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Abstract

The purpose of the present thesis is the f urther development of the micro X
Ray Fluorescence (micro -XRF) technique by proposing, studying and
validating novel analytical methodologies and applications targeted to cultural

heritage artefacts. The micro -XRF technique has wide applicability in the field

of Cultural Heritage as a non -destructive method, that can provide fast
gualitative elemental analyses and under certain conditions quantitative

results. The micro -XRF spectrometer developed in the present thesis is
portable allowing in -situ measurements, a strict requirement for cultural
heritage artefacts of la rge size and of high archaeological or artistic value.

The PhD thesis presents a systematic study of the analytical features of a

micro -XRF spectrometer, proposes optimized measurement conditions and
analytical methodologies that extend and improve the ana Iytical range,
sensitivity and accuracy of the technique. For the quantification of the T -XRF
data, a new methodology was proposed and validated based on the
Fundamental Parameters Approach and the analytical description of the
transmission efficiency of t he polycapillary X -ray lens. For tackling the
problem of metals heterogeneity at the micro -scale, novel methodologies were
proposed that offer quantitative criteria for getting reliable quantitative

results.

The present thesis demonstrates a wide spectru m of analytical applications of
the portable micro -XRF technique in studying various metal museum
collections across the Mediterranean basin (Greece, Malta, Syria, Jordan). The
studied metal artefacts were analyzed for the first time with a non -destructive
method and the analysis aimed to identify chemical com position, corrosion
products and to elucidate surface enrichment and finishing techniques and in
particular of gilding applied from antiquity to medieval times. The
complementarity of micro  -XRF technique with respect to the Laser Induced
Breakdown Spectro scopy (LIBS) was comparatively investigated during in -
situ analyses, whereas the analytical results of the microXRF analyses were
validated versus those of other portable XRF spectrometers and lon Beam
Analysis techniques

The results of the present thesis reveal and highlight the significant

contribution and importance of micro -XRF analytical applications in the field



of Cultural Heritage and offer a solid methodological framework for its

optimized and reliable further use and exploitation.
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oEof 6 QORUD: OQEAATE Ol T Re& 3777t J7AUOUOFY JARAAOOF gUAT ReE
Rt OC 6 ERT 60, 6ERT 604 6406F R O1 UE AU¢-t (cps/T a) /

(10x10) mm 2 (Ax1)mm 2 (i g/lcm 2) (1 g/lcm 2) Ao ORRt U E ( §/cm?2)
(cps/ 1A) (cps/ 1A) (x 10-3)
KCl K-KA 0.127 +1.5% 0.139+ 1.7% 39.0 20.3 0.964 6.50 = 0.19
KCl CI-KA 0.045 +2.3% 0.046+ 3.3% 39.0 18.7 0.973 2.48 +0.07
CaF2 Ca-KA 0.189 +1.3% 0.190 + 1.4% 44.4 22.64 0.985 8.50 + 0.25
\Y V-KA 0.662 +2.1% 0.651 +1.2% 36.9 36.9 0.987 18.1+0.5
Cr Cr-KA 0.894 + 1.6% 0.876 + 1.4% 39.0 39.0 0.987 232+0.7
Fe Fe-KA 0.997 + 1.4% 0.987 + 1.2% 39.9 39.9 0.988 253+0.7
Co Co-KA 1.094 + 2.1% 1.054 £1.2% 39.4 39.4 0.989 28.1+0.8
Ni Ni-KA 1.089 £ 1.7% 1.068 + 1.1% 38.4 38.4 0.991 28.7+0.8

CuSx Cu-KA  0995+1.3% 0981+ 13% 417 31.69
GaP Ga-KA  0262+1.8%  0-256+1.5% 17.9 12.3 0.997 21.3 £0.6
Ge Ge-KA 0.805 +1.7% 0.786 + 1.4% 46.4 46.4 0.991 176 +0.5
Se Se-KA 0.597 + 2.6% 0.605 + 1.5% 519 519 0.992 11.6+0.3
CsBr Br-KA  0.192+2.2% 0.183+1.6% 48.6 185 0.992 10503
Rbl Rb-KA 0.125 42.3% 0.122 +1.3% 441 177 0.995 7.08 £0.21
SrF2 Sr-KA 0.172 £2.0% 0.169 + 1.4% 41.6 29.0 0.996 5.94 +0.07
YF3 Y-KA 0.120 + 1.5% 0.118 +1.8% 41.3 25.2 0.997 4.78+0.08
MoO3 Mo-KA 0.091 +1.7% 0.090 £1.4% 19.3 129 0.999 7.04+0.21
Ag Ag-LA 0.101 % 1.7% 0.059 + 4.6% 428 428 0.957 2.46 +0.18
n LA 0,096  2.4% 0.092 + 1.6% 364 26.4 0.966 2.73+0.08
Sn Sn-LA 0.096 +2.2%  0.091+0.11% 36.8 36.8 0.967 2.70+£0.08
Sb Sb-LA 0.124 £ 2.7% 0.124 +1.9% . - 0.955 2.44 +0.07
W03 W-LA . 0.264 + 1.4% 39.5 31.3 0.989 8.53+0.26
Pt Pt-LA - 0.249 + 1.5% 36.4 36.4 0.989 7.06 £0.21
Au Au-LA - 0.285 + 1.5% 38.1 38.1 0.989 7.55 +0.23
Pb Pb-LA - 0.242 + 1.4% 40.5 405 0.989 6.07 £0.18
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D# 01 UE@O HARATFERTR gol 0AOET, GO0f ARE T Ei
ArO1T1tr AF ARAT1 & EVoeC o601 0tfEF UOARAYFERT RF

