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Previous work on Natron glass provenance from Sr and Nd isotopes 
 
It has been known for some time that Nd and Sr isotopes observed for the natron glass 

supplying the Roman and Byzantine empires place their production along the coast of the 

eastern Mediterranean1,2. Elemental characteristics have furthermore shown that this 

production must have taken place at few coastal sites in the Levant and Egypt, where the 

sands had ideal calcium carbonate content in the form of shells and where natron flux from 

the Wadi Natrun valley could easily arrive by sea. Along the Levantine coast, tank furnaces 

from glass 'factories' have revealed a Roman production of manganese (Mn) decolourized 

glass at Jalame and Haifa during the 4th century followed by Levantine glass production during 

Byzantine times at Apollonia during the 6th-7th centuries and at Bet Eli'ezer in the latter part 

of the 8th-9th century3-5. Low titanium (Ti), zirconium (Zr) and, most importantly for our study, 

Hf contents in these glasses make them distinct from natron glass types known to have been 

produced in Egypt; Egypt I & II, Foy 2.1 & 3.2 and HIMT glass types. Unlike the situation for 

the Levant, the exact locations of the production sites of these Egyptian glass groups remain 

largely unknown and their Egyptian origins have largely been inferred from their relatively 

high Ti and Zr (as well as Hf) concentrations; characteristics inherited from the Egyptian sands 

used in their production6. In contrast to this, the production location of the widely spread 

Roman Sb glass type has remained an enigma. The Romans produced large quantities of this 

highly desired, colourless glass, where the iron from the sand was oxidized from blue Fe2+ to 

very pale Fe3+ by the addition of antimony (Sb) oxide7. At a first glance, the chemistry of Sb 

Roman glass (in particular low Ti, Zr and Hf concentrations) differs only slightly from known 

Levantine products. However, despite this, it has been proposed by several studies to have 

been a product of an Egyptian factory for 3 main reasons; 1. the glass type have features that 

relate it to the sand source used for Egyptian Foy 3.2 type glasses8,9 (see summary in 

Freestone et al.10), 2. colourless glass mentioned by Pliny as the most expensive and desirable 

type of glass11,12 is referred to in the Price Edict of Diocletian13 as Alexandrian and 3. some of 

the glass from furnaces in the Wadi Natrun, Egypt, is chemically very similar to the Roman 

antimony glass composition14,15 (see summary in Paynter and Jackson12). However, this 

evidence is largely circumstantial and a robust chemical discriminant between Levantine and 

Egyptian glasses is needed.  
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Hafnium (Hf) isotopes have to our knowledge never been applied to pyrotechnically produced 

archaeological materials and only previously been used for sourcing sandstone grinding 

tools16. Here, we show that hafnium isotopes offer a new tool to provenance natron glass and 

in particular resolve the origin of Roman colourless glass. We begin by considering the 

previously published isotope data for natron glass and the current status of the understanding 

of their provenance. This work focused initially on elemental systematics and later expanded 

to strontium (Sr), neodymium (Nd) and, most recently, boron (B) isotopes. The latter traces 

the natron flux and is homogeneous in all glass made with natron from Wadi Natrun17; it is 

therefore beyond the scope of this paper and will not be discussed further.  

 

Figure S1 compares Sr and Nd isotope data for natron glass groups compiled from the 

literature. The data were screened to eliminate the effects of glass recycling and thus 

potential mixing of Levant and Egypt-type signals. We therefore excluded Sb-Mn Roman glass 

(classified by their significant concentrations of both Sb and Mn), which is considered to be a 

mixture and only include end-member Mn and Sb-decolourised glasses. For Byzantine glass, 

only raw glass from the glass factories at Apollonia and Bet Eli'ezer in the Levant are included. 

