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11.1.  

X

 

1.2.  

21

16

Fig. 1-1  

1.2.1.  

1500 2 Abu Shahrein

Eridu 1919 H. R. Hall

21 3 Amir-Sin
2-3)

4),

Tell Asmar (  Eshnunna) L. 3.4cm

D,1.1cm 3 H. 

Frankfort 2), 23

Fig. 1-1 Map of Ancient Egypt and Mesopotamia 
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D. Barag 
5) 21

 

16

16- 13 Fig. 1-2

Fig. 1-3 Fig. 1-4-1 Fig. 

1-4-2

Fig. 1-4-3

5 7 8

1275-1240 Fig. 1-5

Fig. 1-2 Spacer beads: AEM  
AEM: The Ancient Egyptian Museum Shibuya  

Fig. 1-3 Disk pendant: AEM 
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6)

7)  

 

Fig. 1-4-1 Barrel beads: AEM 

Fig. 1-4-2 Middle Assyrian glass beads from Sheikh Hamad  
Syria Deir az-Zor Museum 

Fig. 1-4-3 Mitannian core-formed glass from Tell Brak: 
 Syria Deir az-Zor Museum 
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Fig. 1-5 Tube with spiral design from Tchoga Zanbil: AEM 

Fig. 1-6 Mosaic glass from Arslan-Tash: AEM 

Fig. 1-7 Quadrangular kohl tube: AEM 

Fig. 1-8 Triangular beads: AEM 
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8 Arslan-Tash

Fig. 1-6 1928

6

6

8)  

4

5-4

Fig. 1-7 1

Fig. 1-8 5 4

Fig. 1-9 Phoenician beads: AEM 

Fig. 1-10 Large eye beads: AEM 
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Fig. 1-9

Fig. 1-10  

612-538 4)

6-7 Fig. 1-11, 1-12  

1.2.2.  

Fig. 1-13 Table 1-1
9-15)

18 1570 ― 1293 3

3

Malkata Pre-Malkata 

Glass Early Glass 15)  
 

Fig. 1-11 Shallow cut bowl Sasanian Persia: AEM 

Fig. 1-12 Blue dotted cut bowl: AEM 
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Table 1-1  

    

18   
1550 1292

1570 1546  Ahmose I 

1479 1425  Thutmose III  Thebes Luxor

1427-1401  Amenhotep II 

1391-1353  Amenhotep III  Malkata 
 

1353-1336  Amenhotep IV  Thebes Amarna  

1333-1323  Tutankhamun  Amarna Memphis  

19   
1292 1190 1279-1213  Ramesses II  

Pi-Ramesses 
Lisht Menshiyeh Gurob
Qantir  

20  1190-1077  Ramesses III  Yahudiya Ramesses III  

21  1077 943 Psusennes I 
Tanis

 

26 672-525  Psmatik I 
Sais
Fayum-Delta  

305-30  Ptolemy I 
Alexandria
Alexandria  

30- 390 Augustus 

 

2 1428-1397

B. Nolte 2 76
13)

3 3 10 16)

Fig. 1-15

Wurzburg, Martin-von-Wagner-Museum desr Universitat, Kiselff 

Collection, no. K887

6 Pre-Malkata glass
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17) 3

2 Amarna-Fayum pre-Malkata glass  

Malkata/Amarna glass 17)

Sn
18) 5

 

18 9 3

Fig. 1-13 Map of Ancient Egypt 

Fig. 1-14 Ring with the cartouche of Amenhetep II: AEM 
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Fig. 1-16 21

Fig. 1-15 Reconstruction of the mosaic glass bowl 

 from the reign of Amenhetep II 

Fig. 1-16 Fragments of core-formed vessel colored by copper: AEM 

Fig. 1-17 Fragments of core-formed vessel colored by copper and 
antimonite calcium: AEM 
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Fig. 1-19 Fig. 1-17 Fig. 1-21

Fig. 1-19 Fig. 1-20

Fig. 1-18

Fig. 1-18 Fragments of core-formed vessel colored by cobalt: AEM 

Fig. 1-19 Fragment of white core-formed vessel: AEM 

Fig. 1-20 Fragment of stem of a core-formed vessel: AEM 
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Al, Mg, Mn, Fe, Ni, Zn 18-20,25)

