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A B S T R A C T   

A selection of Late Bronze Age glass objects from the site of Amarna (Egypt) was analysed for their overall 
chemical composition, colourants and transition metals associated with the sources of cobalt ore. The objects 
were analysed by means of Particle Induced X-Ray and Gamma-ray Emission and Rutherford Backscattering 
Spectrometry at the IBC, HZDR, Dresden and the New AGLAE facility, C2RMF, Paris. The data was subsequently 
compared with further measurements obtained by portable X-Ray Fluorescence (and by Laser-Ablation Induc
tively-Coupled-Plasma Mass-Spectrometry) in order to sound the potential of these non-destructive methods to 
obtain new insights into the production process of glass from Amarna and its provenancing.   

1. Introduction and background 

A selection of Late Bronze Age glass objects from the site of Amarna 
in Middle Egypt from the collection of the Egyptian Museum, Berlin 
(ÄMP) (Fig. 1) was studied by means of PIXE (Particle Induced X-Ray 
Emission) / PIGE (Particle Induced Gamma-ray Emission) and RBS 
(Rutherford Backscattering Spectrometry). Since dark blue was a highly 
popular colour during pharaonic times in Egypt, cobalt coloured glass 
objects, both finished items and those used for the production of the 
former, were frequently found in the workshops and houses of the New 
Kingdom (c. 1550—1069 BCE). The first regular use of glass can be 
witnessed in Egypt at the beginning of the 18th Dynasty (c. 1550—1290 
BCE; Shortland 2012, 49—53; Nicholson, 2007, 3—7). While the 
manufacture of ornate glass vessels required a higher set of skill, it was 
possible to produce glass beads at household-level without any complex 
firing structures (Hodgkinson and Bertram, 2020). The main purpose of 

this study was to sound the informative potential of the analytical 
methods in order to obtain further insights into glass processing and 
provenancing. In particular, the study aimed to determine whether it is 
possible to chemically detect the source of the cobalt (Co) ore used for 
the colouring of the material by PIXE/PIGE. The source of the processed 
Co-ore that was used in a glass batch is more or less discernible through 
the correlation of the transition metals nickel (Ni), zinc (Zn) and man
ganese (Mn), some light elements, including aluminium (Al) and mag
nesium (Mg) (Abe et al., 2012; Shortland et al., 2006) as well as some 
Rare Earth Elements (REEs: see Hodgkinson and Frick, 2020a and 
2020b; cf. Lankton et al., 2022). The main source of Co used during the 
18th Dynasty was the area of the oases Kharga and Dakhla in the 
Egyptian Western Desert (Kaczmarczyk, 1986). It has been recognised 
that no uniform chemical pattern exists for this source, but that a variety 
of subgroups are discernible, according to various geological sources in 
the same area (Smirniou and Rehren, 2013). Simultaneously, all glass 
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objects coloured with Co-ore from this region have low potassium values 
together with high aluminium and magnesium (Nicholson, 2007, 97). 

A team led by Y. Abe achieved a classification of the various geological 
cobalt sources found in Egyptian vitreous products by means of transition 
metals (Ni, Zn, Mn) analysis by portable X-Ray Fluorescence (pXRF: Abe 
et al., 2012). The samples analysed by Abe and colleagues include glass 
and faience objects recently excavated at Dahshur North and North-west 
Saqqara and kept in Egypt in addition to some objects in two museum 
collections in Japan dating to the 18th and the 19th/20th dynasties. This 
means that the objects overlap with those from Amarna and the subse
quent periods in terms of chronology. In order to gain information on light 
elements in the glass, PIXE/PIGE and RBS analyses were conducted at the 
Ion Beam Center (IBC) Helmholtz-Zentrum Dresden-Rossendorf (HZDR) 
and at the New AGLAE microfocus beamline at the AGLAE accelerator, 
C2RMF in Paris, respectively, on a selection of glass objects from the 
collection of the ÄMP. While the objects in the museum collection are not 
provenanced more precisely than to the site of Amarna in general, they 
were available for these analyses in Europe, it being illegal to export the 
well-provenanced material from Egypt and PIXE/PIGE technology not 
currently being available in Egypt. 