Before drawing conclusions from Figure S1a, it is important to critically evaluate how well 

each data point can be said to be known. Given that Sr isotope analysis from TIMS and MC-

ICPMS analysis has 'typical' two standard deviation (2d of ± 20 ppm (illustrated by the red 

shaded band around the black line), it is reasonable to conclude that mean Sr isotopic ratios 

for any two samples must differ by more than 20 ppm to be truly different. Applying this 

principle, the most important observations from Figure S1a are (1) the overlap (≈ 0.7085 - 

0.7093) of natron glass groups from the Levant (Mn Roman, Apollonia & Bet Eli'ezer glass) 

with Roman Sb glass, and (2) 87Sr/86Sr values for all groups just below that of modern-day 

seawater Sr (87Sr/86Sr ≈ 0.7092; vertical black line). These observations correspond well to the 

general consensus that strontium isotopes in most natron glass closely resemble that of 

modern seawater due to the natural occurrence of shells from marine organisms in the 

glassmaking beach sands or addition of marine shells to the sands to obtain the ideal glass 

composition18. Given the overlap between the groups, Sr isotopes cannot be used to exclude 

a Levantine or Egyptian origin for Sb Roman glass.    
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Figure S1. Kernel density distribution for a. 87Sr/86Sr ratios (bandwidth = 0.00005) and b. eNd(0) (bandwidth = 0.5) 
for Mn Roman glass and raw glass from glass factories at Apollonia and Bet Eli'ezer on the Levant coast as well 
as for Sb Roman glass suggested to have been produced in Egypt. Data compiled from Degryse2, Ganio38, Ganio 
et al.39,40, Degryse et al.41-43, and Freestone et al.44. To remove influence from potential mixing of Levant and 
Egypt glass due to recycling, data was screened to only include Mn Roman samples with Sb < 0.05 wt% and Sb 
Roman samples with Mn < 0.05 wt%. Vertical black line in S1a shows average modern-day seawater value of 
0.709245 and the vertical red band represents 'typical' two standard deviation (± 2s = 20 ppm) for TIMS and MC-
ICPMS Sr analyses. Horizontal bar in lower-left corner of S1b represent typical two standard deviation (± 2s = 
0.4 eNd units) for Nd analyses. For consistency, all Nd isotope data were re-calculated using present-day CHUR 
value of 0.5126329. 
 
In the same way, figure S1b shows a compilation of published Nd isotope data for Mn Roman, 

Apollonia, Bet Eli'ezer and Sb Roman glass. The horizontal black bar illustrates 'typical' 

analytical two standard deviation (2d = ± 0.4 eNd units) showing that eNd(0) of the two Roman 

glass types and the raw glass from the factories in the Levant range between -6 - -3 and, like 
87Sr/86Sr, overlap within uncertainty (Fig. S1b). The eNd(0) values for all groups are consistent 

with control from sands derived ultimately from the Nile. However, the transport of Nile 

sands into the Mediterranean leads to the identical Nd isotopic signals in the coastal sands 

from Egypt and the Levant. Nd isotopes therefore cannot be used to exclude a Levant or 

Egyptian origin for Sb Roman glass. While Sb and Nd systematics provide invaluable 

indications that glass was made on the south-eastern Mediterranean coast, their limitation is 

the poor discrimination between glass made in primary furnaces on the Levantine coast and 

that made in Egypt. It is in this context that we investigate the potential of Hf isotopes. 
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Hafnium in the Nile sands would be almost entirely controlled by zircon; a mineral absent in 

the East African volcanics that control neodymium. Instead, zircons ultimately derived from 

inland basement rocks are likely to dominate the hafnium signature on the Egyptian coast. 

 

Analytical methods and results 

Our samples come from the ancient city of Gerasa (today the modern city of Jerash) in 

northern Jordan, that prospered during the first millennium CE and belonged to the 

Decapolis, a group of semi-autonomous Greco-Roman cities operated under Roman rule, 

until an earthquake in 749 CE led to the demise and abandonment of the city19-21. A large 

selection of glass sherds (160) were analysed by Electron Microprobe (EMP) for major and 

minor elements and Laser-Ablation (LA)-ICP-MS for trace elements. From the 160 glass 

analyses, we identified a subset of 34 glass sherds for Sr, Nd and Hf isotopic analyses with the 

objectives of 1. including all observed natron glass types and 2. testing the disturbance on the 

isotope systematics from ancient recycling processes.  