4-6

Fig. 1-20

Fig. 1-22

Fig. 1-23  

Fig. 1-24

Fig. 1-21 Fragments of core-formed vessel: AEM 

Fig. 1-22 Fragment of core-formed vessel from the Ramesside Period: AEM 

Fig. 1-23 Fragment of blue translucent core-formed vessel 

 from the Ramesside Period: AEM 
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1~3cm 4

Fig. 1-25 18

UC8940  

 
  

Fig. 1-24 Beads and amulets made by core-forming technique: AEM 

Fig. 1-25 Carved amulet of Pataikos: AEM 
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2

Fig. 1-26 2

Accession Number:10.130.1771

21 1000

JE85804

Fig. 1-27 Frieze in the form of Cobra: AEM (left), Canopic shrine of 
Tutankhamen Cairo Museum, Photo by the author (right) 

Fig. 1-28 Inlays of cow-skin pattern: AEM (left) 
Leg of a cow from the Tomb of Horemheb: Metropolitan Museum,  

Photo by the author (right) 

Fig. 1-26 Heart amulet inscribed with the cartouche of Ramesses II AEM 
and the parallel in the Metropolitan Museum ©MMA 

Top 
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15) 6

 

Fig. 1-29 Bed and stoll of Tutankhamen: Cairo Museum, photo by the author 

Fig. 1-30 Fragments of inlays colored by cobalt: AEM 

Fig. 1-31 Inlays: body of a bird, Scarab, Rectangular inlay with stitches: AEM 
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Fig. 1-27

Fig. 1-28

18 Fig. 1-29

Fig. 1-30

Fig. 

1-31  

6

4 21) Fig. 1-32

Fig. 1-33  

30 380-343 332-30

30 1

Fig. 1-32 Glass inlays of wooden coffin: 

 Turin Museum Italy, photo by the author 
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Fig. 1-33 Glass inlays of Egyptian motif: AEM 

Fig. 1-34 Glass inlay of eyes for a coffin: AEM 
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30

Fig. 1-35

Fig. 1-36

1 mm

4
22) 4

Co Co
18) 4

6

 

18

1300 18

Fig. 1-35 Mosaic glass with Egyptian motif: AEM 
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Fig. 1-36 Mosaic glass of Roman motif: AEM 

Fig. 1-37 Fragments of mosaic glass bowl: AEM 
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Fig. 1-15

Fig. 1-37  

Fig. 

1-38

10) Fig. 1-39  

 

Fig. 1-38 Glass inlays of Roman and Egyptian motif combined: AEM 

Fig. 1-39 Core-formed glass vessels of the Late Period: AEM 
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1.2.3.  

Fig. 1-40

10 km 50 m

14
23-24) 7

X

8
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Fig. 1-40 Mycenaean glass beads: AEM (Left) 

Mycenaean glass bead: MIHO MUSEUM, photo by the author (right) 
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C. Lylyquist and R.H. Brill 

SEM-EDS 5) A. J. Shortland 

and K. Eremin SEM-WDS 2000
1) SEM

PF-AR NW10A

X

 

6 X X

Cu

3) 4)

2

Cu Cu

Cu2O X

XRF XAFS

X XRF XAFS

1

2

 

7 X SPring-8

BL08W 116 keV X

X HE-SR-XRF

LBA

 

8 X

Deir az-Zor

13 12
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Table 2-1  
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22.4.  

8 MIHO 

MUSEUM  

4 31 Fig. 1-16

23 1 Fig. 1-24 2 Fig. 1-24

Table 2-1 Capter by Color, Region and Period p y , g
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13 Fig. 1-28 1-31 2 Fig. 1-31 1-32

 

5 9 3 Fig. 1-2

4 Fig. 1-4-1 1 Fig. 1-3

9 1479-1386 2 1

Fig. 1-14 1386-1334 7 Fig. 1-16 Fig. 

1-24 Fig. 1-24 Fig. 1-25 1278-1070 1 Fig. 1-23

 

6 6 2 Fig. 1-26 Fig. 

1-31 Ptolemaic Period 4 1

Roman Period 1 1 4

Fig. 1-33  Fig. 1-32  

7 2 Fig. 1-2

2 Fig. 1-18  Fig. 1-24-9 1

Fig. 1-40  

8 13 12 6 Fig. 

