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ABSTRACT 

SEM-EDX analysis is used in this study to investigate the production technology of 20 fragments of glass 
bracelets of uncertain date uncovered from the reused west cemetery of Umm el-Jimal in northeastern Jor-
dan. While six bracelets are complexly decorated with multi-colored glasses, the rest are plain and mono-
colored. Most of the bracelets appear macroscopically deeply colored or black. Styles and chemical analysis 
indicated an Islamic origin to the bracelets. Chemically, the bracelets are divided into natron, plant-ash and 
mixed-natron-plant-ash groups. Red, white, yellow-green decorations were produced by dispersing micron-
scale copper crystals, tin oxide and lead-tin oxides in the glass melt, respectively. The results indicated recy-
cling of older glass for the production of some bracelets and use of metal and alloy by-products as glass col-
orants. 
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1. INTRODUCTION 

Umm el-Jimal archaeological site is located in the 
governorate of Al-Mafraq, northeast Jordan (Fig. 1). 
From its foundation by the Nabateans during the 
first century AD till its abandonment at the end of 
the Umayyad period, the city witnessed continuous 
gradual developments (De Vries 1994, Al-Bashaireh 
2014). The population, dimensions and structures of 
the city increased and it became a flourishing rural 
site and part of the Limes Arabicus defensive and 
trading systems (De Vries 1993,1998). The site is sur-
rounded by cemeteries which were in continuous 
use from the Nabatean times during the first century 
AD to the Islamic periods during the seventh and 
eight centuries AD, and later. 

 

Fig. 1 Location map of Umm el-Jimal site. 

2. THE ROOFED TOMB 

Glass bracelets were uncovered from the western 
cemetery in Umm el-Jimal during a salvage excava-
tion in 2011-2012 season. The cemetery is located in 
the western part of the site and bordered by modern 
houses from the west. It was looted extensively and 
most of its tombs were opened; therefore, a salvage 
excavation was necessary to rescue as many tombs 
as possible, protect the opened ones and uncover the 
remaining archaeological materials. 

Basalt was used in building the side walls of the 
tombs and corbelling their roofs. The tombs lack in-
scriptions and are devoid of coffins, but produced 

fragments of ceramics, lamps, glass vessels and 
bracelets and bones and highly corroded coins. The-
se artifacts indicated a continuous use of the ceme-
tery from the first century AD till Islamic periods. 
One of these tombs, known as the roofed tomb pro-
duced fragments of mono and polychrome bracelets 
accompanied by pottery sherds, lamps and a perfo-
rated Byzantine coin which was dated to the Justini-
an period (AD 527-565) (Al-Housan, personal com-
munication). Although the roofed tomb was used 
during the Byzantine period, no clear dates can be 
given to the bracelets because of its continuous use.  

This study reports the results of chemical and mi-
croscopic analyses of monochrome and decorated 
black appearing glass bracelets discovered from the 
roofed tomb located at the west cemetery in Umm el-
Jimal, Jordan. The study aims at the classification of 
the bracelets and identification of colorants, raw ma-
terials and techniques employed in their manufac-
ture. 

According to Spaer (2001), the earliest excavated 
glass bracelets were of small size and deep colors 
and well-dated to the third century AD. Afterwards, 
glass bracelets became widely spread in the Levant. 
The glasses of the third and fourth centuries were 
mainly plain, but few were ribbed; however, plain 
bracelets were produced during all periods. Brace-
lets with tooled or molded decorations were pro-
duced during the third century AD and became rare 
after the seventh century AD, twisted bracelets ap-
peared after the fourth century AD, monochrome 
twisted bracelets were frequent during the Byzantine 
period, twisted bracelets with colored trails were 
common during Islamic periods, while bracelets 
with applied decorations are Islamic that gradually 
developed from simple semicircular cross sections 
during the early Islamic period to increasingly var-
ied and complex decorations during the period be-
tween the thirteenth to the sixteenth centuries (Mam-
luk period).  

In general, black appearing glass was mainly used 
in jewelry such as beads and bracelets and spread in 
the south-eastern Mediterranean region during the 
fourth and fifth centuries AD (Cagno et al. 2014). 
Usually, glass bracelets were produced by bending, 
twisting or non-twisting and closing a mono-color 
glass cane. Non twisted (seamless) bracelets were 
made by forcing  a gather of glass melt over  a cone-
shaped rod and rotating so that the end product was 
flattened with a D-shaped cross-section. Multicol-
ored or decorated canes were produced by adding 
drops, strips and patches or winding colored glass 
threads around a cane (Spaer 2001). Usually, decora-
tions are the same as those of the threads of the 
twisted bracelets (Steiner 2008). 
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3. MATERIALS AND METHODS 

3.1. Materials 

Twenty fragments of deeply colored glass brace-
lets were collected from the roofed tomb at the west 
cemetery in Umm el-Jimal archaeological site in 
northeastern Jordan. The glass fragments differ in 
color (mono-polychrome), shape (plain or twisted), 
diameter, and cross-sections (e.g. rounded, flattened) 
(Spaer 1992); for description and parallels see Table 
1. Samples 1 and 11 have spirally twisted red, deeply 
colored yellow and gray glass threads (strips) 
around the bracelets cane. Twisting of samples of 
(1,2,6,10,11,13,18) is loose (thick), while twisting 
samples (5,9,12,16,17,19) is dense (fine) (see color 
details in Table 1).  

3.2. Methods 

The fragments were analyzed at the Archaeological 
Materials Science Laboratories of the UCL Qatar. 
Small pieces of the samples were cut using a dia-
mond coated thin rotating blade, embedded in cold-

setting resin for 24 hours and then polished to a mir-
ror surface using increasingly finer grades of abra-
sive and polishing agents, finishing with 1μm size 
diamond paste. The polished samples were investi-
gated by polarized microscopy under reflected light, 
and then carbon coated. Their glass matrix and deco-
rations were examined using a JEOL JSM6610LV 
scanning electron microscope (SEM) equipped with 
an Oxford Instrument XMaxN 50 energy dispersive 
X-ray spectrometer (EDS). Backscattered electrons 
were used for imaging and small-area scans and spot 
analyses were used to determine the major and mi-
nor oxides of the chemical composition of selected 
parts of the sample. The results reported in this work 
are representative mean values of at least five sepa-
rate measurements. Measurements were ran at 20kV, 
working distance 10mm, process time 5, livetime 60 
sec. The energy of the beam was calibrated regularly 
by analyzing a cobalt standard and adjusting the 
spot size to achieve a deadtime of c. 40%. Analyses 
were done using the Aztec software and oxides are 
evaluated stoichiometrically. 