Approximately 500 more precisely provenanced blue glass objects 
from recently excavated workshop sites were analysed in the excavation 
house at Amarna using a pXRF device (ELIO by XGLab). Through this, it 
was possible to create object groups based on provenance, using semi- 
quantitative elemental analysis. It has also been possible to identify 
the western desert as the source of the Co-ore through the (partially 
elevated) presence of Zn, Ni, Mn and Fe (Hodgkinson et al., 2019a and 
2019b). However, the instrument used by Hodgkinson was unable to 
detect neither the light elements (in particular Al, Mg) nor the REEs, 
which would have provided further information regarding possible 
variations in the cobalt source. 

Fourty glass objects from the collection of the ÄMP and two Co-ore 
samples from the region of Ain Asil (near Dakhla Oasis) had previ
ously been analysed by Laser-Ablation Inductively-Coupled-Plasma 
Mass-Spectrometry (LA-ICP-MS) at the Geoforschungszentrum in Pots
dam (GFZ), the same objects having previously been analysed using the 
ELIO pXRF device. These analyses achieved a validation of the pXRF 
data obtained for the transition metals (Co, Ni, Zn and Mn) between both 
sets of analysis, and thus also confirmed the reliability of the transition 
metal data previously obtained at Amarna (see Hodgkinson et al., 2019a 

Fig. 1. Map of Amarna with an inset of the location of Amarna in Egypt. Map: A. K. Hodgkinson/FU Berlin, based on data from Kemp and Garfi, 1993.  
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for the study using pXRF and Hodgkinson and Frick 2020a and 2020b for 
the LA-ICP-MS results and data). By means of LA-ICP-MS it was 
furthermore possible to verify the Egyptian provenance of the glass 
objects from the collection of the ÄMP using trace element analysis, the 
values of Zr, Ti, Cr and La varying significantly between glass objects 
from Egypt and those from the Levantine and Western Asian regions 
(Shortland et al., 2007). However, the homogeneity of the glass matrix 
was not tested at trace level. In order to verify the homogeneity of the 
elemental glass distribution, RBS and microPIXE-imaging were per
formed at HZDR and New AGLAE. PIXE was used in 2D scanning mode 
in order to test the homogeneity of the glass, while RBS, which has a 
good depth resolution, was employed to test the homogeneity in depth 
of the surface and the superficial patina. 

Indeed, PIXE technology has been in use to examine archaeological 
materials since the late 1970 s and the technology has been recognized 
as an ideal method because of its ability to detect low element concen
trations, which indicate even small quantities of colourant-bearing 
materials present in the glass (Swann and Fleming, 1987; cf. Nich
olson and Henderson, 2000, 213, 219; cf. Janssens 2013, 156—162; 
Kaparou et al., 2023). 

PIXE was complemented by PIGE for the analysis of light elements. 
Furthermore, RBS was simultaneously used to detect ions backscattered 
from the nuclei of sample atoms. The mass of the atoms can be deter
mined from the energy loss in the collision. The elemental concentration 
can be calculated from the number of backscattered ions and the colli
sion probability (scattering cross-section). This scattering cross-section 
is high when high energy protons, as used for PIXE and PIGE, have 
collisions on light elements like C and O, thereby increasing the sensi
tivity of RBS for these elements. RBS is also depth sensitive because ions 
slow down in matter and thereby the depth in the sample of the collision 
can be distinguished. More details can be found in (Wang and Nastasi, 
2009). Therefore, RBS allows the study of the surface corrosion of glass 
objects, which can be removed in order to deduct the effect of corrosion 
from the final result (Mäder and Neelmeijer, 2004). External (micro-) 
beam setups were developed for analytical purposes in the field of 
heritage sciences, and are particularly well-suited for studying archae
ological objects and other objects of art. This is due to the fact that the 
objects can be studied under atmospheric pressure (Calligaro et al., 
2011; Neelmeijer et al., 1996). 

The set of non-destructive external PIXE/PIGE and RBS analyses, 
together with microPIXE-imaging was therefore carried out (1) to obtain 
information regarding the homogeneity of the composition of the 
archaeological glass surface, (2) to examine the colouring agents of 
glass, (3) to examine the lighter elements (Na, Mg and Al), in order to 
establish whether these can be regarded as discriminants of cobalt 
sources and therefore have to be taken into account, and (4) to establish 
whether the analysis of the heavier elements and transition metals (Mn, 
Ni and Zn) using pXRF is sufficient to determine the source of the Co-ore. 

