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Major and trace elements are presented for 149 glass fragments ranging in date from the Roman to Early Islamic
periods (1st – mid-8th centuries CE), excavated during the Danish-German Jerash Northwest Quarter Project’s
fieldwork between 2011 and 2016. The results confirm a clear dominance of Levantine glass types, but also
reveal 12 glasses of Egyptian and Mesopotamian compositions recovered from two houses destroyed by the major
earthquake which hit parts of the Levant in January 749 CE. These closed and undisturbed contexts from the final
phase of occupation reveal the presence of relatively more pristine Levantine as well as imported material that is
less visible in earlier contexts in the Gerasa assemblage, where the recycling indexes are high and chemical
signatures of any exotic glass were largely lost due to remelting and their dilution by the overwhelming quan
tities of glass produced in the Levantine region. This emphasizes that imported glass may frequently be under
estimated or even invisible in glass compositional studies, depending on the archaeological context sampled and
the approach taken to artifact quantification.
Levantine glass was attributed to Roman, Late Roman (Jalame) and Byzantine/Early Islamic (Apollonia)
productions based primarily on MnO, Al2O3 and Na2O concentrations, which offered an advantage over previous
approaches. While colorants in weakly colored glass indicate recycled material, their concentrations are sensitive
to context, with higher concentrations in the early periods when the use of intentionally colored glass was more
frequent. We have therefore developed the concept of the intensity of recycling, which was estimated using
components modified during prolonged melting, such as K2O, P2O5 and Cl. A pronounced enrichment in CaO,
also dependent upon the intensity of recycling, may affect the assignment to compositional groups and should be
taken into consideration in future. Recycling in Gerasa appears to have been more intensive than was the case for
cities closer to the primary production centers on the Mediterranean coast, consistent with the view that the
dependency on recycling increases further away from the source of the primary material. In contrast, the cities in
the coastal plain could readily exploit the marine transportation network, which appears to have played a major
role in the distribution of raw glass. (361 words).

1. Introduction
The glass-making centers on the coast of the eastern Mediterranean
appear to have dominated production during the first millennium CE,
and numerous elemental and isotopic analyses have shown raw glass

from Levantine and Egyptian production centers to have been distrib
uted to secondary workshops across the Roman and Late Antique
worlds, where it was re-melted and shaped into functional artifacts (e.g.
Barfod et al., 2020; Bidegaray et al., 2019; Ceglia et al., 2015; Degryse,
2014; Freestone et al., 2018; Ganio et al., 2012a, 2012b; Schibille et al.,
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dataset allows us to develop new approaches for the attribution of glass
to different Levantine production centers and to develop the concept of
“recycling intensity”, whereby we are able to compare recycling prac
tices in different assemblages. The new evidence, along with the infor
mation from other Jerash glass studies (Baldoni, 2019; Barfod et al.,
2018; Barfod and Søgaard, forthcoming; Baur, 1938; Bobou and Krag,
forthcoming; Boschetti et al., 2021; Boschetti and Wootton, in press;
Jackson-Tal, 2021; Kraeling, 1938), sheds light on the extensive use of
glass at the site and provides evidence for the considerable, diverse, and
continuous use of glass vessels in everyday life, especially during the
Late Roman, Byzantine, and Early Islamic (Umayyad) periods.

2017; Silvestri et al., 2008). Traded material clearly has the potential to
provide insights into the ancient economy (Wilson and Bowman, 2018),
but interpretation of recovered glass in any detailed way is complex due
to the fact that glass was readily recycled (Freestone, 2015; Jackson and
Paynter, 2016; Paynter and Jackson, 2016; Silvestri 2008) and any
recovered assemblage therefore likely to represent a mixture of fresh
and recycled glass. Furthermore, “recycled glass”, which is typically
identified by raised levels of contaminating colorant elements, may
incorporate material that has been broken and re-melted just once or
twice, or has gone through a large number of cycles. The determination
of the intensity of glass recycling, at least in relative terms, is therefore an
issue of key importance in the interpretation of the glass economy. An
additional issue which is not commonly addressed is the extent to which
glass vessels, as opposed to raw glass material, were traded over long
distances. As the composition of a glass vessel primarily reflects that of
the primary raw glass production site, rather than the workshop in
which it was made, it does not readily allow discrimination between
these two interpretations.
To obtain a more nuanced understanding of glass production and
consumption requires detailed and comprehensive investigations of
well-contextualized assemblages, as well as the development of new
approaches to the understanding of issues such as recycling. Our pro
visional investigation of a small sample from a larger assemblage of
Roman and Byzantine glass excavated at the Northwest Quarter in
Gerasa (modern Jerash) in Jordan (Barfod et al., 2018) suggested that
this assemblage has the potential to help unravel some of these prob
lematic issues, and work on the Jerash assemblage has also allowed us to
introduce the study of the isotopes of hafnium to discriminate between
glass made in the Levant and Egypt (Barfod et al., 2020). In the present
paper we present the results of a major campaign of elemental and
isotopic analysis, specifically aimed to further our understanding of the
role of glass supply and recycling in the economy of the ancient city and
their roles relative to cities in other parts of the Levant. This large

2. Locality and sample selection
The ancient city of Gerasa, located north of Jordan’s modern capital
Amman (ancient Philadelphia), belonged to the Decapolis, a group of
Greco-Roman cities which exercised a substantial degree of autonomy
(Fig. 1a). Founded during the Hellenistic period (2nd century BCE), the
city developed under Roman rule and became an urban center, typical
for the Roman Eastern Mediterranean (Kraeling, 1938; Zayadine, 1986;
Lichtenberger and Raja, 2018a). The city prospered during the Late
Roman, Byzantine and Early Islamic periods until an earthquake in 749
CE led to its demise and abandonment (Bes et al., 2020; Lichtenberger
and Raja, 2019a).
During the Roman and Late Antique periods, Gerasa was a mediumsized city incorporating the typical urban architectural inventory of a
provincial Roman imperial city (Raja, 2012). It relied on a fertile and
water-rich hinterland that was exploited agriculturally (Boyer, 2018;
Lichtenberger and Raja 2019a). Especially along the Wadi Jerash, which
originated 12 km northwest of the urban center and flowed into the
Wadi az-Zarqa (the Biblical Jabbok), intensive terracing took place for
agriculture purposes. There are indicators that these terraces declined
from as early as the 6th century CE onwards and the agricultural areas

Fig. 1. a. Regional map of the Southern Levant showing the locations of Gerasa (Jerash) in N. Jordan, glass production sites at Jalame and Apollonia and the cities of
Sepphoris and Jerusalem to the west of the Jordan Valley. b. Map of Gerasa and the NW Quarter showing trenches from the 2011–2016 Danish-German Jerash
Northwest Quarter Project excavations. Trench K contains the remains of the earthquake-stricken ‘House of the Scroll’ where 35 of the 149 sherds in this study
were found.
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chunks; and the remains of ceramic vessels with glazed layers, which
appear to be crucibles for glass melting similar to the fragments from the
Sanctuary of Artemis reported by Baldoni (2019; see above) to the west
of the Northwest Quarter.

were no longer managed to the previous degree (Lichtenberger et al.,
2019, 2021). However, within the city center, there are no obvious signs
of urban decline during this period, and there is evidence of numerous
constructions of churches and intensive urban encroachment. Despite
not being located on the main roads in the region, Gerasa was tied well
into the infrastructure of the region, including the road network, which
led to the coast of the Mediterranean and along a major south-north
route from the Arabian Peninsula to Mesopotamia. A minor road
network provided high connectivity on a regional level within the
Decapolis (Kennedy, 2007).
From at least the Roman period, the city was a pottery production
center that produced many products for domestic use but also for
regional export (Lichtenberger and Raja, 2018b, 2019b, 2020; Roma
nowska et al., 2021a,b, ); other crafts, as attested by inscriptions,
included gold-smithing (Welles, 1938). This urban economy thrived
until the earthquake of 749 CE hit the city on the morning of 18th
January.
Glass-working at Gerasa is attested by earlier archaeological evi
dence from the so-called Glass Court and Fountain Court close to the
Christian cathedral. In this area, heaps of broken glass collected for
remelting were excavated, suggesting an active recycling industry (Baur,
1938). However, the associated cakes of colored glass need not represent
glass melting on site, as was implied (Bauer, op. cit.). They are present at
other sites in the region (Marii and Rehren, 2009, 2012) and may
represent the trade in cakes of colored glass intended to be broken into
tesserae for the production of mosaics, which is known from across the
ancient world (e.g. Paynter et al., 2015). That secondary glass
manufacturing did take place in Jerash is however implied from
glass-working shops within the Sanctuary of Artemis (Baldoni, 2019).
Although no glass furnaces were recovered here, the presence of
‘deformed glass vessels, glass chunks and lumps’ as well as crucible
fragments ‘with layers of melted glass of varying thickness adhering to
the bottom of the bowls’ yield evidence of glass-working activities here
(Baldoni, 2019).
Samples for the present study come from excavations undertaken by
a Danish-German team in the Northwest Quarter of the city (https://doi.
org/10.6084/m9.figshare.12116286). The Northwest Quarter is the
highest area within the city, situated to the West of the Roman Arte
mision and to the Northwest of the Late Antique ecclesiastical structures
around the so-called cathedral complex (Fig. 1b). The structures in the
Northwest Quarter consisted mainly of domestic complexes from Late
Roman to Early Islamic times but also infrastructural complexes such as
cisterns and oil presses as well as a Late Antique synagogue, which in the
6th century was turned into a church complex (Fig. 1b: Lichtenberger
and Raja, 2018a; 2018b; 2018c). The area is an intensively studied
urban context given the vast material that has been contextualized on
site and subsequently studied using a wide variety of geo-physical,
typological, and chemical methods (e.g. Lichtenberger and Raja,
2018a, 2018b, 2019a, 2019b, 2020; Stott et al., 2018; Lichtenberger
et al., 2019; Barfod et al., 2020). From these results, a detailed picture of
the settlement history and the inner workings of this part of the city has
emerged.
The excavation has taken a full quantification approach to all finds.
Ceramics, unsurprisingly, make up the largest group, amounting to
about 800,000 sherds. However, numerous artifacts of glass, metal, as
well as bone make up a significant component. Around 5500 glass
fragments were unearthed, of which about 1740 were diagnostic
(Jackson-Tal, 2021). They represent a wide range of functions in daily
life: tableware used for serving, dining, and storing foods; vessels used as
containers of cosmetic substances; lighting, namely vessels used as
lamps and windowpanes; jewelry and small finds used as inlays, for
spinning wool, and mosaic tesserae (Jackson-Tal, 2021). The glass ty
pologies have many parallels in the region, and therefore on the whole
they are likely to have been locally made. Some remains of glass-vessel
production were found in several trenches on the site, including glass
lumps; drops, deformed pieces, and trails; small, angular raw glass