Table 1. Description, photos, drawing and parallels of the samples (Drawings by Mahmoud Omari). 

Description Photos Drawings Parallels 

S.1  
Spirally twisted, 
circular section, 
deep brown-
purple core, with 
added asymmet-
rically fused 
trails. 
 

 

  

Boulogne and Henderson (2009): Page 61, 
fig. 1:239 (Mamluk–Ottoman). Steiner 
2008: Page 3, fig. 2:b and d, (Mamluk). 
Spaer (1992): page 50, fig.6. (Most Islamic 
periods). Saper (2001): Page 368, plate 35: 
468 (L. Ottoman – 19th C. AD).  
Meyer (1992): plate 20: 562-565, (L. 
Ayyubid-Mamluk, 14thC AD). 

S.2   
Spirally twisted, 
circular section, 
with light and 
deep colored 
greenish blue 
hues. 

 

 

Spaer (2001): page 368: plate 35, N.467 
(Early Islamic-8th C.). 

S.3 Semicircular 
section, with 
front applied 
colored decora-
tions of blue and 
white concentric 
V shapes, deep 
brown-purple 
core. 

  

Boulogne and Hardy-Guilbert (2010): 
page 137, fig. 3h and page 138 fig. 5e (six-
teenth–seventeenth centuries). Meyer 
(1992): plate 20: 579. (Islamic; L. 
Ayyubid-Mamluk, ~14thC AD). 

S.4 Semicircular 
section, with col-
ored decorations 
of crumbs 
(specks) or 
prunts, deep 
brown-purple 
core. 
 

 

 

Walker et al. (2007): Page 461, fig. 34: R31 
(Mamluk). 
Spaer (2001): pages 202 and 368: plate 35: 
469 (Pre Ottoman –Islamic period).  
Spaer (1992): page 51, fig. 8 and fig. 24: 5, 
(Early Islamic, Pre-Ottoman). Boulogne 
(2008): page 150, plate 2, group 1:G, 
(Mamluk). 
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S.5  
Spirally finely 
twisted, circular 
section, mono-
chrome, aqua 
monochrome, 
without further 
decoration. 

 
 

Steiner (2008): Page 3, fig. 2:c (Mamluk). 
Spaer (2001): page 201: 462-464, and page 
368: plate 35:462-464, (4thC and later). 
Boulogne and Henderson (2009): fig.1: 
377 (Mamluk-Ottoman). 

S.6  
Spirally finely 
twisted, circular 
section, deep 
brown-purple 
core, mono-
chrome, without 
further decora-
tion. 

 

 

Walker et al. (2007): Page 462: R27 (Mam-
luk-Ottoman). Spaer (2001): page 201: 
462-464, and page 368: plate 35: 4th c. 
AD–and later). 

S.7 Semicircular 
section, plain, 
deep brown-
purple core.  
 

  

Boulogne and Henderson (2009): Page 63, 
fig. 3:314 (Mamluk-Ottoman). Boulogne 
and Henderson (2009): table 1: page 55. 
Steiner (2008): page 3, fig. 2:a (Mamluk). 
Meyer (1992): plate 20: 556-558 (L. Ayyu-
bid-Mamluk, 14thC AD). Spaer (2001): 
page 366, plate 33: 438-439, (L. Roman-
Byzantine, or later). 

S.8 Semicircular-
circular section, 
plain, deep col-
ored green core. 
 

 
 

Spaer (2001): page 366, plate 33: 437-9, (L. 
Roman-Byzantine, or later). Boulogne 
and Henderson (2009): page 63, fig. 3:314 
(Mamluk-Ottoman). Meyer (1992): plate 
20: 556-558 (L. Ayyubid-Mamluk, 14thC 
AD). Steiner (2008): page 3, fig. 2:a 
(Mamluk). Boulogne and Henderson 
(2009): table 1: page 55 (Mamluk–
Ottoman periods, Pre-Islamic-Islamic). 

S.9  
Spirally finely 
twisted, deep 
colored blue core, 
monochrome 
without further 
decoration. 

 
 

Walker et al. (2007): page 462:R27 (Mam-
luk-Ottoman). Spaer (2001): page 201: 
462-464, (4thC AD and later). 

S.10 Spirally 
twisted, semicir-
cular section, 
deep colored 
blue core, mono-
chrome without 
further decora-
tion. 

 

 

Walker et al. (2007): page 462: R29 (Mam-
luk-Ottoman). Spaer (2001): page 201: 
462-465 (4thC AD and later). 

S.11  
Spirally twisted, 
circular section, 
deep brown-
purple core, with 
asymmetrically 
fused trails.   

Boulogne and Hardy-Guilbert (2010): 
page 137, fig. 3p,q and page 138 fig. 5j 
(sixteenth–seventeenth centuries). Steiner 
(2008): page 3, fig. 2:b,d (Mamluk). Bou-
logne and Henderson (2009): page 61, fig. 
1:239 (Mamluk-Ottoman). 
Spaer (1992): page 50, fig. 6 (Pre-
Ottoman). Saper (2001): page 368, plate 
35: 468 (L. Ottoman–19thC AD). 



PRODUCTION TECHNOLOGY OF GLASS BRACELET FROM THE WEST CEMETERY OF UMM EL-JIMAL 21 

 

Mediterranean Archaeology and Archaeometry, Vol. 16, No 3, (2016), pp. 17-34 

S.12 Spirally fine-
ly twisted, circu-
lar section, deep 
colored blue core, 
monochrome 
without further 
decoration 

 

 

Walker et al. (2007): page 462: R29 (Mam-
luk-Ottoman). Spaer (2001): page 
201:462-465 (4thC and later). 

S.13 Spirally fine-
ly twisted, circu-
lar section, deep 
brown-purple 
core, mono-
chrome without 
further decora-
tion   

Walker  et al. (2007): page 462: R27 
(Mamluk-Ottoman). Spaer (2001): page 
201:462-465 (4thC and later). 

S.14 Semicircular 
section, deep 
colored blue core, 
with added col-
ored patches. 

 

 

Spaer (1992): page 52, fig. 14 (Maluk-
Ottoman). Spaer (2001): page 203: 474, (L. 
ottoman). 

S.15 Semicircular 
section, plain, 
deep colored 
green core. 
 

