearity, trueness and precision. Linearities of calibra-
tion curves were evaluated within a range from 625 to
12500 pg-g* for Ca, from 0.6 to 12,500 pg-g* for Fe and
from 1.25 to 625 pg-g ' for Ph. The calibration models for all
studied isotopes were linear, with the resulting correla-
tion coefficients not lower than 0.9999, The trueness of the
method was determined by analyzing two CEMs (TM 25.5
and TMDA 64.3), It was expressed by recovery and ranged
between 107 and 113 % for Fe and Ph. Recovery of Ca was
not determined because neither CEMs did not contain
certified concentration of Ca. Precision (expressed as rel-
ative standard deviation (RSD) in %) was not higher than
5 % for both Fe and Ph. For quality control and estimation
of stability of ICP-MS measurements, OC sample (at the
level of 125 pz-g! for Ca, Fe and 62.5 pg-g* for Ph) was
repeatedly analyzed at the beginning, during and at the
end of [CP-MS measurement, Calculated recoveries for Ca,
Fe, Pb were 103 %, 106 %, 95%, and precisions expressed
as RSD were 3%, 3% and 4 %, respectively. Additionally,
the internal standard solution was simultaneously intro-
duced to the ICP-MS spectrometer to reduce non-spectral
interferences. Signals of Ca and Fe isotopes were cor-
rected to ¥5Sc isotope, whereas Pb isotope was corrected
to ™ Bi isotope.

Markéta Lundova et al., Evaluation of chemical compasition of cribrg orbitali =—

2.5 Statistical evaluation

The obtained ICP-MS raw data were studied by unsuper-
vised Principal component analysis (PCA) and comparison
of hoxplot of Pb content. Logarithmic transformation and
Pareto scaling was applied. The transformed data matrix
was transferred to freeware environment for statistical
computing R-project, version 3.5.0°°, Outputs were evalu-
ated in the form of appropriate score and loadings plots.
For PCA and visualization the default package “stats" and
“geplot2” were used, respectively™,

3 Results and discussion

The 13 samples taken from the skulls affected by CO and
from one healthy individual (reference sample) were
homogenized and measured by XEF, and by ICP-MS as
a confirmatory method. In the first step, we focused on
determination of content of iron in bone samples, due to
the commonly accepted theory of anemic disease and low
amount of iron causing CO. Fig. 4AB shows high intensity
of iron in the reference sample and very low intensity in
samples with CO. Therefore, we believe that in these indi-
viduals with CO, reduced iron levels in the bones could
lead to anemia. Howewver, if we focus on the ratio Ca/Fe
(Fig. 4CD), we can see the dependence of iron content
on age. This ratio gradually increases with the age of the
child, but it does not correlate with the degree of orbital
damage (Tah. 1).

Fiz. 54 shows the score-plot from PCA of dataset con-
taining the amounts of measured elements. Each sample
was measured in five chemical replications represented
by five points of a particular color. With the exemption of
pairs HI0-H12 and H21-H54, respectively, the datapoints
related to each individual (replications) is separated from
the other ones. A distinct segregation of reference sample
(RH91) from samples affected by CO was observed. First
two components explain 59.5% of the variability in data.
Mote, that the cumulative proportion of variance explains
68.8 % and 77.6 % when third component and third plus
fourth components are included, respectively. Loadings
plot {Fig. 5B) shows that Pb strongly influences both prin-
cipal components 1 (PC1) and 2 (PC2). The lowest content
of Pb (Fig. 5C, Table 2) was observed in the reference
sample RH91 (3.3 pg-g "), followed by samples H32, Hl4
and H36 with content of 4.1, 4.5 and 4.6 pg-g™', respectively.

20 B Core Team 2000,
21 Wickham 2016.
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significant porosity of CO).

The highest content of Ph were found in samples H54 (68.0
pe-g'), HM (597 pgg') and H12 (431 peg'). Note that
those individuals were also affected by rickets (Tah. 1).
Sguazza ef al (2016) describe the link between content of
Pb and CO. The authors supposed that chronic lead intoxi-
cation could (in addition) cause other diseases, especially
anemia®®, The Pb levels in human skeletal remains will
therefore reflect their in vivo exposures in the past. Besides
that, we cannot neglect the postmortem contamination,
as it can contribute to significant measured values of Ph
(100-fold greater than the background level )™, Burials H12
and H21 (trench 55/15) were inhumed along the southem
wall of the church. Thus, the Ph contamination (relevant
to postmortem changes) can be caused by the rainwater
flowing down from the roof with assumed leaden struc-
tural elements®®. Nevertheless, the connection between
the Pb contamination and the rickets (H12, H21, H54)
points to the context with in vivo exposure. Lead poisoning
can also inhibit vitamin [V synthesis due to its effect on the
metabolism of calcium and phosphorus (by inhibition of

22 Sguazza et al, 2016,
23 Grandjean 1988,
24 Bond ef al. 2013; Drasch 1982; Unger 2006,

one of the required enzymes). This condition results in hy-
pocalcemia, hypophosphatemia and hyperphosphaturia
due to the decrease in intestinal absorption of both these
minerals and Pb poisoning in children could result in bone
demineralization and rickets*.

4 Conclusion

The XRF and ICP-MS were used to evaluate elemen-
tal composition of 14 child skulls affected by CO. The
research was focused on determination of iron content
which should be the main indicator of anemia. The ratio
of calcium to iron gradually increases with the age of
the child without regard to the degree of CO damage. We
presume that reduced iron levels could be a secondary
sign, not the primary cause of CO. Moreover, principal
component analysis reveals a significant influence of
lead on PC1 and PC2. The highest content of lead was
found in samples affected by rickets, which agrees with
lead intoxication resulting in hypocalcemia, hypophos-
phatemia and hyperphosphaturia. Note that eating dis-

25 Loghman-Adham 1997; Rodrigues/Monica Mandalunis 2018,
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Fig. 5: Principal component analysis of ICP-M5 results: raw data (A), loadings plot (B) and box plot of Pb

content in studied samples (C).

orders, parasitic diseases, and other diseases that we are
not able to clearly identily might also play an important
role here. The authors realize that this research was made
on the small set of samples. However, the preliminary
restults point out that more research on this pathology
should be performed not only for post-medieval individ-
uals, but also in prehistorical ones.
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