1-4-2 Tell Brak 1 Fig. 1-4-3

Fig. 8-8 1 Fig.1-40

) 18 1 Fig.1-40 3 )  

 

 

 1) A.J.Shortland and K. Eremin 2006 Archeometry 48, 581-603 The Analysis of 
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33.1. X  

X XRF OURSTEX 100FA-IV

Fig. 3-1 2006

OURSTEX FA-IIL MOXTEK AP 3.3

SDD Na

X

X
1-3) CMOS

OURSTEX 100FA-IIL3)

 

X Pd X 2

40 kV X 0.25 mA

X 1.00 mA dead 

time 30 %

200 live time

4  

WinQXAS2)

X

20 20

Na Mg Al Si K Ca Ti Mn Fe Co Ni Cu Zn Rb Sr Y Zr Sn Sb

Pb wt% Si

19 100 wt%

6 6

4 Co Ni Rb Y 16
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4)

 

 

33.2 X  

4 2001 X

PT-APXRD 5)

15 kg X

Cu Amptek Si-PIN

30kV 0.3mA 2 5-70 0.1

9 sec./step 5) 3

X RINT-2500 RIGAKU

X Cu X

50kV 100mA

2  = 10-70° 0.02 9 sec./step  

3.3. X  

X

Fig. 3-1 Portable X-Ray efflorescence analyzer developed in this study  
OURSTEX 100FA-IV (a) Detecting head, (b) Power source Unit,  

(c) Controller, (d) Sample Camber Vacuumed Chamber  
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XGT-2700 HORIBA XRF X Rh

Si(Li)-SSD 50 kV 1.0 mA 500 

sec./scan 40  

 

33.4. X  

4 6

KEK PF BL-4A

X -XRF Si 111

X 4 KB

6 Si Li

X 4

20 m KB 6 5.0 m 6.5 m

20.0 keV 4 10.0 keV 6

80 m 100

100 KB 5 m 80 80

1 1 2 KB

Fig. 3-2 Diagram of optical system of BL-4A Using KB Mirror  

Fig. 3-3 View of measuring at BL-4A 
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Fig. 3-2 Fig. 3-2 KB

 

4

Mn Fe Co Cu Pb

Ca Sr Pb L K

6

Cu Ca Fe

K Ca Fe

Fe K Mn K

4 K

6 XRF Mn Fe

Mn

Co-K Fe-K

Fig. 3-3  

33.5. X  

Sn Sb K

X

KEK PF-AR NW10A Fig. 3-4

Fig. 3-4 High energy X-ray fluorescence analysis at NW10A  
(a) Diagram of optical system, (b) View of actual measurement 
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X Si 311 42.0 keV

Ge 1 300

XY 1.0 m dead time

20% X  

 
33.6. X XANES  

6 Cu PF

BL-12C K XANES BL-12C

Fig. 3-5 Si 111 X

1 mm

XRF 6 Cu

Ni Ar X I0 17 

cm N2 5 2

3

Cu CuO Cu2O 31 cm

N2 Ar 1:1

Cu Cu K

12.7185º  

1 10 wt% Cu

X EXAFS

EXAFS

XAFS EXAFS

150 eV 8950 9100 eV X

XANES Cu

10 eV 0.7 eV 1

Fig. 3-5 Diagram of optical system of BL-12C 
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1 4 XAFS

REX2000 ver.2.5

XANES 1

4 Cu Cu2O 2

-XANES BL-12C XANES

XANES  

33.7. X X -XRF X

-XANES  

-XANES Cu-K

1 eV 8970 9050 eV 1

5 BL-12C

X I0

Cu-K I I0 I/I0 XANES

XANES  

3.8. SPring-8 BL08 X  

3.5. PF-AR NW10A HE-SR-XRF X

42.0 keV K

K 7 X 116 

keV HE-SR-XRF SPring-8 BL08W  

a.  

116 keV X HE-SR-XRF6) SPring-8 BL08W

BL08W SPring-8 100 keV

X

Si 400 116 keV X

116 keV X U K  115.6 keV

K X

600 m XY X
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45 XY 25

Ge SSD Ge-SSD

CANBERRA  GUL0055p

45

PF-AR NW10A HE-SR-XRF

90

X I0

I0

Live time 500

dead time 15%

X

 

bb.  