  

Boulogne and Henderson (2009): page 63, 
fig. 3:314 (Mamluk–Ottoman). Meyer 
(1992): plate 20: 556-558 (L. Ayyubid-
Mamluk, 14thC AD). Spaer (2001): pages 
199 and page 366, plate 33:438-439 (L. 
Roman - Byzantine or later). 

S.16 Spirally fine-
ly twisted, circu-
lar section, deep 
brown-purple 
core, mono-
chrome without 
further decora-
tion.  

 

Walker et al. (2007): page 462:R27 (Mam-
luk-Ottoman). Spaer (2001): page 201: 
462-46 (4thC AD and later). 

S.17 Spirally fine-
ly twisted, circu-
lar section, deep 
brown-purple 
core, mono-
chrome without 
further decora-
tion. 

 
 

Walker et al. (2007): page 462:R29 (Mam-
luk-Ottoman). Spaer (2001): page 201: 
462-46 (4thC AD and later). 

S.18 finely twist-
ed, semicircular 
section, deep 
brown-purple 
core, deteriorat-
ed. 
  

 

Walker et al. (2007): page 462:R29 (Mam-
luk-Ottoman). Spaer (2001): page 
201:462-46 (4thC AD and later). 
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S.19 Spirally fine-
ly twisted, circu-
lar section, deep 
brown-purple 
core, without 
further decora-
tions 

  

Walker et al. (2007): page 462:R27 (Mam-
luk-Ottoman). Spaer (2001): page 201: 
462-46 (4thC and later). 

S.20 yellowish 
green, semicircu-
lar section 

 

 

Spaer (2001): page 193 and page 366: 
plate 33: 439, and also 437-442 (L. Ro-
man-Byzantine or later). Spaer (1988): 
page 54, fig.1 (3rdC AD onwards but not 
before the Byzantine period). 

 
The instrument performance was tested against 

the recommended values for the Corning Museum 
ancient glass standards A, B, C and D (Brill 1999) 
analyzed under the same conditions as the glass 
samples (Table 2). They showed a very good agree-
ment including low concentrations below 0.5wt% 

(for more details see Rehren and Nixon 2014). The 
precisions of the analyses are given as relative 
standard deviations (RSD), while the accuracies are 
given as percent relative errors (PE), (Table 2); for 
more details see Kuisma-Kursula (2000:113). 

 

Table 2. Comparison of measured values (M.V.) from SEM-EDX and given (known) values (G.V.) for corning standards 
A,B,C,D. Accuracies (percent error (PE)) and precisions (relative standard deviation (RSD)) are also presented. Accuracy 
levels of the measured standards are close; however, accuracy levels of Na2O and SiO2 were improved when corning D 

and B were considered, respectively. 

Corning standards analyses 

 
Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO2 Fe2O3 CoO CuO ZnO Sb2O5 BaO PbO 

Corning standard A 

M. V. 14.23 2.58 0.88 67.32 - 0.18 0.10 2.95 5.27 0.82 1.07 1.10 0.17 1.20 - 1.99 0.56 - 

G. V. 14.30 2.66 1.00 66.56 0.13 0.16 0.10 2.87 5.03 0.79 1.00 1.09 0.17 1.17 0.04 1.75 0.56 0.12 

PE 0.47 2.94 12.50 1.15 - 11.46 1.67 2.61 4.67 3.80 7.17 0.61 0.00 2.71 - 13.71 0.89 - 

RSD 0.17 0.02 0.02 0.30 - 0.02 0.00 0.04 0.04 0.04 0.03 0.05 0.01 0.03 - 0.11 0.04 - 

Corning standard B 

M. V. 16.85 1.03 4.12 62.28 0.86 0.64 0.18 1.08 8.98 0.13 0.26 0.38 - 2.85 0.21 0.73 - 0.58 

G. V. 17.00 1.03 4.36 61.55 0.82 0.54 - 1.00 8.56 0.09 0.25 0.34 0.05 2.66 0.19 0.46 0.12 0.61 

PE 0.88 0.49 5.58 1.18 5.28 19.14 10.00 7.83 4.89 47.94 2.00 10.78 - 7.14 11.40 58.70 - 5.19 

RSD 0.23 0.02 0.05 0.09 0.04 0.04 0.01 0.02 0.03 0.03 0.02 0.03 - 0.05 0.09 0.09 - 0.05 

Corning standard C 

M. V. 1.03 2.62 0.78 33.43 - - - 2.86 5.09 0.81 - 0.36 0.18 1.19 - - 12.34 39.25 

G. V. 1.07 2.76 0.87 34.87 0.14 0.16 0.20 2.84 5.07 0.79 - 0.34 0.18 1.13 0.05 0.03 11.40 36.70 

PE 4.21 5.13 10.15 4.12 - - - 0.76 0.39 1.90 - 6.86 2.78 5.31 - - 8.22 6.96 

RSD 0.04 0.03 0.03 0.14 - - 0.03 0.05 0.06 0.04 0.03 0.07 - - - - 0.11 0.16 

Corning standard D 

M. V. 1.33 3.97 5.13 55.70 4.17 0.24 0.17 11.71 15.30 0.43 0.57 0.52 - 0.39 - 1.41 0.38 0.30 

G. V. 1.20 3.94 5.30 55.24 3.93 0.30 - 11.30 14.80 0.38 0.55 0.52 0.02 0.38 0.10 0.97 0.51 0.48 

PE 10.69 0.68 3.24 0.84 6.11 19.44 43.33 3.58 3.40 11.84 3.64 0.00 - 2.63 - 45.53 25.16 38.54 

RSD 0.03 0.05 0.05 0.16 0.05 0.03 0.01 0.06 0.09 0.06 0.04 0.03 - 0.05 - 0.14 0.06 0.05 

 
4. RESULTS AND DISCUSSION: 

4.1. Shaping methods 

Because the bracelets under investigation are 
fragments, it is difficult to tell which of the two tech-
niques explained above was used to shape each of 
them. However, it is very likely that the bracelets of 
circular cross-section and twisted 
(1,2,5,6,9,10,11,12,13,16,17,18,19) (Table 1) were 
shaped by the  cane-joining technique, while the 

bracelets (3,4,7,8,14,15,20) with flat (or semicircular) 
cross-section were shaped by the second one. In gen-
eral, mono-colored bracelets of flat cross-section 
(such as 7,8,15,20) are older in age than those of cir-
cular cross-section and multi-colored ones (Spaer 
2001; Steiner 2008). 