 
Table S1. Mean major element compositions (wt%) by EMP and Zr concentrations (ppm) by LA-ICP-MS for natron glass 
groups from the Northwest Quarter, Gerasa. 
 

 
 

Table S1 lists the average elemental compositions of the glass types determined for the 34 

sherds analysed by electron microprobe (EMP) and laser ablation (LA)-ICP-MS. Small glass 

chips (1mm x1mm) of fresh glass from each sample were mounted in epoxy and polished. 

Care was taken to avoid glass surfaces given the well-known Na loss at surfaces due to the 

exposure22. Major and minor element analyses were done on a JEOL JXA8500F with five 

wavelength dispersive X-ray spectrometers at WSA GeoAnalytical Lab using NIST glasses and 

natural and synthetic minerals for calibration. Analytical settings during quantitative WDS 

analysis were acceleration voltage of 20 kV, beam current of 10 nA, beam size 10 𝜇m and 10 

Levant Levant Levant Recycled Egypt? Egypt Egypt Egypt
1-2th	cent 3-4th	cent 5-6th	cent 1-3rd	cent 1-2th	cent 4th	cent 2-4th	cent 2-4th	cent

	
Mn	Roman	(4) std	dev Jalame	(4) std	dev Apollonia	(8) std	dev SbMn	Roman	(7) std	dev Sb	Roman	(2) std	dev Foy	2.1	(2) std	dev Egypt	IB	(3) std	dev Egypt	IC	(1)

SiO2 67.63 2.50 67.76 1.24 72.71 1.14 67.07 0.76 69.63 1.37 65.51 1.00 71.28 0.07 70.28
TiO2 0.06 0.01 0.07 0.01 0.08 0.01 0.09 0.01 0.08 0.01 0.17 0.01 0.54 0.03 0.28
Na2O 17.64 1.47 15.98 0.95 13.74 0.68 16.44 0.39 18.98 0.11 18.58 1.49 16.62 0.20 15.86
K2O 0.66 0.30 0.80 0.37 0.57 0.22 0.91 0.20 0.36 0.03 0.63 0.25 0.49 0.02 0.94
CaO 8.12 1.24 9.67 1.55 7.73 0.96 8.97 0.91 5.92 1.28 7.27 1.37 2.94 0.15 6.54
Al2O3 2.39 0.10 2.96 0.05 3.12 0.10 2.54 0.06 1.78 0.10 2.55 0.37 4.27 0.12 3.68
Fe2O3 0.38 0.05 0.46 0.11 0.43 0.04 0.62 0.08 0.38 0.05 1.14 0.13 1.83 0.03 1.30
MgO 0.63 0.09 0.70 0.06 0.59 0.06 0.73 0.06 0.52 0.09 1.26 0.25 1.01 0.02 0.89
MnO 0.77 0.71 0.09 0.09 0.02 0.00 0.98 0.44 0.02 0.01 1.42 0.44 0.04 0.01 0.08
Sb2O5 BDL - BDL - BDL - 0.21 0.06 0.67 0.06 0.06 0.03 BDL - BDL
CuO BDL - BDL - BDL - 0.02 0.00 BDL - BDL - BDL - 0.03
P2O5 0.13 0.03 0.13 0.07 0.10 0.10 0.19 0.06 0.05 0.01 0.13 0.06 0.09 0.01 0.22
Cl 0.91 0.12 0.87 0.30 0.90 0.04 0.81 0.15 1.28 0.05 0.99 0.25 0.94 0.02 0.78
PbO 0.05 0.00 0.06 0.01 0.05 0.01 0.06 0.01 0.06 0.01 0.05 0.00 0.04 0.00 0.05
Pb
Zr	-	ppm 38 4 42 4 46 3 49 5 46 1 95 9 192 9 116
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𝜇m raster lengths. Counting peak times varied from 160 s for MgO down to 10 s for Na2O, 

SiO2 and Al2O3. Intensity correction was done by ZAF procedure, interference corrections 

following Donovan et al.23 and background corrections following Donovan and Tingle24. 