2.1. The earthquake-stricken houses in trenches K and P
Forty-two of the glass sherds in this study (thirty-five from trench K
and seven from trench P) come from closed contexts within two
domestic building complexes destroyed in the 749 CE earthquake
(Lichtenberger et al., 2016). The event is confirmed by the character of
the destruction of the houses and their dates obtained from pottery,
carbon 14 dating, coins, and other finds. The first Umayyad-period
complex, located in trench K (Fig. 1b; Tables A1–3) and referred to as
the House of the Scroll was constructed directly on bedrock during the
Early Islamic period with no Byzantine-period predecessor. The finds are
thus a deposit of the inventory of the house as it was when the cata
strophic event of the earthquake hit and include among other things a
silver scroll with pseudo-Arabic text, a small coin hoard, a mortar with
pestle, a comb, beads of agate, carnelian and glass, as well as two intact
glass bottles measuring about 10 cm in height (Kalaitzoglou et al., 2015;
Lichtenberger et al., 2016; Lichtenberger and Raja, 2019c; Orfanou
et al., 2020). Most of the glass fragments were concentrated in a 1.5–2 m
silty clay debris layer (evidences 3, 7, 35, 39, 44) that originated from
the collapsed upper stories. These can be identified from the sample
numbers consisting of four parts referring to 1. the Jerash excavation
season, 2. the trench and the respective sector (Fig. 1b), 3. the evidence
number, and 4. the single find number; e.g. find number J14-Kc-3-59
was excavated during the 2014 excavation season from sector c in
trench K within evidence 3 and is counted as find number 59.
In the second Umayyad-period complex referred to as House of the
Tesserae, the finds of blocks with regular cut marks and incisions as well
as a trough with unused white tesserae suggest that it was undergoing
reconstruction when the earthquake struck (Lichtenberger and Raja,
2017). Like the House of the Scroll, this house was arranged with rooms
in several stories that had no Byzantine-period predecessor and con
sisted of ground-floor rooms with more practical functions such as e.g. a
kitchen (Lichtenberger and Raja, 2017). The glass finds and mosaic
fragments from the collapsed upper stories were found in yellowish soil
layers (evidences 5, 15, 16) within these lower rooms that correspond to
the silty clay destruction layers from House of the Scroll (Lichtenberger
and Raja, 2017).
2.2. Typology
In total, 149 fragments from vessels and small objects from the NW
Quarter excavations were analyzed. These include sagged, free-blown,
and mould-blown bowls, bottles and jugs, wine-glasses, lamp bowls,
kohl tubes, and windowpanes. Most vessels are plain, but some are
decorated with wheel-cut or mould-blown designs: vertical ribs, indents,
applied and tooled trails, pinches, discs, and blobs (Fig. 2; Jackson-Tal,
2021). The small finds include beads, bracelets, a stirring rod, inlays, a
spindle whorl, and mosaic tesserae (Jackson-Tal, 2021). The great ma
jority can be dated to the main stages of occupation at the site during the
Late Roman, Byzantine, and Umayyad periods, from the third to the
eighth century CE.
A few finds can be dated to the Late Hellenistic and Early Roman
periods, from the mid-second century BCE to the early second century CE.
The vessels and small finds were made mostly of colorless glass, but also
light green, light and dark blue, bluish-green, light yellow, yellowbrown, yellow-green, and purple glass appear. They are covered in a
thick black, silver, and white weathering and an iridescent film.
Table A2 lists all objects, their typologies, as well as chronological
contexts.
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Fig. 2. Examples of typologies and their chronologies in this study.
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3. Methods

4.1. Natron glass

3.1. Electron microprobe – EMP

It has become clear that there were in the order of ten major primary
glass production centres in the Levant and Egypt in the first millennium
CE, each of which had a finite lifetime ranging from decades to several
centuries. It has recently been shown that many of them may be
distinguished on the basis of their major elements, particularly TiO2,
Al2O3, and SiO2 contents (Foy et al., 2003; Schibille et al., 2017;
Degryse, 2017; Freestone et al., 2018; Freestone, 2021). The low TiO2
contents of the majority of the Jerash natron glass groups correspond
with glass originating in the Levant, whereas relatively few belong to
primary groups currently attributed to Egypt (Fig. 3).
Two samples with high TiO2/Al2O3 and Al2O3/SiO2 ratios
correspond to the Egyptian group Série 2.1 (Fig. 3; Foy et al., 2003;
equivalent to HLIMT of Ceglia et al., 2015). Their compositions exhibit
the high Na2O, MgO, MnO, and Fe2O3 characteristic of this group,
for which production is generally dated to the sixth century
(Table 1; Cholakova et al., 2015). A further group of four samples with
high TiO2/Al2O3 equate to the Egypt 1 category of Gratuze and Bar
randon (1990) (Fig. 3), a type relatively uncommon outside Egypt.
These samples are characterized by high titania, alumina, magnesia, and
iron oxide contents (Table 1). Egypt 1 has been sub-divided and its
chronology precisely determined by Schibille et al. (2019). Based on
this, three samples from the NW Quarter correspond to Egypt 1b, a type
produced between 720 and 780 CE (Fig. 3), but which must have dated
before the abandonment of the city due to the earthquake of 749 CE. The
fourth Egypt 1 sample, which falls into the Egypt 1a field in Fig. 3, does
not fit strictly into any of the recognized Egypt 1 types due to its high
CaO (above 6 wt%) combined with a relatively low Al2O3/SiO2 ratio
(Table 1; Fig. 3; Schibille et al., 2019). These features in combination
with its high K2O and P2O5 concentrations imply that this Egypt 1 type
sample has experienced significant recycling (Table 1; see discussion).
Several samples with 0.4–0.7 wt% Sb2O5 but with Mn at background
sand levels of c. 200 ppm (see Schibille et al., 2017) correspond to
Roman Sb (Rom-Sb), as shown in Fig. 3 and Table 1. These show the
relatively low Al2O3 and CaO, along with the high Na2O, which are
characteristic of Roman antimony-decolorised glass (Table 1). While it
has been suspected for some time that the production of Roman Sb glass
was located in Egypt (e.g. Degryse, 2014, 2017; Freestone, 2015; Jack
son and Paynter, 2016; Gliozzo, 2017; Whitehouse, 2004), the evidence
has been largely circumstantial. However, recent work using the iso
topes of hafnium on a subset of the Gerasa samples in this study has
confirmed their common origin with other groups generally accepted as
having been made in Egypt, rather than from the Levant (Barfod et al.,
2020). Note that major and trace elements for the samples analyzed for
176
Hf/177Hf, 87Sr/86Sr and 143Nd/144Nd ratios in Barfod et al. (2020) are
presented in this study and marked with an asterix in column 3 of
Table A2.
A second Sb-rich group contains both Mn and Sb above the sand
background. The occurrence of both Sb and Mn in a natron glass which
has not been opacified is generally taken as evidence of the mixing of Sband Mn-bearing glasses (e.g. Silvestri, 2008; Jackson and Paynter,
2016). The Gerasa data show a gap in Sb concentrations between 120
ppm and 800 ppm, and so for the purpose of the present paper the
Roman SbMn group is defined as having >800 ppm Sb and >4000 ppm
Mn (corresponding to above ~0.1 wt% Sb2O5 and 0.5 wt% MnO,
respectively; Table 1; Tables A2–3).
The remaining natron glasses, representing the great majority of
analyzed material, are Levantine (Fig. 3). Six of the Levantine-type
sherds are strongly colored; they are therefore presented separately
in Tables A2–3 and not included in the classification below due to
the potential disturbances from the high concentrations of colorants
(up to 31 wt% PbO, 12 wt% Fe2O3, and 3.6 wt% CuO; Tables A2–3).
The great majority of Levantine glasses analyzed typically have less
than 50 ppm Sb (occasionally up to 120 ppm; Tables 1 and A2), sug
gesting minimal contamination by admixed Roman Sb glass. The dating