4.2. Composition and style 

Table 3 and oxide bi-plots of Fig. 2 report the 
chemical composition of the canes and colored deco-
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rations. The samples can be defined as silica-soda-
lime-glass. Minimum and maximum ranges of these 
three components are 60.90-73.72%, 9.43-19.75%  and 
3.92-10.84%, respectively. MgO and K2O values of 
the canes and their distribution in MgO-K2O bi-plot 
of Fig. 2 can be used to classify Umm el-Jimal glass 
bracelets into three groups; natron-glass (less than 
1.5%), plant-ash glass (more than 2.25%) and mixed 
natron-plant ash glass (between 1.5 and 2.25%) 
(Henderson 1985, 1991; Arletti et al. 2010; Bugoi et al. 
2013).  

Accordingly, samples 5,7,8,15 and 20 are natron-
glasses, samples 2,6,10,11,12,13,14,17, 18,19 are plant-
ash glasses, while samples 1,4 and 16 are mixed na-
tron-plant ash glasses. Sample 3 is characterized by 
elevated potassium and low concentrations of mag-
nesium oxide (< 0.6%), aluminum oxide (0.82%), cal-
cium oxide (< 4%), while its total alkali contents is 
19.2% (Henderson 2006), so it represents a different 
type of glass called a mineral glass produced using 
an alkali-rich mineral other than natron, for more 
details on the interpretation of this kind of glass see 
Boulogne and Henderson (2009:73). 

It is worth mentioning that for each of the deco-
rated samples (1,2,3,4,11 and 14) the canes and col-
ored decorations (threads, strips, prunts, patches) 
have similar MgO and K2O values (Fig. 2). Colored 
glasses and the cane of sample 1 have a mixed na-
tron-plant ash composition, while those of samples 
2,4,11 and 14 have plant ash compositions. It is likely 
that colorants used to produce the decorations were 
added to the same glass melt used in the production 
of the canes (except the white color of sample 11). 

Natron-glass with low potash and magnesia dom-
inated the Mediterranean and Europe from the Ro-
man through to the early Islamic periods (Freestone 
et al. 2002a,b). However, glass production changed 
during the second half of the fourth century to the 
production of HIMT glass (Aerts et al. 2000; Foster 
and Jackson 2009). Stylistic changes included the use 
of tableware forms and deeply colored green and 
brown, while the chemical composition showed 
higher concentrations of iron, manganese, titanium 
and some trace elements like copper.  

 

Fig. 2 Plot of the MgO versus the K2O concentration in the analysed glass bracelets 

 

Aerts et al. (2000) explained this change in glass 
composition to the introduction of impurities by re-
cycling older glass or use of new impure raw materi-
als. After the fourth century, glass compositional 
changes indicate that further changes in sand com-
position occurred, suggesting changes in the location 
of the primary production of natron glass in Egypt 
and on the Levantine coast (Freestone et al. 2000). In 
the Levantine region, Byzantine glasses became 
higher in CaO and Al2O3 and lower in Na2O than in 
the 1-4th centuries (Tal et al. 2008; Rehren et al. 2010) 
and it appears that Apollonia-Arsuf  was a major 
production center for this type of glass (Tal et al. 

2004; Freestone et al. 2008). By the Umayyad period, 
production had shifted to Bet Eli‟ezer, producing a 
glass with particularly low soda and high alumina, 
reflecting a shortage of natron flux (Shortland et al. 
2006; Freestone et al. 2015); however, one should 
keep in mind that it is likely to have been other pri-
mary glass production centres that have not yet been 
discovered and others that have been destroyed. By 
the mid-ninth century there was a major composi-
tional change when natron was replaced by soda-
rich plant ash and the glasses have higher K2O, MgO 
and P2O5 (Henderson et al. 2004). 
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The general trend of these changes in glass com-
position is obvious between the three groups of 
Umm el-Jimal bracelets. The averages show an in-
crease in magnesia, potash and phosphorus and a 
decrease in soda and alumina. The difference in 
alumina and potash values indicates the use of dif-
ferent sand sources; see Table 3, (Ganio et al. 2012). 
The low values of alumina and lime in some samples 
suggest the use of sand or ash poor in carbonates 
and feldspar. Increased concentrations of potash 
compared to magnesia in samples 3 and 20 might be 
explained by prolonged glass working and/or ash 
and vapor from the fuel (Paynter 2008; Tal et al. 
2008; Rehren et al. 2010). 

Based on the styles of the bracelets under investi-
gation discussed above, the samples are probably 
Islamic from Mamluk-Ottoman periods, (Table 1). 
On the contrary, the chemical analyses suggest a dif-
ferent chronological  sequence to the three groups 
mentioned above. The first group could be dated to 
the Roman period, the third group to Islamic periods 
after the Umayyad period, while the second group to 
the transition period including the late Byzantine 
and Umayyad periods (Dussart et al. 2004). 

It is worth noting the contradiction between stylis-
tic and chemical dates of samples 1 and 4. These 
samples have complex decorations; therefore, it is 
unlikely to be pre-Islamic (Spaer 2001). It is not easy 
to decide whether the bracelets were produced from 
raw materials or recycled glass or a combination of 
both. However, because of the scarcity of natron 
supplies during and after the transition period, it is 
likely that mineral alkali or mixed natron-plant ash 
compositions were produced by mixing plant ash 
and natron glasses or plant ash fluxes with remain-
ing natron glass cullets as proposed by Henderson 
(2002), Uboldi and Verita (2003); Dussart et al. 
(2004); Lauwers et al. (2010); Silvestri and Marcante 
(2011) and Bugoi et al. (2013). The presence of con-
siderable percentages of titanium, manganese and 
iron in Umm el-Jimal bracelets' canes and the posi-
tive correlation among K2O and MgO (R2=0.49) sup-
port this hypothesis.  

The amounts of lime and alumina present in the 
bracelets reflect the amounts of shells, limestone and 
feldspar in the sand and lime in the ash (Freestone et 
al. 2000). Based on the diagrams of Silvestri and 
Marcante (2011: Fig. 4: page 2517), samples 7,8,9,15 
and sample 20 are located in the compositional areas 
of Levantine I and Levantine II, respectively. Be-
cause samples 7,8,9,15 are Mamluk in age but reflect 
Levantine I glass, it can be concluded that Levantine 
I glass was recycled to produce them. On the contra-
ry, sample 20 has the Levantine II glass composition 
and dated differently to the late Roman – Byzantine 
period or after the Byzantine period (Table 1). The 

chemical composition might suggest an original Le-
vatine II glass to this sample for the first date or re-
cycling Levantine II glass for the second date. Most 
of the studied samples of the tomb are Islamic, so it 
is likely that this sample is similar in age and be-
longs to one of the Islamic periods. 