2. Data and methods 

2.1. The analysed objects from the Egyptian Museum, Berlin 

The analyses carried out at both laboratories focussed on objects 
from the collection of the Egyptian Museum, Berlin (ÄMP) (see table S1). 
These objects are all said to have come from Amarna, having been 
collected by the team directed by Ludwig Borchardt in 1911—14 
(Borchardt and Ricke, 1980). While a few of the objects can be linked to 
entries in the original finds journal, having a house reference as a find 
spot, many others appear to have come to Berlin without a precise 
provenance, having been collected in bulk at Amarna. After World War 
II, many of these objects (largely glass rods) were grouped by colour and 
only entered into the inventory later. These latter items can only be 
assigned to Amarna as a whole, and not to an exact find spot within the 
city. They also included some objects of a later date that were probably 
found in younger contexts at the site. One of these objects, the poly
chrome glass strip or bar ÄM 40418, was also analysed within the 
framework of this study in order to determine whether Co-ore from a 
different source was used to colourise the dark blue portion of this object 
(see Figs. 5 and 6). 

The objects in a museum collection outside Egypt (despite not being 
absolutely provenanced) are ideal for the present analyses. Most of the 
glass objects included in the two sets of analyses are related to glass- 
working activity, with only the two vessel fragments (see above) being 
from finished objects. The two pieces of Co-ore, K3 and K6 (Co-bearing 
alum, ‘Pickeringite’) are related to the production of coloured glass and 
the processed Co may have been used in the primary or the secondary 
stages of production. This depended on whether it was present in the raw 

Fig. 2. Overview of objects analysed at IBC, HZDR and New AGLAE. Photos: A. K. Hodgkinson/FU Berlin. Reproduced with kind permission of the Berlin 
State Museums. 
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glass mixture or added to an un-coloured base glass (see Shortland et al., 
2006; Rehren, 2001). Simultaneously, the ceramic sherd with the blue 
glassy matrix and the quartz fragments (ÄM 21977, see Fig. 2) may or 
may not have been used in the manufacture of glass (see Shortland, 
2012, 120 for a summary of the reconstructed glass-making process). 
With regard to glass-working, finished glass ingots would have been 
broken up into chips from which rods and bars were drawn. While glass 
rods were used both for the manufacture of beads and for the decoration 
of polychrome glass vessels, flat glass bars were often carved using cold- 
working techniques, and turned into inlays. Please refer to the supple
mentary material for an overview of how the objects analysed for this 
paper fit into the New Kingdom Egyptian chaîne opératoire of glass 
making and -working. While numerous glass objects were coloured by 
Co, a large number of Co-Cu coloured objects also exist, and they have 
been grouped according to the definition set by Smirniou and Rehren 
(2013; see table S1). Since the same transition metal correlations are 
known to exist for these, Co-Cu coloured objects have been defined as 
containing both metals, but not been extracted from this study (Smir
niou and Rehren, 2013; Hodgkinson et al., 2019a). 

2.2. Methods 1: The set-up at IBC, HZDR 

External PIXE, PIGE and RBS were performed simultaneously using a 
4 MeV proton beam. The ion beam is extracted from vacuum through a 2 
µm Havar (Co-alloy) foil and passes through a largely enclosed space 
with a continuous helium (He) flow to reach the samples with an energy 
of about 3.85 MeV. The analysed area is 1 mm in diameter and the ion 
beam current is less than 0.5nA. For PIXE, two Si(Li) detectors were 
used, one with an active area of 12 mm2, optimised for the detection of 
light elements (Al – Fe) for which the path to the detector is also 
enclosed within a helium flow to minimise X-ray losses. The other de
tector is optimised for heavier elements (Fe – U) for which it has a large 
active area of 80 mm2 and a thickness of 5 mm to maximise the detection 
of high energy X-rays with low cross-sections. For PIGE, a high purity Ge 
detector with a relative efficiency of 60 % at 1.3 MeV was used to detect 
the gamma-rays from light elements including Li, B, F, Na, Mg, Al, and 
Si. For RBS, a 100 mm2 PIPS detector was used to detect the back
scattered ions at a scattering angle of 135◦ with respect to the ion beam. 
RBS with 4 MeV protons is also sensitive for C, N and O because the non- 
Rutherford cross-sections in this energy range are much larger than the 
Rutherford cross-sections. 