NIST

SRM613

40 50 ppm 2 cm

1 mm 5

 

5

Late Bronze Age  LBA 2

LBA

5 2 M-1 M-2 LBA

16 13

2

M-1 M-2

LBA 2 E-1 E-2

1 E-1 1 E-2 E-1
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E-2

2

1 18 15 13

1

G-1

15 13

LBA

 

X

G-1 2 mm M-1 M-2 E-1

4 mm E-2 5 mm

X

 

 

 

 

 

 

 

Fig. 3-6 Analyzed artifacts in this study: 

 Late Bronze Age (LBA) glass from Egypt (E-1 and E-2), 

 Mesopotamia (M-1 and M-2) and Mycenaean Greece (G-1) AEM  
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cc.  

HE-SR-XRF 7-10)

30 60 keV K 19 Cs Ba

Pm Hf Ta W

IDE_ 23

X X

Fano Noise 19 K 1 K 2

K 1 K 2 K 3 5

5

SRM613 1

Fig. 3-7

94.54 keV

1.0 keV

 

 

 

Fig. 3-7 Spectroscopic analysis of HE-SR-XRF  
Result of fitting range of 30 60 keV 
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30 60 keV K Cs W 19 Pm

1
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Pb K 1  74.97 keV

30 60 keV

19 0
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SRM613 X

K 1
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11)

1 LBA G-1

 

SRM613 1 HE-SR-XRF 19

lower limit of detection  LLD
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44.1. X  

OURSTEX 100FA-IV Fig. 3-1

16 kg 2/3

  

CMOS

2 mm

CMOS

X

Fig. 4-1a

CMOS Fig. 4-1b c

 

 

Fig. 4-1 Setting the samples (heart amulet and Osiris inlay) using CMOS 
camera: (a) Fluorescence plate, (b) Heart amulet B.C. 14-11C. H.2.0cm, 
W. 2.3cm,(c) Heart amulet yellow part, (d) Osiris A.D. 2C.  H.7.2cm, 

W. 3.5cm, (e) Osiris sleeve. H. 1.3cm, W. 1.6cm, (f) Osiris yellow part 
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44.2.  

2 Fig. 4-1d

X 1.3 cm, 1.6 cm

Fig. 4-1e 3 mm 3 mm Fig. 

4-1e

 

OURSTEX 100FA-IIL OURSTEX 100FA-IV

Fig.1 100FA-IV

Pb Sn Cu

100FA-IIL

Pb Sn

Cu 100FA-IV

 

Fig. 4-2 A comparison of X-ray fluorescence spectrum of the yellow part of 
Osiris inlay measured by OURSTEX FAIIL and FA-IV. 
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X 2 

mm

 

44.3.  

X X

 

a.  

Fig. 4-3 X

Sb

Sn  

 

Fig. 4-3 A comparison of the X-ray fluorescence spectra of yellow glass used 
in heart amulet and Osiris inlay. 
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Fig. 4-4 X-ray powder diffraction pattern of yellow part of the heart amulet 
and reference data Pb2Sb2O7(PDF #42-1335). The inserted photograph 

shows the analyzed part. 

Fig. 4-5 X-ray powder diffraction pattern of yellow part of Osiris inlay and 
reference data PbSnO3(PDF #17-0607). The inserted photograph shows 

the analyzed part and a view of the analysis. 
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X

Fig.4-4 4-5 Pb2Sb2O7

PDF#42-1355 PbSnO3

PDF#17-0707 PbSnO3 A.D. 

4C.
5)

  

b.  

X Fig. 4-6

Ca2Sb2O7 PDF#26-0293
6) XRF

Ca Sb Ca2Sb2O7

Fig. 4-6 X-ray powder diffraction pattern of white part of heart amulet and 
reference diffraction pattern of Ca2Sb2O7(PDF#26-0293). The inserted 

photograph shows the analyzed white part. 
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X

Fig. 4-7 Ca Sb Ca

Sr Ca2Sb2O7

 

cc.  

Fig. 4-8

X Si

Na

Mg Al

7,8

 

Co Mn, Fe, Ni, Zn

Fig. 4-7 X-ray fluorescence spectrum of white part of core-formed glass. 

The inserted photograph shows the white core-formed glass vessel. 
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7,8 Co Mn, Fe, Ni, Zn

 

X

Fig. 4-9 % Mn, Ni, 

Zn

Co Mn, Ni, Zn 0.66, 0.87, 0.58

Co

 

Table 4-1

100 Mn, Ni, Zn 136, 55, 107 173, 

55, 159
7 Table 4-1

8) 

Fig. 4-8 X-ray fluorescence spectrum of two blue glass. 