4.3. Bracelets colorants 

Glass color and opacity depend on different fac-
tors mainly the quantity and ionic form of minor 
metal oxides present in the glass and the  kiln‟s fir-
ing (redox) conditions. For example, Fe(II) ions give 
green or blue colors, while Fe(III) ions give brown-
yellow colors depending on the kiln's environment. 
The opacity and black appearance of a colored glass 
bracelet occur due to its high content of certain metal 
particles dispersed in the matrix and/or the bracelet 
thickness (Cagno et al. 2013, 2014). 

4.3.1. Monocolored bracelets 

 Fourteen bracelets have different monocolors (Ta-
ble 1). Deeply violet/brown color of the canes of the 
decorated sample 1 and samples 6,11,13,16,17, and 
19 owe their color to elevated values of manganese 
oxide ranging from 2.14 to 5.27% and moderate iron 
values ranging between 0.61 and 0.97% except sam-
ple 16 with a value of 2.34% (Table 3). Normal man-
ganese oxide content in glass is about 200 ppm 
which is derived from siliceous sand impurities 
(Freestone et al. 2015). The high MnO values indicate 
their intentional addition to the glass batch. 

The blue color of sample 9 is likely produced by 
its cobalt content (0.22%) seen in most ancient blue 
soda-lime-silica glass (Schibille and Freestone 2013). 
Sample 5 is aqua colored and samples 10,12,14 are 
deeply colored blue. It is possible that undetected 
cobalt (detection limit is 0.1%) colored these samples 
blue or/and copper in samples 5 (0.65%) and 12 
(3.15%) are their blue color agents. The presence of 
both copper and tin in sample 5 might indicate their 
addition as “bronze scale” (Goffer 2007:157) in the 
form of powders or small particles. The blue color of 
sample 10 is likely results from the kiln's reducing 
atmosphere produced Fe(II) ions. 
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Table 3. Chemical analyses of the Umm el-Jimal monocoloured bracelets and decorated bracelets. 

S Color Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO2 Fe2O3 CoO CuO As2O3 Ag2O Sn02 Sb205 NiO PbO Bi2O3 ZnO Total  

Monocolored samples 

5 Blue/Aqua 13.56 2.79 0.44 69.67 0.38 0.25 0.87 3.73 7.32 - - 0.25 - 0.69 - - 0.25 - - - - - 100.21  

6 Brown/purple 11.25 2.47 1.16 67.83 0.41 0.24 0.96 2.56 8.94 0.21 3.39 0.64 - - - - - - - - - - 100.07  

7 Black 14.17 0.61 2.14 60.90 - 0.22 0.86 0.64 7.34 0.14 0.87 12.42 - - - - - - - - - - 100.31  

8 Dark Green 15.57 0.65 2.46 63.40 - 0.24 0.99 0.52 8.70 0.16 0.95 6.51 - - - - - - - - - - 100.14  

9 Dark Blue 19.75 0.80 2.34 65.40 - 0.45 1.13 0.47 6.51 0.29 0.24 2.03 0.22 0.24 - - - - - 0.43 - - 100.31  

10 Dark Blue 11.33 3.77 1.06 66.94 0.33 0.24 0.76 2.83 9.61 0.17 1.33 1.09 - - - - - - - - - - 99.46  

12 Dark Blue 12.18 2.93 0.55 67.77 0.21 0.24 0.84 2.33 8.33 0.16 1.16 0.38 - 3.15 - - - - - - - - 100.23  

13 Brownish purple 9.43 2.93 1.81 66.54 0.37 0.29 0.80 2.53 9.00 0.21 5.27 0.94 - - - - - - - - - - 100.11  

15 Dark Green 16.69 0.64 2.38 61.75 0.11 0.29 1.04 0.58 8.31 0.10 1.05 7.13 - - - - - - - - - - 100.05  

16 Brownish purple 9.52 3.43 1.15 68.87 0.29 0.33 0.71 2.49 8.88 0.14 3.56 0.63 - - - - - - - - - - 100.00  

17 Brownish purple 11.87 3.02 1.47 67.47 0.36 0.33 0.77 2.35 8.77 0.20 2.82 0.62 - - - - - - - - - - 100.04  

18 Black 19.09 2.73 1.67 64.31 0.40 0.75 1.53 2.51 6.35 0.15 - 0.62 - - - - - - - - - - 100.11  

19 Brownish purple 9.43 3.09 1.29 70.09 0.30 0.31 0.73 2.41 8.56 0.18 3.01 0.61 - - - - 0.88 - - - - - 100.89  

20 Green/Yellowish 14.76 0.67 2.88 68.74 0.10 - 0.69 1.17 10.33 - 0.18 0.57 - - - - - - - - - - 100.09  

Decorated Samples 

1 Red 9.48 2.60 1.11 57.42 - - 0.77 2.05 7.39 0.12 0.82 5.33 - 1.09 - - 3.38 - - 8.45 - - 100.01  

 
Green 7.99 2.21 0.85 50.38 0.24 - 0.72 1.65 6.24 - 0.73 0.53 - 1.73 - - 4.09 - - 22.61 - - 99.96  

 
Yellowish green 9.13 2.42 0.88 55.66 0.22 - 0.74 1.88 6.88 - 0.83 0.47 - - - - 3.24 - - 17.59 - - 99.96  

 
/Brownish violet Matrix 10.96 2.82 1.26 68.48 0.32 - 1.02 1.71 8.54 0.18 3.93 0.79 - - - - 

 
- -  - - 100.00  

2 Dark blue 11.73 2.95 1.04 66.22 0.13 - 0.77 2.37 9.04 0.07 
 

0.55 - - - - 1.04 0.07 - 3.38 - - 99.35  

 
Light blue 12.60 2.54 1.17 67.31 0.21 0.29 0.81 2.79 9.72 - 0.41 0.52 - 2.70 - - 

  
-  - - 101.06  

 
Light yellow Matrix 11.62 2.84 1.21 64.54 0.13 0.30 0.81 2.59 10.84 0.06 0.36 0.53 - - - - - - - - - - 95.81  

3 White 15.81 0.50 0.78 69.82 - - 1.20 2.25 3.58 0.15 - 0.29 - - - - 1.28 - - 4.36 - - 100.00  

 
Blue 15.66 0.49 0.80 73.56 - - 1.26 2.31 3.84 0.17 - 0.59 0.36 - 0.59 - - - - - - - 99.64  