The analysis of the PIXE spectra was performed with GupixWin 
v2.2.3 (Campbell et al., 2000; Campbell et al., 2010) assuming a thick 
homogeneous sample with all elements present as oxides. Thick Al, MgO 
and Ag samples and a sample with a thin Ni layer were used to check the 
detector efficiency and calculate the H factor (solid angle) for both PIXE 
detectors. Four reference glasses, the Corning/Brill A and B, and NBS 
610 and 612 were used as validation of the calibration. For the Corning 
glasses, recommended values were used that are presented in Wagner 
et al., 2012, which originate from Brill, 1999 and Vicenzi et al., 2002, 
supplemented with some new values. It should be noted that these are 
not certified values. The Al, MgO and Corning A standards were also 
used as the calibration samples for the PIGE calculation of the Al, Mg 
and Al concentrations, respectively, according to the procedure 
described in Chapter 7 of (Wang and Nastasi, 2009). The final concen
trations are the combination of the results for Na, Mg and Al from PIGE, 
Si – Mn from the low energy PIXE detector, Fe – Pb from the high-E PIXE 
detector and O calculated from the other elements according to the 
stoichiometry. The RBS spectra were analysed using the program NDF 
(Barradas et al., 1997). All analyses require the stopping powers of ions 
in matter for which the SRIM-2013 stopping powers are used (Ziegler 
et al., 2010). The RBS spectra were analysed separately to check for 
corrosion. Measured cross-sections were used for the analysis for most 
elements because the cross-sections for light elements are non- 
Rutherford for a high energy proton beam. 

2.3. Methods 2: The New AGLAE set-up 

External micro-PIXE/PIGE was performed simultaneously with 3 
MeV protons with an intensity of 3 to 4nA under a He atmosphere 
directly on the objects without invasive sampling at the New AGLAE 
accelerator microfocus beamline at the AGLAE accelerator, installed in 
the C2RMF in the Louvre (Paris, France) in 2018 (Pichon et al., 2014). 
The analysed area measures either 500x500 µm2 or 1000x1000 µm2 for 
averaging the composition. For chemical imaging larger map sizes were 
measured. PIXE analysis was performed using four SDD detectors: the 
first one was dedicated to the analysis of low Z elements (10 < Z < 29) 
and a He flux was used to reduce the absorption of incident and remitted 
beams by air; the three other SDD detectors were dedicated to high Z 
elements (Z > 26) and an Al filter (50 µm) was placed in front of the 
detector in order to absorb the low energy X-rays. One HPGe detector is 
used for the PIGE measurement. (Pichon et al., 2014). 

For each glass sample at least two measurements were performed. In 
addition, PIXE/PIGE on a larger area was performed on the layered glass 
sample (ÄM 40418: see table S1) in order to obtain distribution images 
of the different elements contained in the different glass layers. The 
beam current was limited in order to lower the 1 nC and to ensure safe 
analysis conditions of the glass objects without visible modification 
under the beam. 

The PIXE spectra were extracted using GUPIX software combined 
with TRAUPIXE software developed at New AGLAE (Pichon et al., 
2015), assuming that analysed zones are homogeneous and that all el
ements are present as oxides. The geochemical diorite DR-N sample and 
the Brill/Corning A, B and D glass standards were used as reference 
materials in order to calibrate the PIGE data and control PIXE results 
(Vicenzi et al., 2002). The compositions given in this paper result from 
the combination of PIXE data and the sodium (Na) content obtained by 
PIGE using its characteristic gamma line at 440 keV. 

3. Results: The chemical composition of the Amarna glass 
objects 

3.1. Homogeneity of the glass composition at the surface? 

The RBS analysis carried out at HZDR can be used to verify the ho
mogeneity of the glass composition at the surface and to highlight po
tential differences between the corroded surface and the core glass of an 
object. Some examples of spectra are shown in Fig. 3A. The composi
tional changes caused by corrosion are related to the surface of the glass 
and this is found at the higher energies in the RBS spectrum as indicated 
by the arrows in Fig. 3A. Sample ÄM 39040 shows a normal glass 
spectrum, whereas samples ÄM 40043 and ÄM 36902 show weathering 
/ corrosion of the surface. The effects of corrosion result in a decrease in 
alkali metals such as Na and K. In correspondence, the concentration of 
SiO2 will increase and, therefore, the overall O concentration at the 
surface will increase (Mäder and Neelmeijer, 2004). The reduction of Na 
and increase of O is clearly visible, although a reduction of K has not 
been observed. Sample ÄM 40057 shows a normal glass spectrum but 
with an increase of C at the surface. 