(9/ cm?) ARAT T 6 OT 6¢

(cps/ 1A)
22 Ti-KA >1 420 +0.4
23 V- KA >1 53.6 £0.5
24 Cr-KA >1 65.0 £0.7
25 Mn - KA >1 59.6 £0.6
26 Fe-KA >1 92 £0.9
27 Co-KA >1 102 =1
28 Ni-KA >1 110 =1
29 Cu-KA >1 116 =1
30 Zn-KA >1 117 1
39 Y-KA 0.0086 247 £0.2
40 Zr-KA >1 10.1 £0,1
41 Nb-KA >1 344 £0.3
42 Mo-KA >1 297 £0.3
46 Pd-KA >1 1.14 +0.05
47 Ag-KA >1 1.62 +0.08
47 Ag-LA >1 1.77 +£0.02
48 Cd-KA 0.00926 1.38 +£0.05
48 Cd- LA 0.00926 1.11 +£0.01
49 In-KA 0.01807 0.33 £0.01
49 In-LA 0.01807 2.29 £0.02
50 Sn-KA >1 0.58 +0.02
50 Sn-LA >1 2.71 £0.03
74 W-LA 0.049 212 £0.2
78 Pt-LA 0.00788 207 £0.8
79 Au-LA >1 18.6 +0.7
82 Pb-LA >1 6.6 +0.1
83 Bi-LA >1 17.9 £0.2
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iTT ROAOAT URE AT FED O BRéD ORVA RGEVMEEDS). g f EUBEY &

661 Re ORY fa A EFi REOASESENAT AET 1 10IURRAR E O
RURRSREZREBIGE 01 £O0OU t 71 radE Grradi AdiEIESHRER A t

Rf GRAURG.O RUAY EXRET ADRAA61 RF SeE@ t fUATE &3 AT UF t
Rt ORABRO EDO%I RB eERT OTRAROVAO OBEAEROAADAA

T A AT T A ORAgead @RS Af ge OOF AY 1 &t O dRgIRIT Ao Oa @1 AOETY
Rf O UER BWA14 Of R3 RREAT AARRA3 ROAROURI 48 OOBARAYT Rf OO
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TRt 6601 ET £#OEY RUAY EOF R3 RET ?

GE gA1 CNR-91 CNR-92 CNR-141 CNR-152
D# O1 Ut
Ag 97 +1 92 +1 925 +1 96.5 +1
Cu 1.5 0.1 6.5 +0.3 75 +0.4 35 +0.1
Pb 1.5 0.1 15 0.1

j 9OAT4RY]T R? 0601 ET £OET RUAT EOF R3 RETT 7 SGARRUBRAUVEDSSO
T RAT AF A

dzZA T RAT ATURURO3IRO1T EeE3 ABT A GEE B 1 R™her -Helmut

(www .fischer -technology .com), AOA6Ff 3 0é& ET A

EUART OA& 1 IRF-HEG@ ORT RI 1 Ef ROA 101400SAEOHUET AY Ar

A WA

RUAY EOf R3 RET P URRIBROBROURT 686 OOF AT43Rt OO 6 GOAT A

PR

jT Rt 0601 Ei £#OET RUAYT EOF R3RET T (9

GEOUAT A  AaBKMF ABLLI ABSBL ABQAQ
Dz O1 UE(
Au 58.58 +0.90 74.96 £1.11  89.99 +1.35 95.04 +1.42
Ag 29.37 £0.43  5.04 £0.15 5.04 +0.15 2.46 +0.15
Cu 12.05 +0.18 20.0+0.3 497 +0.15 2.50 +0.15