Small chips (1 mm × 1mm) of fresh glass were mounted in epoxy and
polished down to 1 μm to avoid sodium loss on altered surfaces
(e.g. Duckworth et al., 2015). Spot analyses were performed on a JEOL
JXA8500F with five wavelength dispersive spectrometers (WDS) at
Washington State University GeoAnalytical Lab using NIST glasses,
natural minerals and synthetic minerals for calibration. Analytical
settings during the analyses included acceleration voltage of 20 kV,
beam current of 10 nA and 10 μm beam size. Peak count times varied
from 160 s for MgO down to 10 s for Na2O, SiO2 and Al2O3. Composi
tions were corrected for intensity following the ZAF procedure, for
interferences following Donovan et al. (1993), for backgrounds
following Donovan and Tingle (1996), and for elemental migration due
to beam damage following Nielsen and Sigurdsson (1981). Accuracies
were estimated by repeated analysis of Corning Museum Archaeological
glass standards, CorB (n = 149) and CorD (n = 151) and were generally
within ≤5% relative of known values for element concentrations ≥0.2
wt% (Table A1). Exceptions included Na2O and TiO2 concentrations
below 1.5 and 0.1 wt%, respectively, which deviated from known
Corning standard values by 13% (Na2O) and 22% (TiO2) (Table A1).
Accuracies were also found to be low for PbO and, to a lesser degree, for
CuO (Table A1) and, for this reason, ICP-MS analyses for these two el
ements are used in figures, discussion, and interpretations. Table A2
reports sample analyses as means of 6 repeats.
3.2. Laser ablation (LA)-ICPMS
Analysis for 44 trace elements was done at the AGiR (Aarhus
Geochemistry and Isotope Research) platform using an Agilent 7900
quadrupole ICP-MS coupled to a Resonetics 193 nm laser ablation in
strument. Laser settings were laser energy at 80 mJ, 300 μm line scans,
60 μm spot size, 10 Hz repetition rate and acquisition time of 71 s. Data
reduction was done using Iolite software as well as offline with USGS
glass standard GSE-G1 as calibration standard by matching sample Si
counts to the SiO2 concentrations obtained from EMP analyses. Accu
racies were estimated from repeated analysis of USGS glass standard
GSD-G1 (n = 18) showing concentrations within 5% of known values for
most elements (Table A3). Table A3 reports sample analyses as means of
5 repeats.
3.3. Multi-collector ICPMS
Hafnium, strontium, and neodymium isotope analysis were done for
5 plant-ash glasses on the Nu Plasma II MC-ICPMS using a DSN nebulizer
at AGiR (Table A4). Details on sample preparation, MC-ICPMS run
conditions and standard isotope analyses are in Barfod et al. (2020).
4. Results: Sources and chronology
The 149 fragments are soda-lime-silica, and the great majority
classify as natron glass on the basis of low K2O and MgO concentrations
(<1.5 wt%), while nine fragments classify as plant-ash glasses with
relatively elevated K2O and MgO concentrations (e.g. Lilyquist et al.,
1993, Table 1). Sample results are presented in Tables A2–4, while
Table 1 summarizes and outlines the main compositional characteristics
of the natron groups recognized. Table 2 lists characteristics of the
plant-ash glass groups. The nineteen natron type samples from the pilot
paper on Geresa glass (Barfod et al., 2018) are not included in the tables
and discussion of the present work. They are, however, included in
Fig. 4c and d, demonstrating that they are fully consistent with the re
sults of this larger study.
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Roman Sb

Roman–SbMn

High Mn – Low Al

Medium Mn – High
Al

Low Mn (3 subgroups)

Abbrev

Rom Sb

Rom SbMn

High Mn

Med Mn

Comment

Pristine Roman
Sb

Recycled Roman

Equivalent to Roman
Mn

Recycled Jalametype

Intensely recycled Apollonia- Recycled Apolloniatype
type

Mostly pristine Apollonia- Foy 2.1
type

n
Origin

3
Egypt

11
Levant

22
Levant

20
Levant

40
Levant

14
Levant

2
Egypt

Likely date
Screening
criteriaa

1st–4th C
MnO <0.02
Sb2O5 >0.4

14
Levant-Egypt
mix
1st–4th C
MnO >0.5
Sb2O5 >0.1

1st–4th C
MnO >0.6
Sb2O5 <0.02 Al2O3 <
2.9

4–5th C
MnO 0.07–0.3
Sb2O5 <0.02
Al2O3 > 2.9

6–8th C
MnO <0.07
Sb2O5 <0.02
K2O > 1

6–8th C
MnO <0.07
Sb2O5 <0.02
K2O = 0.6–1

6–8th C
MnO <0.07c
Sb2O5 <0.02
K2O < 0.6

SiO2b
SD
TiO2b
SD
NaO2b
SD
K2Ob
SD
CaOb
SD
Al2O3b
SD
Fe2O3b
SD
MgOb
SD
MnOb
SD
P2O5b
SD
Clb
SD
Vb
SD
Cob
SD
Cub
SD
Rbb
SD
Srb
SD
Zrb
SD
Snb
SD
Sbb
SD

69.3
(1.1)
0.08
(0.01)
19.1
(0.2)
0.36
(0.02)
6.02
(0.92)
1.76
(0.08)
0.39
(0.05)
0.62
(0.19)
0.02
(0.00)
0.04
(0.00)
1.26
(0.04)
8.57
(1.09)
1.16
(0.07)
12.6
(1.9)
4.64
(0.57)
466
(68)
44.9
(1.7)
0.30
(0.06)
4516
(1009)

67.0
(0.8)
0.09
(0.01)
16.6
(0.5)
0.92
(0.15)
8.82
(0.74)
2.48
(0.12)
0.63
(0.07)
0.72
(0.04)
1.06
(0.73)
0.20
(0.05)
0.78
(0.12)
27.2
(14.9)
9.28
(7.97)
51.2
(15.6)
8.35
(0.72)
525
(91)
48.7
(3.8)
18.0
(8.3)
1887
(756)

68.1
(2.1)
0.07
(0.02)
16.6
(1.5)
0.75
(0.23)
8.25
(1.27)
2.47
(0.20)
0.44
(0.11)
0.62
(0.12)
1.15
(0.75)
0.14
(0.05)
0.87
(0.14)
17.7
(7.8)
8.33
(5.85)
62.6
(80.4)
9.85
(2.63)
513
(50)
41.0
(5.0)
2.91
(4.21)
23.6
(37.1)

67.8
(1.1)
0.09
(0.01)
15.4
(0.6)
1.11
(0.14)
9.97
(0.81)
2.97
(0.09)
0.54
(0.08)
0.73
(0.06)
0.15
(0.06)
0.18
(0.05)
0.70
(0.14)
10.9
(1.5)
3.67
(1.25)
167
(52)
13.0
(0.8)
497
(25)
45.2
(2.9)
9.09
(3.77)
22.1
(0.02)

68.1
(11.5)
0.10
(0.01)
14.1
(0.7)
1.15
(0.14)
9.82
(0.77)
3.05
(0.15)
0.62
(0.10)
0.76
(0.12)
0.04
(0.01)
0.25
(0.05)
0.73
(0.10)
12.3
(1.3)
4.34
(2.44)
88.2
(111.8)
13.1
(2.8)
467
(39)
51.5
(3.3)
7.37
(9.37)
2.79
(2.13)

70.8
(1.2)
0.08
(0.01)
14.7
(1.0)
0.80
(0.10)
8.36
(0.74)
2.99
(0.14)
0.49
(0.09)
0.64
(0.07)
0.03
(0.01)
0.13
(0.03)
0.85
(0.09)
10.2
(1.4)
1.86
(0.46)
33.7
(83.5)
10.5
(1.3)
460
(35)
46.7
(5.3)
2.40
(4.01)
1.09
(1.09)

71.6
(1.7)
0.08
(0.01)
14.8
(1.1)
0.51
(0.05)
7.73
(0.78)
3.08
(0.18)
0.46
(0.10)
0.62
(0.08)
0.02
(0.00)
0.07
(0.01)
0.92
(0.11)
8.89
(1.35)
1.53
(0.40)
7.73
(6.10)
8.13
(0.92)
446
(49)
46.1
(4.5)
0.59
(0.48)
0.21
(0.20)

6th C
TiO2 >
0.15
MgO >1
Fe2O3 > 1
65.5
(1.0)
0.17
(0.01)
18.6
(1.5)
0.63
(0.25)
7.27
(1.37)
2.55
(0.38)
1.13
(0.13)
1.26
(0.25)
1.42
(0.43)
0.13
(0.07)
0.99
(0.25)
33.1
(1.6)
9.58
(2.53)
75.8
(16.6)
6.29
(2.60)
681
(206)
94.8
(9.1)
3.95
(0.26)
416
(143)