An example of a detailed analysis of a RBS spectrum for the 
corrosion spot on sample ÄM 36902 is shown in Fig. 3B. A simulation of 
the spectrum was calculated based on a sample model with three 
layers: the first layer contains only C and O, the second layer contains 
no Na and has increased concentrations of O and Si, while the third 
layer represents uncorroded glass. The coloured curves in Fig. 3B 
represent the contributions of each element to the simulation, e.g. the 
green curve represents C near the surface. Na is not present in a 
corroded surface layer, which is in the region of channels 340 to 370 
(extension of the pink curve). The thickness of the corrosion layer is 
about 5½ µm, assuming a density of 2.5 g/cm3, which is necessary for 
the calculation of the thickness. The variations in the elemental curves 
(e.g. the wiggles for Si) were mostly caused by changes in the non- 

A.K. Hodgkinson et al.                                                                                                                                                                                                                         



Journal of Archaeological Science: Reports 54 (2024) 104412

5

Rutherford cross-sections but also by changes in the concentration (e.g. 
for O around channel 310). 

Overall, the RBS spectra show various states of corrosion from very 
little to a corroded surface layer up to 10 µm, especially where Na has 
leached out. This is an indication for strong variations in local storage 
conditions. This result is of importance since it indicates that the con
dition of the surface needs to be taken into consideration when per
forming non-invasive analysis of archaeological glass objects: since light 
element concentrations are much more affected by the surface corro
sion, transition metals are better suited for provenancing the Co source 
than than light elements. 

3.2. MicroPIXE-imaging 

Micro-PIXE imaging on selected samples was carried out to deter
mine whether the trace element (transition metal) distribution in the 
glass samples in homogeneous. Indeed, imaging of the blue glass sam
ples carried out at New AGLAE showed a homogeneous elemental dis
tribution pattern at the scale of tens of micron spatial resolution at 
major, minor and trace element level, i.e. the Co colourant in the blue, 
etc., but also of the glass matrix on the surface of the object (Na, Mg, Al, 
Si, K and Ca expressed as oxides, see Fig. 2: ÄM 39757). Only the Ca map 
shows some very localised micro-inclusions in an otherwise relatively 
homogeneous matrix. Therefore, point analysis appears to be sufficient 
to characterise the type of glass and can be used for inferring informa
tion about raw materials used in the production of glass. Further 
quantitative chemical maps can be found in the supplementary material 
(see Figs. S1-S4: objects ÄM 39757, ÄM 40060, ÄM 36899 and ÄM 
36900). 

MicroPIXE-imaging is of value for the study of polychrome objects, 
since it shows the different characteristic minor and trace elements as a 
function of the observed colours. The example of the striped red, white 
and blue glass object ÄM 40418, although probably from a later period, 
highlights the analytical performances of microPIXE-imaging (see 
Fig. 4). In the red part Fe, Cu and Pb are found to dominate, an obser
vation consistent with other red glass objects from Amarna. The white 
strip corresponds to an area rich in Sn and Pb (with a ratio of 1:1, at 6 
wt. % each, see table S2). In addition, this strip is not richer in Fe than 
the other coloured zones. This result is different from what was observed 
in the white glass sample from Amarna (ÄM 40346), the latter being 
white because of the presence of a Ca-Sb-based opacifier. The presence 
of Sn in the white stripe points towards the use of a Sn-based opacifier as 
was used in Egypt during the later Roman Period (see Matin, 2019; cf. 
Tite et al., 2008). The blue zone corresponds to a Co-based colourant. 
Similar to the Co-ore used during the Amarna Period, the Co is accom
panied by transition metals: while Mn is elevated (as is Fe), both traces 
of Ni and Zn are present, albeit depleted in the Co used to colour this 
object (cf. table S2). 