 
Matrix Yellow 16.79 0.58 0.82 73.72 - - 1.28 2.41 3.92 0.17 - 0.28 - - - - - - - - - - 99.97  
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4 Dark red 16.11 2.81 0.97 58.76 0.07 - 1.07 1.43 7.56 - - 3.37 - 2.38 - - 0.95 - - 4.54 - - 100.00  

 
Light red 17.07 2.95 0.96 61.32 - 0.27 1.11 1.45 7.65 - - 4.49 - 2.75 - - 

 
- - - - - 100.00  

 
Greenish yellow 13.75 2.39 0.80 52.64 - - 0.95 1.26 6.09 - - 0.30 - 

 
- - 2.27 - - 19.47 - - 99.91  

11 Red 9.63 3.26 1.41 59.38 0.27 - 0.76 2.64 9.70 - 1.13 2.96 - 2.64 - - - - - - - -   

 
White 7.82 2.55 1.11 53.76 - - 0.65 2.12 7.15 0.06 0.82 0.66 - - - - - - - 6.23 - - 100.01  

 
Yellow middle sample 11.29 2.49 1.14 67.83 0.34 0.09 0.97 2.56 9.00 0.15 3.50 0.65 - - - - 7.22 - - 16.09 - - 100.00  

 
Yellow with white lines 11.04 2.55 1.17 67.19 0.21 - 0.89 2.46 9.09 0.13 3.29 0.82 - 0.16 - - - - - - - - 99.98  

 
Brownish purple matrix 11.27 2.52 1.17 67.80 0.37 0.12 0.94 2.52 8.93 0.20 3.57 0.63 - 

 
- - - - - 1.00 - - 100.01  

14 Red 11.07 3.10 1.59 63.40 0.25 - 0.63 2.60 8.53 0.21 0.94 3.73 - 1.47 - - - - - - - - 100.03  

 
Yellow 11.57 3.19 1.20 64.69 - - 0.73 2.53 8.32 0.19 0.90 0.56 - 0.29 - - - - - 2.61 - - 100.13  

 
White 12.08 3.24 1.21 66.48 - - 0.76 2.57 8.54 0.07 0.89 0.57 - 

 
- - - - - 6.11 - - 100.27  

 
blue  Matrix 12.10 3.14 1.59 68.54 - - 0.78 2.55 8.93 0.19 1.09 0.92 - - - - 0.88 - - 2.79 - - 100.04  

Single spectrum 

S Spectrum Label Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO2 Fe2O3 CoO CuO As2O3 Ag2O Sn02 Sb205 NiO PbO Bi2O3 ZnO Total Pigment 

1 Spectrum 636 - - - - - - - - - - - 0.21 
 

82.89 2.2 0.47 2.27 3.69 - 8.26 - - 99.99 In red 

2 Spectrum 264 0.38 - - 1.98 - - - - - - - - - - - - 97.64 - - 
 

- - 100 In dark blue 

3 Spectrum 312 9.84 0.23 0.41 26.98 - - 0.37 0.62 1.64 - - 0.56 - - 
 

- 36.49 - - 21.89 - 0.96 99.99 In white 

3 Spectrum 319 15.74 0.48 0.80 71.23 - - 1.22 2.37 3.59 0.16 - 1.08 0.83 - 0.90 - - - 0.29 - 1.30 - 99.99 In blue 

3 Spectrum 320 15.41 0.49 0.81 72.13 - - 1.21 2.35 3.60 0.19 - 0.89 0.67 - 0.90 - - - 0.13 - 1.22 - 100 In blue 

3 Spectrum 321 13.81 0.51 0.77 72.54 - - 1.27 2.39 3.75 0.20 - 0.90 0.74 - 0.70 - - - 0.27 - 2.15 - 100 In blue 

3 Spectrum 323 14.89 0.48 0.80 71.29 - - 1.21 2.41 3.72 0.15 - 1.32 1.16 - 0.93 - - - 0.32 - 1.33 - 100.01 In blue 

3 Spectrum 324 4.79 - - 9.41 - - 0.11 0.22 0.43 - - 0.69 13.13 - 
 

- - - 71.22 - - - 100 In blue 

3 Spectrum 325 16.27 0.51 0.84 72.76 - - 1.23 2.34 3.76 0.15 - 0.67 0.45 - 0.47 - - - 
 

- 0.58 - 100.03 In blue 

3 Spectrum 326 16.41 0.50 0.84 73.09 - - 1.23 2.38 3.80 0.14 - 0.49 0.39 - 0.31 - - - 0.17 - 0.24 - 99.99 In blue 

3 Spectrum 327 16.66 0.52 0.79 73.12 - - 1.25 2.34 3.72 0.10 - 0.50 0.33 - 0.27 - - - - - 0.38 - 99.98 In blue 

3 Spectrum 328 16.61 0.54 0.81 73.43 - - 1.21 2.35 3.76 0.17 - 0.59 0.32 - 0.20 - - - - - - - 99.99 In blue 

3 Spectrum 329 16.64 0.52 0.84 73.40 - - 1.23 2.38 3.84 0.16 - 0.49 0.30 - 0.21 - - - - - - - 100.01 In blue 

3 Spectrum 330 16.49 0.51 0.81 72.98 - - 1.24 2.36 3.78 0.12 - 0.56 0.40 - 0.30 - - - - - 0.45 - 100 In blue 

3 Spectrum 399 - - - 0.71 - - - - - - - - - 0.38 - - 98.91 - - - - - 100 In white 
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4 Spectrum 413 - - - - - - - - 0.11 - 
 