High K2O

Med K2O

Low K2O

Foy 2.1

Egypt 1b

Egypt 1
recycled

Egypt 1b -High K2O
mix

Foy 2.1

Egypt 1b

Egypt 1 Re

–

Egypt 1b

Egypt 1Apollonia
Recycled
3
1
Egypt
Levant-Egypt
mix
8th C
8th C
TiO2 >
TiO2 = 0.28
0.5
CaO = 6.5
CaO >3.5 Al2O3 = 3.7
Al2O3 > 4
71.3
70.3
(0.1)
(− )
0.54
0.28
(0.02)
(− )
16.6
15.9
(0.2)
(− )
0.49
0.94
(0.02)
(− )
2.94
6.54
(0.15)
(− )
4.27
3.68
(0.12)
(− )
1.84
1.30
(0.00)
(− )
1.01
0.89
(0.02)
(− )
0.04
0.08
(0.01)
(− )
0.09
0.22
(0.01)
(− )
0.95
0.78
(0.02)
(− )
45.7
28.6
(1.0)
(− )
5.97
4.08
(0.07)
(− )
5.03
169
(0.15)
(− )
8.39
13.2
(0.26)
(− )
221
337
(9)
(− )
192
116
(9)
(− )
0.43
9.85
(0.02)
(− )
0.16
0.54
(0.04)
(− )

40% Egypt
60% Apoc calculated
–
Levant-Egypt mix
–
TiO2 = 0.28
CaO = 7.1
Al2O3 = 3.5
70.1
0.28
15.0
0.89
7.09
3.51
1.11
0.86
0.04
0.18
0.81
26.1
4.96
54.8
11.2
372
110
4.59
1.75
250
(continued on next page)
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Table 1
Characteristics and mean compositions of natron glass groups and subgroups defined in this study.

G.H. Barfod et al.

of Levantine glass on the basis of its composition and, thus, its assign
ment to specific primary furnaces are not straightforward. However, this
is required if we are to isolate groups that are likely to represent
contemporaneous material. At the present time, three main primary
production centers have been identified in the Levant for the period of
interest: (1) Jalame, near Haifa, which appears to have ceased produc
tion in the 4th century CE (Weinberg 1988; excavations by the Israel
Antiquities Authority in 2015 have confirmed primary tank furnaces, see
Ben Zion 2016); (2) Apollonia-Arsuf, which operated in the 6th–7th
centuries CE (Tal et al., 2004; Freestone, 2020); and (3) Bet Eli’ezer,
Hadera (Gorin-Rosen, 1995; Freestone et al., 2000) from which the glass
products appear to date to the 8th century CE (Phelps et al., 2016). There
are uncertainties around the 5th century CE as primary furnaces have
not been securely identified for this period, but compositional continuity
suggests that furnaces in the Apollonia region may have been supplying
raw glass at that time (Freestone, 2020); the data of Phelps et al. op. cit.
suggest that Apollonia production continued in the 8th century CE.
The use of beach sands in the glass-making furnaces of the eastern
Mediterranean coastal plain leads to substantial overlaps in their com
positions; previous attempts to discriminate between their products
were based upon bi-plots of CaO versus Al2O3 (Freestone et al., 2000)
and more recently taking into consideration Na2O and SiO2 but overlaps
are still apparent (Al Bashaireh et al., 2016; Phelps et al., 2016; Barfod
et al., 2018). Here we have subdivided the Levantine glass according to
MnO, Al2O3 and Sb (Fig. 4a and b; Table 1). MnO-decolorised glass was
common in the first to third centuries and manganese is present in some
raw chunks of the fourth century (Brill, 1988); however, there is no
evidence for the addition of MnO to raw glass at Apollonia (Freestone,
2020), and it does not seem to have been added as a decoloriser to
Levantine glass after the 5th century (Schibille et al., 2017, following
Foy et al., 2003). In addition, Al2O3 contents are higher in Apollonia and
Bet Eli’ezer glass products than in Mn-decolorised glass of the 1–4th
centuries (e.g. Freestone, 2020) and are also high in the glass from
Jalame (Brill, 1988). The Gerasa data show breaks around 2.7 wt%
Al2O3 and at around 0.07 wt% MnO, allowing a relatively clear cut
subdivision of the Levantine glass as shown in Fig. 4a:

Abbreviations: Abbrev = Abbreviations; n = number of samples.
a
MnO, Al2O3, K2O, TiO2 and CaO in wt% (Table A2) and Sb2O5 in wt% (Table A3). Screening criteria are guides for some groups, e.g. High Mn group is defined as cluster in Fig. 4a.
b
Concentrations of major element oxides and Cl in wt% (Table A2) and trace elements in ppm (Table A3). Numbers in parenthesis correspond to 1 std dev.
c
Theoretical mix calculated by mixing 60% mean values for recycled Apollonia type subgroup (High K2O; column 6) with 40% mean values for Egypt 1b (column 10).

50

0.88

8.56

8.20

–
Egypt 1 Re

281
(− )
8.83
(− )
9.24
(− )
0.93
(− )
67
(− )
239
(5)
9.52
(0.23)
10.3
(0.3)
1.11
(0.05)
5.51
(0.91)

Egypt 1b
Foy 2.1

295
(4)
8.47
(0.40)
8.27
(0.34)
0.79
(0.02)
86.6
(52.4)
253
(14)
6.73
(0.39)
6.90
(0.37)
0.65
(0.04)
28.1
(27.3)

Med K2O
Med Mn

279
(17)
6.86
(0.33)
7.05
(0.31)
0.66
(0.03)
228
(104)

High Mn
430
(157)
6.73
(0.46)
6.73
(0.47)
0.65
(0.05)
80.0
(139)
331
(86)
6.92
(0.67)
6.83
(0.57)
0.65
(0.07)
186.5
(85)

Rom SbMn
Rom Sb
Abbrev

136
(11)
5.64
(0.43)
5.71
(0.45)
0.52
(0.03)
24.3
(2.3)
Bab
SD
Lab
SD
Ndb
SD
Ybb
SD
Pbb
SD

Roman Sb
Groups

Table 1 (continued )

Roman–SbMn

High Mn – Low Al

Medium Mn – High
Al

259
(21)
7.26
(0.46)
7.30
(0.41)
0.69
(0.05)
79.4
(67.1)

High K2O

Low Mn (3 subgroups)

257
(13)
6.67
(0.43)
6.88
(0.48)
0.64
(0.05)
12.5
(16.4)

Low K2O

Foy 2.1

Egypt 1b

Egypt 1
recycled

Egypt 1b -High K2O
mix
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(1) High Mn (High Mn – Low Al), corresponding to earlier Roman Mn
(Rom-Mn) production of first–third centuries; this group has
relatively low Al2O3 (<2.9 wt%) combined with high MnO (>0.6
wt%) and up to 120 ppm Sb (Table 1; Fig. 4b). Group members
can have MnO as low as 0.1 wt%, but this is consistent with the
Roman Mn category (e.g. Jackson and Paynter, 2016, Fig. 4a and
b; Table A2). This group overlaps with the Roman SbMn group in
Fig. 4a.
(2) Low Mn (Low Mn – High Al), with MnO <0.07 wt% combined
with Al2O3 > 2.7 wt%, and assigned to Apollonia production
(sixth–eighth centuries); this group has Sb below 10 ppm and
frequently below 1 ppm (Table A3; Table 1; Fig. 4b). Given that
the natural concentration of MnO in Levantine sand is 0.02–0.03
wt%, some of these samples contain traces of Mn from recycling
although Sb concentrations below 1 ppm indicate minimal
contamination by Roman glass. This group, the most abundant
analyzed, is further subdivided below into 3 subgroups on the
basis of K2O (Table 1; see discussion).
(3) Med Mn (Medium Mn – High Al), which shows both early and late
characteristics. Sb is consistently above background, ranging
from 2 to 60 ppm (Tables A3). The intermediate MnO combined
with high Al2O3 (Fig. 4a; Table 1) suggest that this group is later
than Rom-Mn, perhaps corresponding to the fourth century
Jalame production and possibly production into the fifth century.
Fig. 4b shows the very strong control on Mn and Sb in these
samples from end-member compositions with low and high
SbMn, respectively. (Med Mn group in Fig. 4b; R2 = 0.84). This
could be explained by very small amounts (note log scale in
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Table 2
Mean values (±1 std dev) for the plant-ash-type glasses from Northwest Quarter.
Group name

PA-1 – O, P, Q (n = 6)

PA-2 – K (n = 2)

PA-3 - K (n = 1) Bracelet

Type
K2O – wt%
Al2O3 – wt%
MgO – wt%
Fe2O3 – wt%
Zr – ppm
Li – ppm
Cr – ppm
MgO/CaO
86
Sr/87Sr

Mesopotamia Type 1
2.5 ± 0.2
2.9 ± 0.7
4.5 ± 0.5
1.6 ± 0.5
64 ± 19
14 ± 1 (51a)
102 ± 29 (642a)
0.6 ± 0.1
0.70848 ± 16
− 6.0 ± 0.4
− 13.7 ± 1.0 (− 6.3a)

Mesopotamia Type 2
2.4 ± 0.5
1.5 ± 0.2
7.2 ± 0.6
0.5 ± 0.1
35 ± 1
32 ± 1
53 ± 25
1.2 ± 0.3
0.70839 ± 2
− 5.5 ± 0.7
− 11.3 ± 1.8

Eastern Mediterranean
3.6
1.5
3.8
0.5
145
12
11
0.5
–
–
–

εNd
εHf
a

Values for PA-1 outlier in Figs. 6 and 7 (see Tables A2 and A4 for details).