3.3. Colouring elements identified by means of PIXE technology in glass 
samples of other colours and polychrome glass 

Further glass samples of turquoise, green, yellow, orange, red, violet 
colour as well as white and colourless glass objects from Amarna were 
analysed by means of PIXE (table S2). As with the Co blue glass objects 
from Amarna, these are in correspondence to soda-lime-silica glasses 
from the 18th Dynasty (Shortland and Eremin, 2006). The origin of these 
objects’ colour can be determined according to their minor element 
contents as follows: 

The turquoise glasses analysed at New AGLAE contain between 0.4 
and 1 wt. % of CuO which is responsible for the turquoise colour. They 
are also somewhat rich in Sb2O5, with contents ranging between 1.5 and 
2.5 wt. %, indicating that they were opacified using antimonate. These 
objects also contain elevated K2O (ranging between 1.1 and 2.6 wt. %), 
which is in line with non-Co-coloured glasses of the Egyptian New 
Kingdom (Smirniou and Rehren, 2013). 

Two green glass objects analysed at New AGLAE and one at HZDR 
contain fairly high amounts of CuO in the range of 1.1—2.2 wt. % as well 
as PbO in the range of 1.8—2.5 wt. % and K2O (ranging between 0.8 and 
2.6 wt. %). In addition, the objects have been opacified using Sb2O5, 
which is in the range of 0.3—0.5 wt. %. 

The yellow glass object (ÄM 39691) is rich in PbO (around 4.0 wt. 
%). and Sb2O5 (around 0.7 wt. %), while the orange glass sample (ÄM 
39698) contains high levels of PbO (around 2.7 wt. %) and Sb2O5 
(around 0.4 wt. %), but in lower concentrations than in the yellow 
glass sample (ÄM 39691). The K2O content is also relatively high with 
a content of 2.0 wt. %. These results, again, are in line with those of 
other yellow glass objects from Amarna and Malqata (see Shortland 
and Eremin, 2006), and both of these objects were analysed at New 
AGLAE. 

Two red glass samples analysed at New AGLAE and one at HZDR 
contain between 3.8 and 4.4 wt. % of CuO, which is responsible for the 
red colour, and which has been achieved by introducing reducing con
ditions in the furnace (Shortland 2012, 118—119). They are also 
somewhat rich in Sb2O5 with a content of c. 0.5 wt. %. 

Violet, or amethyst-coloured glasses from Amarna owe their colour 
to the presence of MnO (Shortland and Eremin, 2006, 592), which varies 
between 1.2 and 0.2 wt. % for the objects analysed at New AGLAE. They 
are also fairly rich in Na2O with a content of about 10.2 (±8.1) wt. %, in 
MgO with a content of about 3.7 (±0.6) wt. % and in K2O with a content 
of about 2.0 (±0.2) wt. %. 

The white glass sample from Amarna analysed at New AGLAE is 
characterised by the presence of small particles of calcium antimonate 
Ca2Sb2O7 (Sb c. 1 wt. % and CaO 7.5 wt. %), which had been added to 
the batch as an opacifying agent (Shortland and Eremin, 2006). 

The largely colourless glass sample is characterised by a high CaO 
content (around 10.6 wt. %) and in consequence also quite rich in SrO 

Fig. 3. (A) RBS spectra for four samples, and (B) for sample ÄM 36,902 (blue points) together with a simulation (red curve). Graphs: F. Munnik/HZDR. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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with a content of about 0.2 wt. %. The blue-green tint of the sample is at 
least partially due to Fe2O3 impurities (c. 0.6 wt. %). 