j OA4RT 1T R? O6 O FEri GEOEER UMTAEOF R3 REAT 4 FRIUR A .
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(mm) (mm 2) RETEQ® EOF ARESO 7SO AOI UOEUt 1
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3 1 5x5 36 29 2 5 24
5 0.7 1.1 2.3
Gold Reference Alloy CuQA AgkA AuM  AuLA
1 0.1 0.5x0.5 30 1 4 3 0.7
2 0.1 0.5x0.5 30 1 5 4 0.5
3 1 5x5 36 1 4 3 0.5
0.2 1 1 0.3
BCR-D-691 CuKA ZnKA SnKA SnLA PbLa
1 0.02 0.14x0.14 64 6 13 7 14 68
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3 0.02 0.24x0.24 156 6 8 15 16 59
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ORA&T A UR@JB’K@’IE

e QAERE -

QAAEERC  Flie dU6iid STD-100/

iTasir@g# 1EfRef Au-LA  Aoti 11 Mean o
1 3600 19276 132.6 0.688
2 900 19276 69.9 0.363
3 400 19276 48.3 0.250
4 225 19276 35.8 0.186
5 144 19276 31.2 0.162
6 100 19276 28.7 0.149
7 64 19273 23.3 0.121
8 49 19273 20.8 0.108
9 36 19272 20.3 0.105
10 36 19276 18.1 0.094
11 25 19272 19.1 0.099
12 25 19276 17.0 0.088
13 16 19271 13.9 0.072
14 16 19273 16.0 0.083
15 16 19276 13.9 0.072
16 9 19269 12.6 0.065
17 9 19270 14.8 0.077
18 9 19272 16.6 0.086
19 9 19274 16.1 0.084
20 9 19276 14.7 0.076
21 4 19269 11.1 0.058
22 4 19269 10.2 0.053
23 4 19269 11.6 0.060
24 4 19269 11.4 0.059
25 4 19270 11.9 0.062
26 4 19271 12.0 0.062
27 4 19272 13.8 0.071
28 4 19273 14.2 0.074
29 4 19274 14.6 0.076
30 4 19276 13.8 0.072
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A A N S

i 6ORE® OA aEiTd ODRAEIe G310 AESH o801 & 1 AOf 1 R O OE

ilTA éZARE TEfQEQEF, E fl11& 2 AOf| RREQGIPUEZV2RE A

A61 30 1 EFf RRES® AR EEHOF ARE?T Té@dhhﬁfﬁ@TOéE

UAﬁATfEQinT1mfAm|E®®Nm||a A6t1T1T RE Uo6Ol OAged

i FAE& OF 1 D& OGOATOAT A 4. 5 oAﬁOORTééOBFAl P A

U6 O1 OAT RTTOGRUEGU ART Af 37 OB A BRRAT f ERAWREFAI T &

I Af AT-KEFRARSREOU URAWKRIOBUD RA1 AfBBKMF.&

DA WERI 6Ff 3 REIT T 60U & RREASIHKA Rt $TO160ODRO31T E OA

Ue O1 OAGROWHEREY fl1 1 A, Oo6tfE O 06QO8OATAFP 4.5 16C¢C

|AFATT&%S&A§OUQTééEFAT RF OO 6 30OAY AE &Il b4 ABIAA AROC
=S

ORA&T A URABKVF
QARE
O&F&AEeC ftii1a& dzU6T 1] ERIT OI
cilaset: Au-LA AotV 11 mm 2 o)
1 19276 132.6 0.0025 0.688
2 19276 69.9 0.0100 0.363
3 19276 48.3 0.0225 0.250
4 19276 35.8 0.0400 0.186
5 19276 31.2 0.0625 0.162
6 19276 28.7 0.0900 0.149
7 19273 23.3 0.1225 0.121
8 19273 20.8 0.1600 0.108
9,5 19274 19.2 0.2256 0.100
11,5 19274 18.0 0.3306 0.094
14 19273 14.6 0.4900 0.076
18 19272 15.0 0.8100 0.078
25,5 19271 12.5 1.6256 0.065
] QOATakt DAOESGT UAT AOE ET a0Ua&0EFONA OF GRITOT 4 ART AP 1103
TEOO3 QUARATF ERURAIIGIEBROT 30F EEXRORARSRE 7 OU 6Rt 7 U6OU
T R&T AUBUR&BKME RE 11 A EGKSUdMPHIEA a &l Am.5D& OI0OAT A
AOAU ARET Al T Al nim2BEO®UDUAOETI RfF REUEY RE 1 4eE 1 £AEe Ov 1|
31 0ARAGAOS 1 EFf REREI DRi AR GEAFEAT AAERT RF T T A ARAT |
Cu-OAY AlAg-KA 6 AROURT 42 OBRAIT REE 6 ARIZIRF AREAAT E
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