Fig. 4b) of Roman SbMn-type glasses mixing with pristine
Jalame-type glass (see discussion).

also in Fig. 5 the high Na2O/SiO2 ratio of the Roman-Sb group, which is
of Egyptian origin and was produced close to the Egyptian natron
sources (cf. Freestone, 2021). The position of the Rom-SbMn glasses
between Rom-Mn and Rom-Sb is consistent with the view that SbMn is a
mixture of Levantine and Egyptian glass (Fig. 5).
It is not possible to confidently assign each individual sample to
Roman Mn (1–4th century), Jalame (4th century) or Apollonia/Byzan
tine (6–7th century) types with confidence, as there are gaps in the
available evidence around the fourth to sixth centuries, and composi
tional overlaps between categories remain. However, there is a recog
nizable relationship between composition and probable date, and this
suggests that the groupings are reasonably robust. These conclusions are
consistent with the typological dating of the glass, which although it

Fig. 4c and d show how the glass samples from the earlier study of
glass from the Northwest Quarter (Barfod et al., 2018) conform to the
groupings outlined above.
The source attributions of the Gerasa Levantine groups are consistent
with and supported by the previous approach using the ratios CaO/
Al2O3 and Na2O/SiO2 (Fig. 5). The majority of the Low Mn group map
onto the Apollonia field, while both the High Mn and Med Mn groups
map onto Jalame/Rom-Mn, which occupy the same space in the figure.
This is fully consistent with the interpretation that they correspond to
1st–4th century Rom-Mn and Jalame-type glasses, respectively. Note

Fig. 3. TiO2/Al2O3 versus Al2O3/SiO2 ratios for natron glass from NW Quarter in Gerasa (red circles) compared to main primary production groups of the first
millennium CE from the Levant (Mn-decolorised, Apollonia and Bet Eli’ezer) and Egypt (Sb-decolorised, HIMT, Foy 3.2 & 2.1, Egypt 1a, b & c and Egypt II). Base data
from Foy et al. (2003), Silvestri (2008), Silvestri et al. (2008), Schibille et al. (2019) and Freestone et al. (2015). This shows the majority of the natron glass in the
Northwest Quarter of Gerasa to originate from the Levantine coast. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. MnO [wt%] (note log scale) versus a. Al2O3 [wt%] and b. Sb [ppm] (note log scale) concentrations for Levantine natron-type glass from Geresa, showing the
division into the three major compositional groups; High Mn, Med Mn and Low Mn groups. Roman antimony decolorised glass (Rom-Sb) and Roman SbMn (RomSbMn) groups are shown for comparison. c. Log MnO [wt%] versus a. Al2O3 [wt%] and d. Log Sb [ppm] for Levantine natron-type glass groups in this study compared
to samples from the same area from Barfod et al. (2018).

Fig. 5. Comparison of CaO/Al2O3 and Na2O/SiO2 ratios in natron glass with Levantine characteristics compared with primary production types. Base data from Brill
(1988), Silvestri et al. (2008), Tal et al. (2004), Freestone et al. (2000, 2008), Phelps et al. (2016) and unpublished data for Bet Eli’ezer. Gerasa High Mn and Med-Mn
groups map on to Iulia Felix and Jalame glass of 1st–4th centuries, whereas Gerasa Low Mn group maps onto Apollonia.
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Fig. 6. Al2O3 [wt%] versus MgO/CaO ratio for plant-ash glass from Gerasa compared with plant-ash glass from Cairo and Beirut (Henderson et al., 2016) and
Sasanian glass from Veh Ardasir (Mirti et al., 2008, 2009). Base plot and boundaries after Phelps (2018).

cannot be precise, provides some useful indications. As observed from
Tables A2, vessels dated Roman (as opposed to Byzantine or Islamic) are
almost entirely restricted to compositional groups Roman Sb, Roman
SbMn, Roman Mn (High Mn), and Jalame-type (Med Mn), while the
characteristic vessels in the Apollonia (Low Mn) group are almost
entirely Byzantine or early Islamic in form. It is emphasized that because
the groups identified show significant evidence for recycling, which is
context sensitive (see below) the precise subdivisions used here, based
upon Al, Mn and Sb, are unlikely to be universal, but correspond to the
specific context of the NW Quarter of Gerasa.

in several compositional groups) has been neglected in the plot to
enhance its readability. The majority of the Gerasa PA-1 and PA-2
glasses plot in the high Li and Cr region characteristic of central Meso
potamian glass, as characterized by analyses from Samarra and Ctesi
phon, but there is a single outlier which has very high Li and Cr
concentrations. PA-3 (the single black bangle) is, as suggested by its
major element composition (Fig. 6), related to an eastern Mediterranean
production (Fig. 7).
Three samples from PA-1 Group and two samples from PA-2 Group
were analyzed for Sr, Nd and Hf isotopes (Tables 2 and A4). The rela
tively low and consistent Sr isotope compositions (0.7083–0.7084)
combined with εNd isotopic compositions around − 6.0 observed for PA-1
and PA-2 Groups compare well to observations for Sassanian glasses at
Veh Ardasir (adjacent to Ctesiphon) in present-day Iraq, where

4.2. Plant-ash glass
Nine samples have the high MgO and K2O contents characteristic of
soda plant ash. The samples fall into three groups, divided on the basis of
Al2O3 contents into: PA-1 with >2.5 wt% Al2O3 (includes four sherds
from House of the Tesserae in Trench P and two other sherds from
Trenches O and Q), PA-2 with c. 1.5 wt% Al2O3 (two sherds from House
of the Scroll in Trench K), and PA-3, which comprises a single sherd with
1.09 wt% Al2O3 from House of the Scroll (Table 2). The major element
compositions of PA-1 and PA-2 correspond to the broad Mesopotamian
Types 1 and 2 of Phelps (2018), as shown in his discrimination diagram
(Fig. 6). The single example of PA-3 (J14-Kg-3-188) falls in the “Eastern
Mediterranean” field, and corresponds quite closely to glass from Cairo
analyzed by Henderson et al. (2016) (Figs. 6–7). However, this is a black
bracelet, as opposed to the other samples, which are vessel fragments.
The composition of this bracelet corresponds well to the only other
plant-ash glass material identified in Geresa, namely two glass beads
recovered from the same context 3 in trench K (see section 2.1; Barfod
and Søgaard, forthcoming; Bobou and Krag, forthcoming). Thus, it is
interesting that so far PA-3-type plant-ash glass includes only items of
personal adornment.
Henderson et al. (2016) have observed that Cr and Li concentrations
tend to be lower in Syrian and Egyptian glasses relative to those pro
duced in Mesopotamia. Fig. 7 compares the plant-ash glasses from
Gerasa with those from a range of sites analyzed by Henderson et al. (op.
cit.); glass from Nishapur (Iran) and Raqqa, Syria (which appears to lie

Fig. 7. Comparison of Li [ppm] versus Cr/La ratios for Gerasa plant-ash glass
with glass from Mesopotamia (unfilled symbols: Ctesphon, Samarra), the Levant
(single line black symbols: Damascus, Beirut, Khirbat al-Minya) and Egypt
(Cairo), comparative data from Henderson et al. (2016). The Gerasa vessels
(PA-1 and PA-2 Groups) are Mesopotamian, while the bracelet (PA-3) appears
Egyptian or Syrian. Note log scale of Cr/La.
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Fig. 8. Variations of P2O5 (top row) Cl (middle upper row), CaO (middle lower row) and Na2O (lower row) versus K2O [reported in wt%] for a) Rom-Sb, Rom-SbMn,
and High Mn (Rom-Mn), b) Med Mn, and c) Low Mn glass groups from the Northwest Quarter. Note that four samples from a single vessel are presented separately as
black triangles due to their high P2O5.

comparable ranges are reported for both Mesopotamian-type 1 and 2
samples (Mirti et al., 2009; Ganio et al., 2013 in their Fig. 3) and are also
consistent with the Sr and Nd isotopic ratios of Mesopotamian glass of
the Late Bronze Age (Degryse et al., 2015). Thus, despite the limited
isotope data available, the correspondence in Nd and Sr systematics
observed for the plant-ash glass from the NW Quarter are consistent with
the elemental data, suggesting a Mesopotamian origin for these vessel
glasses. Hafnium isotope analysis, the first reported for plant-ash glass,
shows lower εHf values of − 12.6 to − 14.9 for PA-1 relative to − 9.6 to
− 12.1 for PA-2 Groups, indicating minor differences in the zircon
mineral assemblages within the glass-making sands for the two groups
(Tables A4; Table 1). The outlier of Group PA-1, J15-Pe-16-196, has the
highest observed εHf of − 6.8 for any ancient glass so far analyzed
(Tables A4; Table 2), suggesting that this glass originates elsewhere,
possibly further east and indicating the potential of Hf for source
discrimination.