The inserted photographs show the used samples. 
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Fig. 4-9 Correlation plot of concentrations of Mn, Ni, Zn vs. that of Co  
in the analyzed Co blue glass 
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Table 4-1 Analytical data wt/%  of the Co blue glass and Alum 

 

 
X

20

4,9)  

8) 2

X Fig. 4-10

Mn, Fe, Co, Ni, Zn

 

 MnO Fe2O3 CoO NiO ZnO
Co Inlay1 0.31(136) 0.71(314) 0.23(100) 0.13(55) 0.24(107)
Co Core-formed2 0.20(173) 0.62(551) 0.11(100) 0.06(55) 0.18(159)
Alum3 0.95(257) 0.32(86) 0.37(100) 0.31(84) 0.75(202)
Relative ratio in blacket(  ), calculated as normalized to 100 for CoO, 1 n=15, 2 n=27, 3 n=4 Data from Kaczmarczyk(1986

Fig. 4-10 X-ray fluorescence spectrum of blue glass of Osiris 

 and two New Kingdom glass.  The inserted photograph shows the samples. 
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44.4. X  

a. X  

X X Fig. 4-11

Co, Mn, Ni, Zn 

Pb  Sb

Sb Ca Fig. 4-12

Cu

 

 
Fig. 4-11 XRF imaging of a heart amulet. 

 
Fig. 4-12 XRF imaging of a fragment of a core-formed glass vessel 

Mn Kα
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Ni Kα Zn KαCo Kα

White

Ca Kα

Yellow

Pb Lα Sb Kα

Lead Antimonate Pb2Sb2O7 Calcium Antimonate Ca2Sb O

Blue colorant of Alum including CoHeart Amulet
B.C. 14-11C.
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Fig. 4-13 SR- -XRF imaging of mosaic glass. 

b. XRF  

X Fig. 4-13  

1
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FeKα Mn
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Mn FeK

Fe Pb Cu
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55.1.  

2

X

 

5.2.  

Fig. 5-1 18

Fig. 5-1 a r

9 j,k,l,m,n,o,p,q,r

3 j, k, l 5 m, n, o, p, q 1

r 9 1479-1386

2 1 a 1386-1334

7 b, c, d, e, f, g, h 1278-1070 1 i  

 
Fig. 5-1 Late bronze age glass samples used in this study. 

(a)Egypt, Early glass ring with the name of the Amenhotep II (b)-(h) Egypt, 
Malkata/Amarna (i) Egypt, Ramesside period White core-formed glass, 

(j)-(r)Mesopotamia 

Mesopotamia 9 objects

(a) (b) (c)

(d)
(f)(e)

(h)
(i)(g)

(j) (k)

(l)

(m)

(n)

(o)

(q)

(p)

Egypt 9 objects
(r)

Egypt 9 objects 
Mesopotamia 9 objects 
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55.3.  

5.3.1. X  

Figs. 5-2 5-3 5-4 X

a, d, i, k, r Fig. 5-2 Fig. 

5-3 Fig. 5-4

Pd-K

Fig. 5-2 Cu

Fig. 5-3 Na, Mg, K

k

Na K Fig. 5-4

Fig. 5-2 X-ray fluorescence spectra of Egyptian and Mesopotamian blue 
glasses measured by a portable X-ray fluorescence spectrometer: (a) 

Mesopotamia, Spacer bead (sample Photo.2 k; 16-11 C BC), (b) 
Mesopotamia, Pendant bead (sample Photo.2 r;16-11 C BC), (c)  Egypt, 

Early period (sample Photo.2 a;1479-1386 BC), (d) Egypt, 
Malkata/Amarna (sample Photo.2 d;1386-1334 BC), (e) Ramesside 

period (sample Photo.2 i;1278-1070 BC). 
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Sn Sb Sn

Sn

Sb

Sb  

 

Fig. 5-3 X-ray fluorescence spectra (low energy region) of Egyptian and 
Mesopotamian blue glasses measured by a portable X-ray fluorescence 

spectrometer. 