3.4. Analysis of blue glass samples with regard to possible Co sources 

The mean composition values for each object determined by 
microPIXE-PIGE analysis at New AGLAE are presented in table S1 for the 
blue samples and in table S2 for the glass object of other colours. The 
blue glass objects from Amarna are typical soda-lime-silica glass of the 
period. The characteristic blue colour of these glass samples is mainly 
derived from the processed Co-ore (see Shortland et al., 2006). They 
contain 64.0 (±3.6) wt. % of SiO2, 7.7 (±2.1) wt. % of CaO and 15.7 
(±2.7) wt. % of Na2O. In terms of minor compounds, they contain on 
average 2.9 (±0.6) wt. % of MgO, 3.3 (±1.1) wt. % of Al2O3, 1.2 (±0.7) 
wt. % of K2O and 1.1 (±0.2) wt. % of Cl. With regard to trace elements 
they contain c. 1.0 wt. % of SO3, 0.8 wt. % of Fe2O3, 0.5 wt. % of Sb2O5, 
0.4 wt. % of P2O5, 0.3 wt. % of MnO, 0.3 wt. % of CuO, 0.2 wt. % of TiO2, 
0.2 wt. % of CoO, 0.2 wt. % of ZnO, 0.1 wt. % of SrO and 0.1 wt. % of 
NiO. These values are in line with those of other Co-coloured glass ob
jects from Egypt from both Malqata and Amarna (Shortland and Eremin, 
2006). 

The three ternary diagrams shown in Fig. 5 describe the correlation 
between the Co and the transition metals present in the analysed Co- 
coloured glass objects. The pattern of the samples in the first two dia
grams is similar to that published by Abe and colleagues (Abe et al., 

Fig. 4. Qualitative chemical maps of trace elements without the matrix of the striped glass object ÄM 40418. Image: L. Pichon/UAR 3506 Lab-BC.  

Fig. 5. Ternary diagrams describing the correlation between Co and the tran
sition elements (Ni, Mn, Zn). Graphs: F. Munnik/HZDR. 
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2012) based on a series of pXRF analyses conducted in Egypt (cf. 
Kaparou et al., 2023). The regions for the ore type have been taken from 
(Abe et al., 2012) and the values have been recalculated from oxide to 
elemental concentrations. For this recalculation, MnO has been taken as 
the oxide and not MnO/3 (as stated in Figs. 4 and 6 in Abe et al., 2012) 
because MnO3 is an unusual form of manganese oxide and the authors 
use MnO throughout the rest of their paper. ‘Type A’ cobalt is derived 
from the Co-ore mined in the region of the Dakhla and Kharga Oases in 
the Egyptian western desert (see Fig. 1). This Co-ore was used for col
ouring glass and faience in the 18th Dynasty and which had already been 
noted by A. Kaczmarczyk (Kaczmarczyk, 1986; Shortland et al., 2006). 
The range covered by ‘Type A’ cobalt, which is characterised by a high 
Zn content, also includes the two Co-ore samples from the region of Ain 
Asil (Dakhla Oasis), which had been collected in the same region as the 
ores used to colour the glass (see Shortland et al., 2006). 

‘Type N’ Co as described by Abe and colleagues also exists, and this is 
generally characterised by a low Ni content with a moderate Zn content, 
resulting in a pure Co colourant (Abe et al., 2012). Simultaneously, this 
type is either low or high in Mn, and correspondingly high or low in Co. 
Based on the latter it can be divided into two subgroups with a possible 
origin in Iran (‘Type N1′ (moderate-MnO and high-CoO) and ‘Type N2′ 
(high-MnO and low CoO: Abe et al., 2012)), neither of which were 
identified during the microPIXE-PIGE analyses. 

A third type of Co, ‘Type R’ Co-ore was used to colourise a large 
amount of the Egyptian glass and faience dating to the Ramesside 
Period. While the chemical fingerprint of this ore overlaps with that of 
‘Type A’, with similar correlations between Co-ore and the transition 
metals in general, it is also somewhat lower in Zn and Al (Abe et al., 
2012). 

An outlier is object ÄM 40418, a multi-coloured glass strip that was 
presumably produced in order to manufacture intricate mosaic glass 

objects and / or jewellery (see Fig. 2). Based on its bright red colour and 
the combination of colours, i.e. stylistic details, this item can already be 
assigned to a later time, probably the Roman Period. In Fig. 5, this object 
can be identified based on its low Zn and Ni, and its relatively high Mn 
and Co content. It is not clear whether this object can be assigned to any 
other source of Co-ore, although it does appear to be close to Type R 
cobalt (cf. Hodgkinson et al., 2019a). 