0.55 - 99.34 - - - - - - - - 100 In red 

7 Spectrum 8 - - 0.32 0.65 - - - - - 0.11 0.29 98.63 - - - - - - - - - - 100 In black 

14 Spectrum 495 0.26 - - 6.04 - - - - - - - 0.24 - - - - 26.53 - - 66.92 - - 99.99 In yellow 

14 Spectrum 496 1.17 - - 8.75 - - - - 0.74 - - 0.30 - - - - 25.28 - - 63.76 - - 100 In yellow 

14 Spectrum 497 0.87 0.21 - 7.36 - - - - - - - 0.26 - - - - 27.23 - - 64.07 - - 100 In yellow 

14 Spectrum 498 0.64 - - 6.52 - - - - - - - 0.17 - - - - 30.11 - - 62.56 - - 100 In yellow 

14 Spectrum 499 0.38 - 0.2 6.33 - - - - - - - 0.27 - - - - 28.89 - - 63.94 - - 100.01 In yellow 
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Deeply green color and black appearance of brace-
lets 8 and 15 are most likely a result of their high 
values of iron oxide (6.5% and 7.1%, respectively) 
which are intentionally added to the glass. Sample 7 
represents a special case, it has the common silica-
soda-lime composition fluxed with natron, both K2O 
and MgO values are lower than 0.65%. This sample 
was colored black by deliberate addition of a high 
percentage of iron oxide reaching a value of 12.4% 
(Table 3). SEM analyses showed small particles of 
pure iron oxide (98.6%) dispersed in the glass in dif-
ferent shapes; elongated, flat, rounded, semi-
rectangular (Fig. 3). Back-scattered electron analyses 
revealed that the glass is inhomogeneous and poorly 
mixed where some areas have high concentrations of 
iron oxide and iron particles nearly dissolved in the 
glass melt. It is likely these particles were deliberate-
ly added during the bracelets shaping at a secondary 
workshop as flakes of hammer scale that resemble a 
waste material of iron smithing that comprises about 
95-99% magnetite and wüstite (Young 2011). This 
result is supported by the finding of Rehren et al. 
(2012) and Cholakova and Rehren (2014) who 
showed the first direct evidence of using residual 
iron oxide particles in the production of Roman 
black glass instead of natural magnetite rich sands or 
iron ores suggested by Van der Linden et al. (2009). 

 

Fig. 3 A backscatter electron image of an iron oxide parti-
cle of the bracelet of black sample 7 from Umm el-Jimal 

suggesting the addition of hammer scale iron flakes (spec-
trum 8). 

It is worth mentioning that not all the samples 
have enough Fe-content to give rise to deeply color 
the samples (Table 1), so it is assumed that the thick-
ness and shape of the bracelets play a major role in 
the perception of color. 

In contrast, the yellowish green sample 20 has low 
iron content (0.57%); however, the occasional pres-
ence of manganese (0.18%) in proper control of the 
furnace atmosphere might caused this color by oxi-
dizing Fe(II) to Fe(III) (Mirti et al. 2001). Samples 4 

and 18 are deeply colored and look black, but very 
small thin pieces of these samples appeared yellow 
when examined under a stereomicroscope. The yel-
low color was probably produced under fairly 
strong reducing firing environments for iron and 
sulphate ions, for more details see Van der Linden et 
al. (2009). 

4.3.2. Decorated bracelets 

The red decorations of bracelets 1, 4, 11 and 14 
were most likely produced by a deliberate addition 
of elevated amounts of copper (1.09-2.64%), iron 
(2.96-5.33%) and lead (2.61-8.45%) compared to their 
canes‟ composition (Fig. 4). Glassmakers produced 
opaque red glass by disseminating micron-sized 
crystals of metallic copper in the glass matrix (Fig. 5, 
Fiori 2015). The reduction environment of the kiln 
enhanced by intentional addition of high levels of 
iron oxide to the batch caused the reduction and 
then precipitation of copper from the melt in the 
form of tiny metallic copper particles, which impart 
the red color and opacity to the glass (Ahmed and 
Ashour 1981; Brill and Cahill 1988; Freestone et al. 
2003). Based on Freestone (1987), the red colorations 
under investigation can be classified as low-lead and 
low-copper red glass (less than 12% of lead oxide 
PbO and 5% of copper oxide Cu2O(. The function of 
lead in the low-lead and low-copper opaque red 
glass is to form a large number of copper particles in 
the glass melt despite their size and improve the 
opacity and intensity of the color (Freestone 1987; 
Barber et al. 2009). Higher values of lead oxide dis-
solve more copper into the glass and form brighter 
(sealing-wax) red color compared to the samples 
with lower value (Freestone 1987). Furthermore, 
high amounts of lead make the glass less susceptible 
to devitrification (Brill and Cahill 1988).  

 

Fig. 4 A backscatter electron image of red color decoration 
of sample 1 from Umm el-Jimal showing elevated amounts 
of copper, iron and lead compared to the canes’ composi-

tion (spectrum 636). 
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It is likely that the presence of tin oxide in the red 
decorations of samples 1 (3.38%) and 4 (0.95%) pro-
motes the precipitation of copper particles. Ram et 
al. (1970) found that Sn++ retards the reduction of 
Cu+ to Cuo in the glass melt which remains suitable 
for the production of red colour for a considerable 
period. The presence of tin oxide might indicate the 
recycling of pewter (Pb-Sn alloy) and bronze (Cu-Sn 
alloy), while high values of iron oxide might indicate 
the use iron scraps (Peake and Freestone 2012).  

The blue decoration of bracelet 3 contains cobalt 
oxide associated with arsenic (0.59%), magnesium 
(0.49%), Nickel (0.41%) and aluminum (0.80%), high 
potassium (2.31%) and lacks lead, manganese, sulfur 
and copper. This might indicate the use of Erythrite 
(cobalt bloom), Co3(AsO4).8H2O, characterized by 
cobalt and arsenic, which is a secondary hydrated 
cobalt arsenate mineral from cobalt deposits such as 
cobaltite (Henderson 2006). 

 

Fig. 5 A backscatter electron image of red color decoration 
of sample 4 from Umm el-Jimal showing copper particles 

disseminated in red glass (spectrum 413). 

The sample‟s content of these metals concurs with 
the glass production technology during the sample‟s 
date (the 16th century AD or later) (Gratuze et al. 
1995). 

The white decorations of samples 3,11 and 14 con-
tain dissolved tin oxide 1.28%, 7.22% and 0.88%, re-
spectively. Backscattered electron microscope 
showed also tin oxide particles dispersed in the glass 
matrix. The presence of tin oxide (SnO2) in the soda-
lime-silica glass melt produced the white opaque 
glass, see spectrum 399 of sample 3 in Table 3. Few 
spot analyses of sample 3 have zinc in different con-
centrations which might indicate the use of brass 
alloys as well. It is probable that the white color re-
sulted from the addition of lead tin calx (a residue 
formed when metals are heated together, Fig. 6, 
spectrum 312, lamp shape), where SnO2 remains sta-
ble at temperatures above 750oC in the glass melt, 
while PbO remains stable at lower temperatures by 

the formation of yellow dispersed lead stannate crys-
tals (Tite et al. 2008; Biron and Verita 2012).  