5. Discussion
5.1. Recycling intensity
For the purpose of the discussion of recycling, we consider the (nonexotic/Levantine) natron glass in the four main groups identified above;
Rom-SbMn type, Rom-Mn type (High Mn), Jalame-type (Med Mn), and
Apollonia-type (Low Mn).
It is conventional to consider recycling in terms of those colorantrelated elements (transition metals) which are unintentionally incor
porated in the batch during repeated episodes of re-melting (e.g. Mirti
et al., 2001; Silvestri et al., 2008; Paynter and Jackson, 2016; Rehren
and Freestone, 2015; Sainsbury, 2018). However, while these compo
nents can provide a robust indication that recycling has occurred, their
concentrations depend upon the amount of colored glass added to the
batch, which itself is dependent upon context (e.g. Duckworth, 2020).
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Fig. 9. Mean values for trace elements (note log scale) from Gerasa natron glass groups and subgroups normalized to Apollonia-type Low K2O subgroup illustrating
how repeated remelting (≈elevated K) leads to elevated elements introduced from glass containing de-colorants, colorants, and/or opacifiers during secondary glassworking (right side), whereas concentrations of elements originating from the raw materials used in primary glass production remain relatively constant (left side).

For example, the incorporation of glass from mosaics can have a major
effect (Schibille and Freestone, 2014; Barfod et al., 2018). The amount of
colored glass may therefore not be a reliable indicator of the intensity of
recycling, where recycling intensity is an integral of the total number of
recycling events that have contributed to a batch of glass and the
contribution of each event to the bulk composition. If the dependence of
the glass economy upon recycling processes is to be understood, then a
measure of intensity is required.
If it is assumed that to a first approximation each recycling event
involves re-melting glass cullet to approximately the same temperature
for the same period of time, then the cumulative amount of time that the
glass contributing to a batch has been at high temperature provides an
indication of recycling intensity. Components reflecting the amount of
time at high temperature include enhanced K2O and P2O5 concentra
tions which represent contamination of the glass by fuel ash vapour
(e.g. Tal et al., 2008; Rehren et al., 2010; Schibille et al., 2017; for
experimental demonstration see Paynter, 2008); in the Levant this effect
is likely to have been enhanced by the use of potash-rich fuel such as
olive pomace (Barfod et al., 2018). As shown in the top row of Fig. 8
there are strong correlations between K2O and P2O5 in the Gerasa natron
glass groups, indicating that contamination of this type was common. A
concomitant depletion in Cl due to vaporization (see also Freestone and
Stapleton, 2015; Al-Bashaireh et al., 2016, Barfod et al., 2018) is also
apparent, particularly in the Roman SbMn (middle row in Fig. 8).
Similarly, CaO increases with K2O and P2O5 (lower row in Fig. 8; see also
Al-Bashaireh et al., op. cit.), and while this may relate to contamination
with particulate fuel ash in Roman SbMn glass (R2 = 0.77), recent work
suggests that during Byzantine times it may be due to the use of a lime
lining in Byzantine furnaces in the Levant (Chen et al., 2021). This latter
mechanism would explain the higher degree of decoupling for K2O and
CaO reflected by lower correlation coefficients (R2 = 0.40 and 0.43)
observed for Jalame-type and Apollonia-type groups relative to Roman
SbMn glass (R2 = 0.77; Fig. 8). The implication of this would be that

recycling practices and/or furnace configurations and melting practices
changed from Roman to Byzantine times in the city. It also suggests that
CaO is likely to be a less reliable indicator of recycling intensity than
K2O, P2O5, and Cl. The degree of contamination by CaO will have
depended upon additional factors such as the thickness of the lime lining
in the furnace tank, the effectiveness with which it was applied, and the
care taken by the glass workers to separate waste furnace glass from the
lime release agent before it was remelted. It will therefore have a less
direct relationship with the duration of melting than the other compo
sitional changes.
It has been suggested that significant soda loss may occur during
glass reheating as observed in modern glass production, (Freestone
2015), which might be expected to result in a highly viscous glass,
limiting the number of times glass recycling is possible. We have
investigated the possible loss of sodium from the Gerasa glass but the
evidence is weak. Fig. 8 (lower row) demonstrates that the Na2O con
tents of the Roman and Byzantine glasses do not show a strong negative
correlation with K2O, as might be expected if sodium was evaporated
from the glass. Lukas (2021) has pointed out that melting conditions in
ancient furnaces were very different from those in modern glass melting
where soda loss is observed, notably in temperatures which in modern
furnaces are at least two hundred degrees higher, with longer melting
durations and clean, oxidizing atmospheres, and these factors are likely
to explain the difference in behavior. While we would not rule out the
possibility of sodium loss during melting of all ancient glass – the
occurrence of soda-rich glazes on the superstructure of furnaces (Chen
et al., 2021) suggests that some sodium evaporation does occur – on the
basis of the present evidence, this does not appear to be to a degree
which would, for example, affect compositional classification.
Although a direct relationship between the concentrations of tran
sition metal colorants and the intensity of recycling is not necessarily
expected, weak positive correlations between K2O and transition metal
colorants and decolorizers such as Co, Sb, and Cu may be observed
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Fig. 10. CaO/Al2O3 versus Na2O/SiO2 ratios for Low
K2O (0.4-0.6 wt%) and High K2O (1.0-1.2 wt%)
Apollonia-type subgroups compared with the
compositional fields of primary glasses from factories
at Jalame, Apollonia, and Bet Eli’ezer (black ellipses –
note that these are only approximate representations;
see Fig. 5 for true extents). The horizontal solid blue
line shows the mean value for High K2O glass
(=intensely recycled) and the punctuated blue line
for the relatively pristine Low-K2O glass. The effect of
extensive recycling is thus enhanced CaO contents of
the glass, shifting it out of the Apollonia field. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

within the Gerasa groups. To interrogate this effect, we have further subdivided the Apollonia-type (Low-Mn) group into 3 subgroups on the
basis of their K2O concentrations; Low K2O with K2O < 0.6 wt%, Med
K2O with K2O between 0.6 and 1.0 wt%, and High K2O with K2O > 1.0 wt
%; Tables 1 and A2), assuming that the potash contents are a reflection
of the intensity of recycling which each glass has undergone (Table 1).
The Low K2O sub-group is considered to have been least recycled; in fact,
the Sb content of glass in this sub-group is consistently below 1 ppm,
equivalent to glass from the primary furnaces at Apollonia (Fig. 4b;
Brems et al., 2018) so it is considered to represent pristine Levantine
primary glass. Fig. 9 compares the trace element compositions of the
most abundant natron glass groups by normalizing their averages to the
average values of the Low K2O subgroup (Table 1, Table A3). Those el
ements expected to have been derived primarily from the glass-making
sand (e.g. Ti, Zr, Sr and Mg) are shown on the left of the diagram, while

those associated with colorants, decolorants, and opacifiers (e.g. Cu, Co,
Pb, Sn, Mn and Sb) are on the right (Fig. 9). The profiles of the
sand-related elements on the left are relatively flat and close to unity,
implying that the sand was essentially the same for all groups (i.e.
Levantine coastal sand). Variations around the elements Ba, V, Ni in the
groups richer in MnO reflect their presence in the manganese oxide used
to decolorize the glass, as noted elsewhere for Ba (Cosyns et al., 2018;
Paynter, 2006). Leaving these aside, it is clear that for the
Apollonia-type glasses, increasing potash is correlated to an increase in
all of the colorant elements, with the High K2O glasses having higher
concentrations than the Med K2O subgroup glasses. However, the con
centrations of the colorant elements in the earlier Roman Mn and
Jalame-type glasses are higher than in the later Apollonia-type groups,
even higher than in the Apollonia High K2O subgroup which, on the basis
of its approximately equivalent contents of K, P, Ca oxides, and Cl

Fig. 11. K2O and P2O5 in Apollonia-type glass from Gerasa NW Quarter, compared with vessels from Israel analyzed by Phelps et al. (2016).
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(Fig. 8; Table 1), would appear to have undergone an equivalent in
tensity of recycling. It was previously observed (Barfod et al., 2018) that
the concentration of colorants in recycled glass would depend on the
reservoir of colored glass available for recycling. In the present case, the
higher colorant elements in the Roman Mn and Jalame-type glasses are
likely to reflect the well-known phenomenon that higher amounts of
colored glass were in circulation in the earlier Roman periods. Inter
estingly, pristine Roman Sb glass with no evident signs of recycling has
survived (Fig. 8); reflecting the care taken to conserve this high-quality
colorless glass (Jackson, 2005; Freestone 2015; Gliozzo, 2017).
Contamination that is decoupled from K2O is evident by strong
correlations between Fe and Ti, V, Nb (R2 ~ 0.6–0.8; Suppl. Fig 1)
observed for the SbMn Roman, Jalame-type (Med Mn) and Apolloniatype (Low Mn) glass. For the subset of Jerash glass studied in Barfod
et al. (2018), we ascribed such correlations to differences in the minor
mineral assemblages of the glass-making sands given the concurrent
correlation between Mg and Fe. However, the lack of Fe–Mg correlation
in this study (R2 = 0.2; Suppl. Fig 1) implies that this observation was an
artifact of the small samples size in our previous study. Also, the overall
increase in Fe with increasing degree of recycling (as reflected by an
increase in K) confirms the strong link between the Fe–Ti–V–Nb corre
lations and recycling (Suppl. Fig 2). Incorporation of high Fe and Ti-rich
HIMT or Foy 2.1 glass in the recycling process can be excluded as an
explanation for the correlations given that 1. it would require unreal
istically high volumes and 2. these glass types are high in Mn and Mg,
which would then be expected to increase with Fe as well. Instead,
contamination from recycling furnace or crucible ceramics, fly-ash or
colored glass are plausible explanations (e.g. Schibille et al., 2016). It
has also been observed that lime-rich furnace linings may contribute
significant Fe-contamination (Chen et al., 2021).
In summary, while we see strong evidence of recycling in the NW
Quarter, there are observable differences in the recycling effects recor
ded by chronologically older relative to younger glass, illustrating the
higher availability of colored and decolorised glass during and imme
diately following the Roman period.