Fig. 5-4 X-ray fluorescence spectra of Sn and Sb for Egyptian and 
Mesopotamian blue glass measured by a portable X-ray fluorescence 

spectrometer 
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5.3.2. Sn Sb  

X a, d

r Sn Sb

Sn

X Sn K

X

Sn

 

 

Fig. 5-5 High energy X-ray fluorescence spectra of Egyptian and 
Mesopotamian blue glass excited by 42 keV synchrotron radiation X-rays. 

Fig. 5-6 High energy X-ray fluorescence spectra of Sn and Sb for Egyptian and 
Mesopotamian blue glass excited by 42 keV synchrotron radiation X-rays. 
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X Fig. 5-5 Sn-K

25.271 keV Fig. 5-5 Fig. 5-6

42.0 keV

X Sn

42 keV

Sn Sb

 

Fig. 5-6 Sn Sb

X

k, r Sb

3 a d i

Sb k, r

Sb

Sn

Sn Sb Sn Sb

 

Sn

Sb

Sb  

Sb-K Sn-K Fig. 5-7
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j, k, l,  m, n, o, p, q 1 r

Sn a

Sn b, c, d, e, f, g, h Sn

i Sn

Sb

a Sb

b, c, d, e, f, g, h Sb

Sb UC30859,UC31204

Sb  

Fig. 5-7 Grouping of ancient blue glass based on the Sn and Sb XRF 
intensity normalized by Compton scattering. 
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50 2

2 i Sn

 

 
Fig. 5-7 Sb-Kα/Comp. 1.5

a, c, k, l, m, n, p, q, r 1

b Sb

 

5.3.3. X  

aa.  

k X Fig. 5-2 Ca

Sb X Fig. 5-8 

Fig. 5-8 X-ray powder diffraction pattern of spacer bead (sample k) and 
reference diffraction pattern of Ca2Sb2O7 (PDF#26-0293). 
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Ca2Sb2O7 PDF#26-0293
2)3)

a, c, k, l, 

m, n, p, q, r

  
B.  

b Sb

Fig. 5-9a

 e Fig. 5-9b

 

5.4.  

2,000 Sn Sb

Fig. 5-9 Photos by a digital microscope, (a) glass bead (sample b) opacified 
by bubbles (b) normal core-formed glass (sample e). 
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66.1.  
6.1.1. Cu  

Cu 2
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1) Cu Cu2O
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1,2) Cu2O
10 100 μm Cu2O

Cu2O 1) Cu
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X XAFS
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66.3.  
6.3.1.  

6 Fig. 6-1
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New Kingdom Period 16 11

#001 #002
II

13
#002

 
1

Ptolemaic Period 4 1
Roman Period 1 1 4

#003 #004
1

#005 1
3

#006  
6 XRF BL-12C Cu-K

XANES 1 #001

Fig. 6-1 Photographs of analyzed samples.  
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BL-4A -XRF -XANES  
Cu-K XANES Cu 2
CuO Cu2O Cu 2 Cu2+

Cu+ 5 2  
6.3.2. X XRF  

XRF
XRF OURSTEX 100FA-IV22,23)

6 4 Co Ni
Rb Y 16

23)  
6.3.3. X XANES  

Cu
KEK PF BL-12C K

XANES  
6.3.4. X X μ-XRF X

μ-XANES  

1 #001 PF BL-4A  
-XRF -XANES  
66.4.  
6.4.1. XRF  

XRF 6 Table 6-1

CuO  
XRF 6

MgO K2O 1.5 wt%
17,25) MgO K2O 1.5 wt%

2 #001 #002
K2O MgO Mg

K 2
17,19) CuO 10 wt% Cu
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1 Pb
4

#003 #004 #005 #006 2
CuO 20 wt% Cu 2 #004 #006

CuO 5 wt% Cu 2 #003 #005
4 #001 #002

Pb Cu 2
Cu Pb 2 #004 #006

Cu Pb 2 #003 #005

Cu  
6.4.2. Cu-K XANES  

XRF 6 Cu
Cu-K XANES

5 6 Cu-K
XANES Fig. 6-2  

5 XANES 1s-4p
1s-4p Cu Cu

Cu2O Cu+ 2
9010 eV Fig. 6-2

Cu

6 XANES 4
Cu Cu2O Cu+ Cu2+ XANES

4 Cu
Table 6-2   
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6 R 0.010

Fig. 6-2 Fig. 6-2

CuO 5

CuO 6

0%  

Fig. 6-2 Normalized Cu K-edge XANES spectra of ancient Egyptian 

copper-red glasses and reference materials (solid line, observed value; dotted 

line, fitting value). 