Analytical precision was estimated by repeated analysis of Corning glass standards, CorB 

(n=149) and CorD (n=145) yielding better than 5% for element concentrations above 0.2 wt% 

and better than 20% for PbO below 0.5 wt%, NaO2 below 1.5 wt% and TiO2 below 0.1 wt%25. 

Each sample analysis is an average of six repeats.  Trace element analysis was done at AGiR 

(Aarhus Geochemistry and Isotope Research) platform using an Agilent 7900 quadrupole ICP-

MS coupled to a Resonetics 193 nm laser ablation instrument. Laser settings were laser 

energy at 80 mJ, 300 um line scans, 60 um spot size, 10 Hz repetition rate and acquisition time 

of 71 sec. Data reduction was done with offline using USGS glass standard GSE-G1 as 

calibration standard and by matching Si counts for samples to the SiO2 concentrations 

obtained from EMP analyses. Repeated analysis of USGS glass standard GSD-G1 (n=18) was 

within 5% of known values for most elements.  

 

For Sr, Nd and Hf isotope analysis of the 34 sherds (Table S2), about 20 mg glass without 

alteration surfaces was weighed into Teflon beakers. Dissolution involved repeated steps in 

5:1 conc. HF:HNO3 mixture followed by 6 N HCl steps. Separations of Sr, Nd and Hf were done 

in 5 column steps. First column step removed Fe from the dissolved sample on AG1-X8 resin. 

Hafnium was purified on Eichrom® Ln-spec followed by elution with HCl-HF dilutions. The 

fractions containing Sr and LREE from Ln-spec column were split on AG50-X8 columns. 

Rubidium and barium were removed from Sr on Eichrom® Sr-spec using conventional elution 

schemes with nitric acid dilutions26. Last column step was isolation of Nd from Sm using dilute 

HCl solutions on Ln-spec resin. Isotope measurements were done on the Nu Plasma II MC-

ICP-MS using a DSN nebulizer at AGiR. During Sr isotope analysis, mass fractionation on 
87Sr/86Sr ratios was corrected to 86Sr/88Sr = 0.1194 and interferences of 87Rb on 87Sr and 86Kr 

on 86Sr monitored by measuring signal on masses 85 (=85Rb) and 84 (=84Kr+84Sr). These signals 

were less than a few mV. Repeated static measurements of the NBS 987 standard over the 

duration of the study yielded an average 87Sr/86Sr ratio of 0.710362 (2d, n=22). This standard 

was run after every four samples and the 87Sr/86Sr ratios of the samples normalized to its 

accepted value of 0.71024830. Normalized 87Sr/86Sr ratios of 0.703479 ± 0.000015 (2d) were 

obtained for standards USGS standards BHVO-2, which is within uncertainty of 87Sr/86Sr value 



Scientific Reports: Supplementary Information 

 7 

for BHVO-2 of 0.703481 ± 16 reported by Weis et al.31. The mean 87Sr/86Sr ratio for Corning B 

was 0.708989 ± 0.000013 (n=10). For Nd isotopic analysis, glass samples and standards were 

corrected for mass fractionation by normalizing to a natural 146Nd/144Nd ratio = 0.7219. 

Isotopes of Sm, Ba and Ce were monitored for potential interferences.  

 
    Table S2. Sr, Nd & Hf isotope compositions of natron glass from Northwest Quarter, Geresa. 

 

The JNdi standard yielded a 143Nd/144Nd ratio of 0.512060 ± 0.000022 (2d) corresponding to 

42 ppm and all samples were bracketed by this standard and normalized to its known values 

of 143Nd/144Nd = 0.512108. Repeated analysis of AU Nd Ames std (n=14) also run with the 
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samples yielded 143Nd/144Nd of 0.511964±18 (2d), which is close to our longterm 

reproducibility of 0.511968 ±18 (2d). Likewise, USGS basalt standards BIR-1 (n=3) yielded 

0.513083 ± 0.000017 (2d) close to the Georem recommended value of 0.513091 ± 0.000014. 