Brems and Degryse, 2014) are more likely to be successful.
5.3. Recycling at Gerasa in context
Recycling was a significant practice at Gerasa, and the majority of
the glass assemblage have experienced some recycling and/or have been
subjected to prolonged periods of re-melting. Using the concept of
recycling intensity, which is based upon those changes in composition
related to the duration of melting rather than on the materials available
to be recycled, we are now in a position to make comparisons between
glass assemblages and the extent to which glass was being recycled. In
this sense the recycling intensity is considered to be a qualitative indi
cator of the average total number of melting cycles per unit of glass. In
principle, it should be possible to use experimental data for composi
tional change, such as those of Paynter (2008) to calibrate the
archaeometric data to produce a more quantitative index of glass recy
cling, related to the actual duration of melting, but this is not prudent
with the available experimental data. Secondary glass furnaces in the
Roman and Byzantine Levant were frequently based upon tanks (Gor
in-Rosen 2000), rather than the pots (crucibles) used in the case study of
Paynter (op.cit.), and the degree of contamination/evaporation would
have been strongly dependent upon the surface area of glass exposed to
the furnace atmosphere and its ratio to the volume of glass, which were
very different. The configuration of the furnace and the nature of the fuel
would also have been important. Similar experiments using various
volumes of glass and with different wood fuels are needed to evaluate
these effects, and for these reasons we restrict ourselves to a qualitative
interpretation.
Fig. 11 compares potash and phosphorus oxide contents of the
Apollonia-type (Low Mn) glass from Gerasa with vessels in Apolloniatype glass from a number of sites in modern Israel (mainly Jerusalem,
Sepphoris and Tiberias), using data of Phelps et al. (2016). A substantial
proportion of the Gerasa glass assemblage is significantly more
contaminated than the Israel glasses, as illustrated by the higher K2O
and P2O5.
Indeed, of the 86 Apollonia-type glass sherds from the NW Quarter,
only 20 (23%) have less than 0.6 wt% K2O and are close to pristine,
compared to 64% of the 50 Israel samples (including 78% of 27 glasses
from Jerusalem). These findings suggest that the intensity of recycling (i.
e. the average total number of cycles per unit of glass,) was significantly
greater in Gerasa. This view is supported by the negative correlation
between potash and chlorine for the Gerasa glass which appears to
represent a progressive loss of volatile Cl with prolonged heating, a
correlation not observed for the sites closer to the coast, again sug
gesting a less intense recycling regime. Thus, although Jerash is situated
in the Levant and is less than 150 km from the glass production sites at
Apollonia as the crow flies, it appears to have been particularly depen
dent on glass recycling to meet the needs of the population. This is
consistent with the findings at other sites in Jordan which exhibit high
K2O in Apollonia-type glass (e.g. Petra, Rehren et al., 2010; Umm
el-Jimal, Al-Bashaireh et al., 2016).
The possibility that different degrees of potash enrichment were due
to differences in furnaces or fuels opposite sides of the Jordan Valley
cannot be dismissed. However, analysis of material from a Late Byzan
tine workshop at Ramla, between Tel Aviv and Jerusalem, shows very
high enrichment in potash (all analyzed vessel fragments have > 0.9 wt
% K2O; Tal et al., 2008), demonstrating that similar contamination could
occur in furnaces nearer the coast. Evidence of potash contamination is
also seen in vessels associated with secondary production at Apollonia
itself (Freestone et al., 2008). It is therefore more likely that the dif
ference in K2O and P2O5 contents of Gerasa and the material from cities
in Israel reflects a different intensity of recycling, and that the glass
industry in Gerasa was more dependent upon recycled cullet than was
the case for major settlements west of the Jordan Valley. The high de
gree of recycling is likely to have been a result of a strong general de
mand for products due to the prosperity of the city. However, the

5.2. The effect of recycling intensity on source attribution
Significant compositional changes due to recycling have been iden
tified above for a range of components. These potentially interfere with
source assignation. CaO content, which has been used to discriminate
between Levantine groups (and also Egypt 2; Freestone et al., 2000) can
be misleading in this respect. Individual analyses may differ substan
tially from the core grouping and require careful evaluation. Thus, the
composition of glass from primary furnaces at Apollonia averages be
tween 8.1–8.6% CaO (Freestone, 2020), but the mean CaO of glass from
our High K2O “Apollonia-type” group is 9.85%, while the maximum CaO
content is 11%, well above the range of the primary production site
(Tables 1 and A2). Similarly, the mean CaO content of glass from the
production site of Jalame is 8.7% (data of Brill, 1988), while our inferred
“recycled Jalame” group, Med Mn has mean CaO of 10% with a
maximum of 11.3% (Tables 1 and A2).
Given that we interpret the High K2O subgroup as recycled and Low
K2O as pristine members of the Apollonia-type group, these should all
plot within or close to the Apollonia field in Fig. 10 if unaffected by
recycling. However, the location of most High K2O samples above the
Apollonia field and into the Jalame field illustrates how the effect of
recycling is indicated to have resulted in a mean increase of around 0.7
for the CaO/Al2O3 ratio (blue arrow in Fig. 10), while the Na2O/SiO2
ratio appears unaffected. Classification of Late Roman and Byzantine
Levantine glass using CaO/Al2O3 ratios should therefore be limited to
samples with K2O contents below 0.6 wt% if it is to be robust.
For similar reasons, attempts to match vessel glass to primary pro
duction assemblages using multivariate statistical techniques on unfil
tered compositional assemblages are likely to be challenging.
Approaches based upon categorization using simple algorithms (e.g.
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Fig. 12. TiO2/Al2O3 versus Al2O3/SiO2 for natron
glass from the House of the Scroll in trench K (open
circles) and the House of the Tesserae (red circles)
projected onto all NW Quarter glass (blue circles; also
see Fig. 3) showing that glass types from the two
houses are post-Roman and include Jalame/Apollonia
types, characterized by relatively high Al2O3 as well
as Egyptian glass types Foy 2.1 and Egypt 1. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

sherds of the plant-ash-type 1 (PA-1) were recovered. Combined, this
amounts to twelve of the fifteen post-Roman objects with exotic com
positions analyzed in this study (Figs. 3 and 6).
The four Egypt 1 samples from the House of the Scroll are compo
sitionally dated to the eighth century and, furthermore, the plant-ash
glasses from both houses are typologically Early Islamic. With the
exception of the sample corresponding to Foy 2.1 (generally accepted to
be a 6th-century type, e.g. Cholakova et al., 2015; Maltoni et al., 2016;
Schibille et al., 2017), this is thus consistent with use at the time of the
earthquake. It seems likely that these exotic glass compositions are
particularly well-represented in the House of the Scroll and the House of
the Tesserae because they were in use at the very end of the occupation
and therefore were not used as cullet for recycling and re-melted. If the
exotic glasses from the two Umayyad houses had been intensely recy
cled, their chemical signatures would have been highly diluted by the
large mass of Levantine glass, and eventually lost. This process is
observed for the only other Foy 2.1 in this study found away from the
houses (in Trench O) given that this shows evidence of recycling (K2O =
0.8 wt%, P2O5 = 0.17 wt%; Table A2). Furthermore, one of the Egypt 1
samples (J14-Kh-51-3; Tables A2-A3) stands out due to its relatively
high CaO (above 6 wt%) and low Al2O3/SiO2 ratio (Table 1; Fig. 3;
Schibille et al., 2019) combined with its high K2O and P2O5 concen
trations, implying significant recycling. Mixing calculations show that
the major, trace, and isotopic composition of this sample can be
explained by mixing ‘pristine’ Egypt 1b (represented by the Egypt 1b
samples found in the same context) with highly recycled (High K2O)
Apollonia-type glass in the proportions 1:1.5. The theoretical mix is
listed and compared to the observed recycled Egypt 1b in Table 1 and
Tables A2-A4 and show significant overlap. Interestingly, the mixture of
Egypt 1b and High K2O Apollonia glass has yielded a composition which,
in Fig. 3, appears to lie in the field of Egypt 1a. It may be envisaged that a
batch of Egyptian 1b glass was procured to be blown into vessels and
that, as this was depleted, Apollonia-type cullet was added to the tank or
pot to allow blowing to continue. A wreck of a ship carrying both Egypt 1
and Apollonia-type cullet has recently been reported off the coast of
Israel (Natan et al., 2021).
The interpretation that exotic glass from the House of the Scroll and
the House of the Tesserae most likely would have been absent from the
archaeological record due to recycling had it not been for the truncation
of activity on the site due to the earthquake is supported by the analyses