 

Fig. 6 A backscatter electron image of white color decora-
tion of sample 3 from Umm el-Jimal showing elevated 

amounts of tin-lead particles (spectrum 312). 

Table 3 shows differences in the concentrations of 
the metals present in the decorations; however, im-
ages of backscattered electrons show that the distri-
bution of the added metals to most samples is inho-
mogeneous. Fig. 7 shows lighter areas with elevated 
concentrations of metal oxides and small metal par-
ticles nearly dissolved in the glass melt. On the con-
trary, darker areas have lower concentrations of the-
se oxides and particles. 

Spot analyses of a random group of bright parti-
cles in the yellow decorations of samples 4 and 14 
(Table 3, Fig. 8) identify them as being lead–tin yel-
low, most likely PbSnO3 (type II), with associated 
silica content (Gill and Rehren 2011; 2014). This con-
clusion is confirmed by the composition of the 
PbSnO3 of samples 4 and 14 which has amounts of 
PbO of about 62.56-67.47%, SnO2 of about 25.28-
30.11% and silica (SiO2 substituted SnO2) in variable 
amounts of about 5.9-8.7%.  

 

Fig. 7 A backscatter electron image of a blue color from 
sample 3 from Umm el-Jimal showing disseminated met-
als in the matrix and higher concentrations of metal ox-
ides in the light areas than those of the dark areas (spec-

trums 319-330). 
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In antiquity, yellow opaque glass was produced 
by the addition of antimony or tin to a lead glass 
which causes the precipitation of yellow lead anti-
monate (Pb2Sb2O7) or lead stannates (Pb2Sn2O4 or 
PbSnO3) (Henderson 1985). Antimony-based opacifi-
ers were used by Roman glassmakers until the 
fourth century AD and were afterward gradually 
replaced by tin-based opacifiers (Tite et al. 2008; 
Verita et al. 2013). This chronological development 
might be used, but cautiously, to appraise the date of 
the yellow decorations; therefore, it is probable that 
they were produced after the fourth century when 
tin replaced antimony opacifier. The lemon yellow 
color of sample 4 only has dissolved tin dioxide 
(2.27%) and lead oxide (19.47%) indicating that lead-
tin yellow (lead stannate PbSnO3) is the colorant and 
opacifier used in this sample. On the contrary, the 
yellow decoration of sample 14 has lower concentra-
tions of dissolved lead and dispersed lead stannate 
particles. Because the matrices of yellow decorations 
of the rest of samples (3 and 11) do not contain tin or 
antimony, it is likely that the yellow decoration was 
produced from iron oxide Fe(III) by controlling the 
amount of oxygen present in the furnace or making 
use of the presence of other redox systems in the 
batch such as manganese ions (see above).  

The yellow decorations of sample 11 have high 
values of manganese oxide 3.29 and 3.50% and 
Mn/Fe ratios of 5.37 and 3.99, while sample 14 con-
tains 0.9% of manganese oxide, 0.56% of iron, 6.11% 
of lead oxide and Mn/Fe ratio of 1.59 (Mirti et al. 
2002; Silvestri et al. 2005). Because an equilibrium 
between the yellow ferric ion (Fe3+) and the blue fer-
rous ion, Fe2+ iron exsists in the glass, Fe3+ should 
predominate in order to color the glass yellow. The 
manganese functions as an oxidizing agent of Fe2+ 

iron to Fe3+ iron; thus, produces the yellow color 
(Scott et al. 2006). In addition, sample 11 has more 
lead than sample 14; consequently, it is probable that 
more yellow lead sannates precipitated in sample 11 
than sample 14 which  increased the intensity of its 
yellow color (Mirti et al. 2002).  

The green threads of sample 1 contain copper (av-
erage =1.42%) and high amounts of lead and tin, 
while the yellowish green threads lack copper and 
has lower amounts of lead and tin than the green 
one. It is most likely that the green opaque decora-
tion is formed due to the suspension of lead-tin crys-
tals in the copper rich matrix, while the lead and tin 
crystals in the absence of copper caused the yellow-
ish green hue (Freestone et al. 1990, Meulebroeck et 
al. 2010). 

 

Fig. 8 A backscatter electron image of yellow color decora-
tion of sample 14 from Umm el-Jimal showing elevated 

amounts of lead-tin-silica (PbSnO) particles (Spectrums 
495-499). 

 

Fig. 9 A backscatter electron image of blue color decora-
tion of sample 2 from Umm el-Jimal showing disseminat-

ed tin oxide particles (Spectrum 264). 

Light and deep colored greenish blue hues of 
sample 2 have different compositions (Table 3). The 
high CuO content (2.7%) and Cu/Fe ratio (5.2) most 
likely rendered the glass blue (Mirti et al. 2002). On 
the contrary, the deeply colored greenish blue hue 
lacks copper; therefore, it is likely that this color was 
obtained from reduced iron oxide Fe(II) in the pres-
ence of lead and tin oxides (Fig. 9).  

5. CONCLUSIONS 

Although the studied fragments have doubtful 
dates, a combined approach of stylistic and chemical 
analyses indicates that the bracelets were most prob-
ably Islamic and made of plant-ash (11 samples), 
natron (5 samples), mixed natron-plant ash (3 sam-
ples) glasses and one mineral glass (sample 3). The 
composition of bracelets accords with the trend of 
changes of glass technology happened during the 
Roman-Islamic periods. They show plant-ash glass 
which replaced the natron glass during the ninth 



PRODUCTION TECHNOLOGY OF GLASS BRACELET FROM THE WEST CEMETERY OF UMM EL-JIMAL 31 

 

Mediterranean Archaeology and Archaeometry, Vol. 16, No 3, (2016), pp. 17-34 

century AD and the use of tin oxide and manganese 
oxide that replaced antimony oxide at the end of the 
fourth century AD. However, glassmakers followed 
earlier production traditions including the produc-
tion of green and blue colors using copper and iron 
and the recycling of old colored glass (such as 
opaque mosaic tessera as explained by Theophilus 
(Hawthorne and Smith, 1963) and shown by several 
studies; for example Freestone (1993); Wolf et al. 

(2005); Al-Bashaireh et al. (2016). The black appear-
ance of some samples resulted from the deliberate 
addition of high values of iron oxide and manganese 
or increased thickness of other bracelets having low 
values of these elements. Furthermore, glassmakers 
of this period used pure metal flakes of a hammer 
scale that resembles an artificial by-product of metal 
working as a source of glass colorant. 
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