78 

Table 6-2 Results of the pattern fitting analysis of Cu K-edge XANES spectra of 
ancient Egyptian copper-red glasses (fitting region: 8950~9100 eV) 

Sample 
Ratio (%) 

R value 
Cu2+ glass Cu+ glass Cu2O Cu metal 

#001 12.9 48.0 37.5 1.6 0.006 

#002 9.7 49.3 38.7 2.3 0.007 

#003 0.0 83.7 4.1 12.2 0.010 

#004 8.6 54.0 36.3 1.1 0.008 

#005 0.0 75.0 7.0 18.0 0.010 

#006 10.0 60.0 28.9 1.1 0.008 

 

Table 6-2 Cu

Cu+

XRF Cu 4 #001 #002 #004 #006 Cu

2 #003 #005 Cu+ d 10

Cu

XAFS 5)

 

Cu2O Cu

2 #001 #002 Cu 4 Cu2O

Table 6-2

Cu2O

2

4 #003 #004 #005

#006 XRF Cu 2 #004

#006 Cu2O Cu 2 #003

#005 Cu2O Cu

Table 6-2 6



79 

XRF CuO Cu XANES

Cu2O Fig. 6-3 Fig. 6-3

Cu Cu2O

Cu 4 Cu 2

Cu2O

Cu  

Cu2O

2 #004 #006 Mg K

Cu 2 #003

#005 Table 6-1

Cu

Cu

Cu

Fig. 6-3 Relationship between the content of copper (calculated as CuO) 
obtained by XRF and the present ratio of Cu2O calculated by the pattern 

fitting of Cu K-edge XANES spectra of ancient Egyptian copper-red glasses. 
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Cu2O 2

2
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6.4.3. μ-XRF Cu-K μ-XANES  

Cu-K XANES Cu2O

4

#001

X μ-XRF μ-XANES  

Cu-K Fe-K Ca-K μ-XRF Fig. 6-4 

(A) (B) (C) 

KEYENCE VHX-200 Fig. 6-4 (D) 

 

 

Fig. 6-4  Results of μ-XRF imaging analysis of Egyptian copper-red glass (#001): 
distribution of the intensity of (A) Cu-K , (B) Fe-K  and (C) Ca-K ; (D) a 

micrograph of the imaging region; (E) RGB (Cu-Fe-Ca) image.  

α α α
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Fig. 6-5 Results of Cu-K edge μ-XANES analysis.  (A) Normalized Cu-K edge  
-XANES spectra of ancient Egyptian copper-red glass (#001 P1~3) and reference 

materials and (B) their derivative spectra.  

Cu 2 Cu P1 2

1 Cu P3 3 Fig. 6-4 (E)
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77.2.  

5 SRM613 HE-SR-XRF Fig 

7-1a b Fig 7-1a Fig. 7-1b 20 60 keV

40 50 ppm Th U

K

Fig. 7-1a

dead time %
11-13)

95 keV 5

Fig. 7-1c d c

d 5

40 keV

a

b

Fig. 7.1 Comparison of HE-SR-XRF spectra of NIST SRM613. (a) full 
spectrum in raw intensity, (b) enlarged area in raw intensity. 
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5 20 30 keV

X

30 keV 5

X

45 X 1 mm 5

X 5 mm 2 7 mm

7 mm

30 keV

X

 

 

(Continued) Fig. 7.1 (c) full spectrum in normalized intensity and  
(d) enlarged area in normalized intensity. 



92 

Fig. 7.2 Relationship between atomic number Z and sensitive factors for 19 heavy 
elements calculated by HE-SR-XRF spectrum of SRM613.  

7.3.  
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SRM613 HE-SR-XRF 19

LLD LLQ Table 7-2

dead time 8.18% 30 60 keV

19 LLD 2 ppm 1 ppm

LLD

Ta W Hf LLD

LLD LLQ 1 mm 1.4 mm

Fig. 7-1

LLD LLQ

Hf Ta W

 
Table 7.1 Lower limit of detection (LLD) and lower limit of quantification (LLQ) 

of HE-SR-XRF analysis for 19 heavy elements calculated by the spectrum of 
SRM613 

α α
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Table 7.2 Literature data of trace heavy elements (ppm) in Late Bronze Age 
(LBA) glasses from ancient Mesopotamia and Egypt analyzed by LA-ICP-MS1) 

(mean value 1 ). 