Glass standard Corning B (n=13) from Corning Museum of Glass yielded 146Nd/144Nd of 

0.512138 ± 0.000055 (2d). This standard has to our knowledge not previously been 

characterized for Nd isotopic composition and due to its very low Nd concentrations, it was 

only run once at 20 ppb. Hafnium fractions were dissolved in 2% HNO3-1% HF and mass 

fractionation corrected for by normalizing to the known natural ratio of 179Hf/177Hf of 

0.732527. The intensity of our in-house Ames Hf standard was adjusted and run at three 

solution levels to bracket the intensities of the low Hf intensities of the glass solutions. During 

the course of the runs, the in-house AU Hf Ames yielded 0.282184 ± 0.000012 (2d) 

corresponding to 41 ppm. All results are reported relative to the known value of 176Hf/177Hf 

of 0.282167 for this standard, which is isotopically very close to the JMC-475 Hf standard 

(0.28216) developed by Patchett & Tatsumoto27. Using this correction, repeated analysis of 

JMC-475 (n=15) throughout the run yielded a mean 176Hf/177Hf ratio of 0.282165 ± 0.000015 

(2d). USGS basalt standards BHVO-2 (n=9) yielded 0.283104 ± 0.000010 (2d) identical to the 

Georem recommended value of 0.283104 ± 0.000010 and BCR-2 (n=3) 0.282878 ± 0.000013 

(2d) corresponding well to the Georem recommended value of 0.282865 ± 0.000013. Glass 

standard Corning B (n=13) from Corning Museum of Glass28, which has not previously been 

characterized for 176Hf/177Hf yielded 0.282212 ± 0.000015 (2d). Throughout the session 172Yb, 
175Lu, 181Ta and 182W signals were monitored for potential interferences. These signals were 

all less than a few mV. Epsilon Hf and Nd were calculated from present-day CHUR values of 

0.512630 and 0.28278529 (Table S2). 

 

In accordance with our previous work on glass recovered from the Northwest Quarter in 

Geresa34, we observe a dominance of 'Levantine-I' type products from the Palestine-Syria 

Coast. We use the term Levantine-I to refer to Byzantine glasses with Al2O3/SiO2 between 

0.038-0.05 and TiO2/Al2O3 ratios below 0.059 and further divide this group broadly into 

'Apollonia' and 'Jalame' types on the basis of their Na2O/SiO2 and CaO/Al2O3 ratios (Phelps et 

al.33 in their fig. 7b) - and the often elevated MnO concentrations in the Jalame types3 (Table 

S1). Besides this Byzantine glass, we found Mn Roman, Sb-Mn Roman and Sb Roman glass 
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types, but only identified glass types from Egypt (Foy 2.134 and Egypt-Ib & Ic35) and Sassanian 

plant ash glass among finds from the remains of a private house destroyed during the 749 CE 

earthquake36. This is unlikely to be a coincidence; their preservation here suggests that the 

trade connections to Egypt and the east were in place and active, but that, once broken, the 

glass ended up in the recycling pile and the chemical signatures were diluted and lost due to 

the large quantities of Levantine material.  

 

Fig. S2. Index of recycling (K2O) versus a. P2O5, b. 87Sr86Sr, c. eNd(0) and d. eHf(0) for natron glass from NW Quarter, Jerash.  
 

Test of the potential influence on isotope systematics from repeated remelting was done by 

selecting a number of Sb-Mn Roman glass and 'Levantine I' type glass characterized by low 

and high K2O and P2O5 contents corresponding to a low and high degrees of recycling, 

respectively. The reason is that fuel ash and vapour contaminate with K2O and P2O5 in 

particular and samples with high concentrations of these elements would be therefore 

expected to have been repeatedly recycled (Fig. S2). Strong correlations between K2O and 

P2O5 reflecting this process have been observed at several sites32,37. Following this, we 

observe a strong correlation between K2O and P2O5 (Fig. S2a), but no correlation between 

isotope ratios and these indexes of recycling (Fig. S2b-d). We thus regard the effect of 

remelting on Sr, Nd and Hf isotope compositions of the Levant and Egyptian natron glass 

groups negligible, and consider the signal from Hf isotopes as well as Sr and Nd isotopes as 

robust.  
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