balance between fresh primary glass and the recycling of cullet is likely
to reflect the geographical situation.
Numerous finds of raw glass off the Palestinian coast (Galili et al.,
2015) reflect the proximity to the sea of the major primary glass pro
duction sites of the Roman through the Early Islamic period and the
importance of marine transport in glass distribution. Overland transport
of raw glass from West to East is likely to have been more expensive than
movement along the coast, rendering fresh glass less accessible. Evi
dence of recycling is therefore much more apparent at inland sites such
as Gerasa, Petra, and Umm el-Jimal. This is consistent with the evidence
from ceramic assemblages in the region, which indicate a major differ
ence between the presence of imports in sites near the coast, relative to
those inland (Bes et al., 2020). The apparent higher dependency of
settlements to the east of the Jordan Valley on recycling of old materials
would have been facilitated by the strong local exchange systems which
were in operation at this time (Walmsley, 2012). Even so, the presence
of exotic glass indicates that recycling should not be understood as a
symptom of less connectivity or broken networks to the coastal regions.
Rather, since other areas of Gerasa’s urban economy, such as its active
pottery production, show a strong local production to meet the local
demand and only very few imports, it seems that Gerasa was able to rely
on an optimized circular economy and was able to operate with a low
influx of external resources (Bes et al. op. cit.).
5.4. Exotic glass from the Houses of the Scroll and Tesserae
Much of the glass recovered and analyzed in the present study is
likely to have been discarded material which, although available, had
not been collected for recycling. It represents a range of contexts from
Roman through to Early Islamic. However, this is not the situation for
the material from the House of the Scroll (in Trench K) and the House of
the Tesserae (in Trench P) where activity was truncated by the earth
quake of 749 CE. Here, we can expect that a higher proportion of glass
was in use towards the very end of the life of the city. Of the exotic glass,
one of two examples of Foy 2.1, all four examples of Egypt 1 as well as
two examples of plant-ash glass vessels of type PA-2 and the bracelet of
type PA-3 were recovered from the House of the Scroll. Furthermore,
two glass beads of type PA-3 (Barfod and Søgaard, forthcoming) and
three gold-gilded tesserae of Foy 2.1 (Boschetti et al., 2021) have also
been reported from this house. From the House of the Tesserae, four
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of Apollonia-type (Low Mn) glass in the two assemblages. Fig. 12 shows
that the Levantine natron glass recovered from the houses is Late, with
high Al2O3/SiO2 ratios, and that Roman material is absent here. Of 76
Apollonia-type (Low Mn) vessels analyzed from the whole Gerasa
assemblage, 20 (26%) are in the pristine Low-K2O subgroup, which
shows minimal evidence of recycling. In contrast, 10 of 20 analyzed
vessels (50%) from the two houses belong to the Low K2O subgroup,
confirming that glass from this context has a higher representation of
fresh/unrecycled glass than the NW Quarter of Gerasa as a whole.
The glasses from contexts K and P have typologies that date to the
Late Byzantine to Early Islamic periods and include types well known at
the site (a twisted dark bracelet and mainly bottles with in-folded rims
and applied trail decoration), which implies that they were made in the
region from imported raw glass or cullet, rather than having been traded
over long distances in their final form. Without the evidence of pro
duction debris of an appropriate composition, production in or around
Jerash itself would be difficult to prove but if it is indeed the case, trade
in Egyptian and perhaps even Mesopotamian raw glass in the Early Is
lamic period and perhaps before would be implied.
The apparent absence of glass made in the primary furnaces at Bet
Eli’ezer, Hadera, from the assemblage and in particular from the
Umayyad Houses is unexpected; the Bet Eli’ezer furnaces are considered
to have been operative in the Umayyad period (Phelps et al., 2016),
while the vessels of Egypt 1 composition clearly indicate that the House
of the Scroll assemblage has a significant component of Umayyad-period
glass. It is not clear why Bet Eli’ezer glass should not have reached
Gerasa in significant quantities before the middle of the 8th century, and
it may be that the dating of the Bet Eli’ezer output is in need of closer
attention.
The presence of an unexpectedly high proportion of glass
types which are not associated with primary production on the
Levantine coast is likely to reflect in part the decline of Levantine
production known to have occurred in the Early Islamic period and
its substitution by imported glass from the south and the east
(Freestone et al., 2015; Phelps et al., 2016). Egyptian natron-based glass
is not common in analyzed assemblages from the northern Levant at this
time although it has been detected in Israel, with Egypt 1a used for
window glass and tesserae at the Umayyad residential site of Khirbar
al-Minya (Adlington et al., 2020) and occasionally for vessels elsewhere
(Phelps et al., 2016). Egypt 2 becomes widely distributed in the Abbasid
period but this type postdates the Jerash assemblage (Schibille et al.,
2019). In Jordan, analyses of several Egyptian glasses have been re
ported from the South (Rehren et al., 2010) but not from the North
(Al-Bashaireh et al., 2016; Arinat et al., 2014; El-Khouri, 2014). Foy 2.1
has so far only been reported as (in particular gold-leaf) tesserae
(Adlington et al., 2020; Boschetti et al., 2021), although chunks of this
type have been observed from off-shore deposits, presumably lost from
ships during transport (Freestone and Gorin-Rosen, work in progress).
Plant-ash glass made on the Levantine coast appears in the late eighth
century in Israel, but Mesopotamian vessels appear first in the Abassid
period (Phelps 2018). The Mesopotamian compositions identified here
therefore represent early examples of the movement of glass from the
East as natron glass production declines. The occurrence of these exotic
types at Gerasa is therefore of considerable interest; they are clearly a
record of significant long-distance trade, either in raw glass or finished
glass objects.

a complex diachronic dataset of Roman to Byzantine Levantine glass to
be sub-divided and attributed individual production centers using major
and minor elements. We have also developed the concept of the relative
intensity of glass recycling, which is essentially a reflection of the cu
mulative number of re-melting events which have contributed to a batch
of glass. It is based upon the concentrations of volatile elements such as
K, P, and Cl and their relationship to melting duration, and is regarded as
a more reliable indicator of the intensity of recycling than the relative
admixture of a second glass type (such as opaque and/or colored glass,
Roman-Sb etc). This is because any position on the mixing line between
the end-member compositions (revealed for example by the content of
colorant elements) could be the result of one or many recycling episodes
and is not necessarily diagnostic. Calcium oxide concentrations were
also enhanced during the recycling process, and we observe that care
should be taken to use glass with relatively low K2O, when using CaO/
Al2O3 ratios to classify Levantine glass from the Late Roman and
Byzantine periods as glass with low K2O is less likely to have been
intensely recycled. In principle, the concept of recycling intensity that
we have developed should be applicable to other glass assemblages.
However, the extent to which the specific indicators of recycling in
tensity used here may be applied beyond the eastern Mediterranean is
unclear, because the potential uses of K-rich olive pomace as a fuel here
(e.g. Gorin-Rosen, 2000; Barfod et al., 2018), and of lime as a release
agent in furnaces (Chen et al., 2021), are likely to have enhanced the
compositional effects observed. Preliminary observations suggest how
ever that K, P, and Cl show qualitatively similar variations in natron
glass from other regions, and we advocate further exploration of their
variation.
Although the dominant Levantine glass was all made from similar
coastal sands, it is possible to distinguish several chronological groups
from the Roman to the Umayyad periods, based largely upon alumina,
manganese oxide, and soda concentrations, and attribute these to the
major primary productions close to the Mediterranean coast. Given the
evidence for intensive recycling across the whole period, it is significant
that these glass groupings remain distinctive and have not blurred. This
reflects the fact that there was a constant loss of material from the sys
tem, so that some discarded glass was not retrieved to be recycled. Our
sample (and presumably glass within archaeological contexts in general)
is thus largely composed of this glass which escaped the cycle of remelting. Over time, lost glass was replenished by fresh material until
its compositional signature was diluted beyond recognition in the ma
terial in use at a particular time. Even so, the presence of antimony at
above background levels in several samples of Apollonia-type glass from
Umayyad contexts K and P hints at a continuity of recycling where traces
of Roman material are still present in the reservoir of recycled material
several centuries later.
Exotic glass from Egypt and Mesopotamia was recovered, especially
from the House of the Scroll in Trench K and the House of the Tesserae in
Trench P, where activity was truncated by the earthquake of 749 CE.
While the presence of plant-ash glass reflects the accelerating decline of
Levantine natron production in the eighth century, these closed contexts
favored a more representative preservation of the glass that was actually
in use. It therefore seems probable that some evidence of exotic glass
from earlier periods has been lost due to the intensity of recycling
activities.
Comparison of the composition of Apollonia-type glass at Gerasa
with that from sites West of the River Jordan suggests that recycling was
particularly intensive, although the city had access to fresh raw glass
from the tank furnaces close to the Mediterranean coast. This intense
recycling reflects the high demand for glass in the urban environment of
Gerasa coupled with the higher cost of overland transport as opposed to
coastal trade. Hence, while the exotic materials indicate connectivity
over long distances, local trading networks were dominant.

6. Conclusions
This paper reports an unusually detailed analytical programme un
dertaken upon a glass vessel assemblage recovered from the excavation
of a limited area of the ancient city of Gerasa and has allowed a number
of conclusions to be made which contribute to both the understanding of
the site and assemblage as well as to the interpretation of glass
compositional data in general. From a methodological perspective, we
have developed further previous approaches to discrimination allowing
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