In general, 18th Dynasty Co-coloured glass objects are also recog
nisable by their high Mg and Al contents, the latter, similarly to Fe, 
positively correlating with Co. Objects coloured with Co are also 
generally low in potassium (K), this being due to the source of natron or 
plant ash used in its manufacture, although this is still under debate (see 
Shortland, 2012, 135). These characteristics coincide with those of Co- 
Cu coloured glass objects and can be observed in Fig. 6, this being 
most likely due to the fact that significant amounts of Cu were added to 
Co-coloured glass in order to achieve a different shade of blue (thus 
maintaining the overall characteristics of Co-coloured glass), rather than 
Co being added to Cu-coloured glass, although some Cu may be present 
in Co-coloured glass as another transition metal (see Smirniou and 
Rehren, 2013). 

4. Conclusion 

In this paper the authors presented and discussed a summary of the 
microPIXE-PIGE analyses performed on 47 archaeological glass samples 
from the Ancient Egyptian site of Amarna, which are now kept in the 
collection of the Egyptian Museum and Papyrus Collection, Berlin. The 
composition of the analysed glass objects corresponds to that of Late 
Bronze Age / New Kingdom Egyptian soda-lime-silica glass. Twenty-six 
of the analysed samples are blue in colour, and this is due to the use of a 
Co-colourant. Thirteen of the glass objects are of other colours, ranging 

Fig. 6. Graphs showing (upper register) the correlation between CoO and Al2O3 and Fe2O3, both of which are particularly clear for the blue Co- and Co-Cu coloured 
objects as well as the ore from Dakhla Oasis, and (lower register) the correlation between K2O and Al2O3 and MgO, highlighting the differences between the blue Co- 
and Co-Cu coloured objects. Graphs. F. Munnik/HZDR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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from an intended colourless, translucent, over yellow, orange, red, violet 
to turquoise and green. The microPIXE-PIGE analyses permitted the 
determination of the minor and trace elements that are responsible for 
the colouration of these objects. They demonstrate the wide range of 
different compounds that were used in the sophisticated glass produc
tion at the site of Amarna as early as the 18th Dynasty (between 1550 
and 1070 BCE) of the New Kingdom in Ancient Egypt. 

The use of RBS technology permits the researcher to identify the 
extent and nature of the weathering (or corrosion) crust, which is 
chemically different from the core glass as well as providing information 
regarding the homogeneity of both the core glass matrix and the surface. 
Being able to determine the composition and thickness of this crust for a 
range of glass objects of the same colour makes it possible to extrapolate 
this information to other objects of the same colour and gain more in
formation on the general composition of the glass and the environmental 
conditions of the archaeological context in which it was deposited. 

Simultaneously, the microPIXE-imaging of the glass delivers infor
mation on the range of colourants included in polychrome glass objects, 
and on how the individual elements of such a piece of glass have bonded 
during the manufacturing process. Thus, microPIXE-imaging may pro
vide information on ancient glass workshops and the choice of colours in 
the manufacture of glass objects. 

The known correlations between Co and Mn, Zn, and Ni, which are 
derived from the Co-ore mined in the western oases of Egypt, have been 
possible to reconstruct using both the IBC, HZDR and the New AGLAE 
facility datasets. In addition, a positive correlation between Co and both 
Al and Fe can be observed, regardless of the dataset. These correlations 
can also be reproduced by LA-ICP-MS (Hodgkinson and Frick, 2020a), 
while the transition metal correlations alone are already reproducible by 
pXRF (Hodgkinson et al., 2019a). Furthermore, it has been established 
that the transition metals are sufficient to determine the source of the 
Co-ore, as has been demonstrated in the case of later glass object ÄM 
40418, which contained Co from a different source than that used to 
colour the blue glass objects from the Amarna Period. 

Although the objects analysed at IBC, HZDR and New AGLAE belong 
to a museum collection and have lost their archaeological context since 
being collected in Egypt and being brought to Germany at the beginning 
of the 19th century, it is at least possible to confirm the site of Amarna as 
their provenance, since the chemical fingerprint of these objects 
matches that of better provenanced items from the same site. In addi
tion, both LA-ICP-MS and PIXE/PIGE have verified the pXRF data 
collected at Amarna, the same transition metal patterns emerging 
through all techniques, indicating that the source of the Co-ore was 
indeed the oases Kharga and Dakhla in the Egyptian western desert. As 
already outlined elsewhere (Hodgkinson et al., 2019a), the verification 
of the pXRF data by means of the above methods indicates that the 
source of the Co ore can be identified in the field, which is of great 
importance since the archaeological material has to remain in Egypt. 
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