 

7.4.  
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Fig. 7.3 Comparison of HE-SR-XRF spectra of LBA glass pieces from ancient 
Egypt (E-1 and E-2), Mesopotamia (M-1 and M-2) and Mycenaean Greece (G-1).  

(a) full spectrum and (b) enlarged area. 
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Table 7.3 Comparison of quantified data (ppm) of LBA glass piece from 
Mycenaean Greece (G-1) analyzed by HE-SR-XRF and literature data of similar 

pieces analyzed by LA-ICP-TOFMS4) (mean value 1 ). 

7.5.2.  

5 LBA G-1

LBA

4

Walton 4)

LBA LA-ICP-MS

LA-ICP-TOFMS Table 7-2

LBA 1)

La Ce
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LBA G-1 LA-ICP-TOSMS
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Deir az-Zor 2009 8 24 31

Fig. 8-1 XRF OURSTEX 100FA-IV

100 Sheikh Hamad

13 12

6 Fig. 8-2~4  

 

 

 

 
 

 

 

 

 

 

Fig. 8-1 View of research at Deir az-Zor Museum, Syria 

Fig. 8-2 White banded sphere bead 78/1527/0006, 

Turquoise blue tube bead 80/1527/0046 

Fig. 8-3 Gaming piece 78/1527/0053, Black and white sphere bead 
82/1527/0027 
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6 7 Table 8-1

Na K Mg

Fig. 8-2 Cu Sb

Fig. 8-3 Mn Fe

Fig. 8-5

82/1527/0027 X Mn, Fe Sb

Fig. 8-4 81/1527/0066

Fig. 8-4 Round bead 81/1527/0066, White sphere bead 82/1529/0036 

Table 8-1 Quantified data of Middle Assyrian glass 
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Cu 0.3%

82/1529/0036 Si 91.5%

Fe  

13 12 Cu

Ca2Sb2O7

4 5

Mn Fe  

 

Fig. 8-5 X-ray fluorescence spectrum of black and 

white sphere bead 82/1527/0027 
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88.2.  Tell Brak  

Deir az-Zor Tell Brak (1450-1300B.C.) 

(Fig. 8-6) X Fig. 8-7 

Fig.8-6 Core-formed Mitannian glass excavated at Tell Brak 
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Sb Pb Pb2Sb2O7

Cu Cu Fe
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88.3.  Tell Brak  

 Tell Brak 1

Fig. 8-8  

   

 

 
 

 

 (Grain-of-Wheat Beads) 

 (bicone)

Late 

Hel adic III 1400-1060 2) 15

Fig. 8-8 Large Grain-of-Wheat glass bead, Grain-of-Wheat faience bead 

and bicone faience bead excavated at Tell Brak, Tell Brak 
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2)

 Panaztepe 50

 Pylona,  Hala Sultan 

Lachish

Qua

Tell Brak

2) 

Tell Brak

Fig. 8-9  

 

 

 

 

 

 Tell Brak 

 

 Fig. 8-10 Tell Brak

Fig.8-9 Mycenaean beads: National Archaeological Museum of Athens,  

photo by Keiko Habara  
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Co Sb

Fig. 8-11 Co Mn, Fe, Ni, Zn 

3 Fig. 8-12 Mg Al 3

3

7 X

 

Fig. 8-13

5

1

 

 

Fig. 8-10 X-ray fluorescence spectrum of Grain-of-Wheat glass bead, 
Mycenaean glass bead: MIHO MUSEUM 

 and glass inlay of Egypt from 18th Dynasty: AEM 
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Fig. 8-12 X-ray fluorescence spectrum of Grain-of-Wheat glass bead, 

Mycenaean glass bead: MIHO MUSEUM and glass inlay of Egypt from 18th 

Dynasty: AEM 0.5~4.5 keV, Tube 6kV 

Fig. 8-11 X-ray fluorescence spectrum of Grain-of-Wheat glass 
bead, Mycenaean glass bead: MIHO MUSEUM and glass inlay of 

Egypt from 18th Dynasty: AEM 5~10 keV 
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Fig. 8-13 Cobalt glass trade map 
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