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A B S T R A C T   

Glass manufacturing processes and recipes changed fundamentally after the 8th century CE. The earlier cen-
tralised production system diversified, primary production sites multiplied, and the scale of individual pro-
ductions contracted. Mineral soda was no longer used and instead replaced by plant ash as the main fluxing 
agent, affecting the chemical composition and properties of the glass. In this work, LA-ICP-MS and Raman 
spectroscopy were used to investigate the compositional and structural characteristics of 68 glass fragments 
recovered during recent excavations at Bukhara in Uzbekistan, dating to the 9th to early 11th centuries CE. This 
is the most extensive systematically collected and studied glass assemblage from Central Asia to date. The glass 
can be attributed to different origins, confirming on the one hand the diversification of glass production during 
the early Islamic period and, on the other hand, regional variations in the chemical compositions and network 
structure of soda-rich plant ash glasses. As clear archaeological evidence for early Islamic glass production sites 
in Central Asia is rare, regional production groups are distinguished primarily on relative concentrations of Mg, 
K, P, Cl, Li and Cs in relation to the plant ash component, while variabilities in Al, Ti, Cr, Y, Zr, Th and REEs and 
their ratios indicate different silica sources. Raman spectra suggest variations in network connectivity and Qn 

speciation that confirm compositional groupings and suggest structural differences between regional productions 
of plant ash glass. The results demonstrate a clear dominance of local or regional glass groups, while revealing 
the importation of Mesopotamian glass, notably a high-end colourless glass type from the region around Samarra 
in Iraq. The new analytical data allow further separation and characterisation of novel early Islamic plant-ash 
glass types and their production areas.   

1. Introduction 

Towards the end of the first millennium CE, glass making and cir-
culation underwent significant changes. By the 10th century CE, pri-
mary production of glass, based on the use of soda-rich plant ash as the 
main alkali source, appears to have been established throughout the 
Islamic world, from Spain in the west to Central Asia in the east (for a 
review see (Schibille, 2022) and references therein). The classification of 
distinct glass groups and the identification of production areas have 
been hampered by the complex nature of plant ash glass, which is made 
from two highly variable raw materials, sand and plant ash, and their 

seemingly arbitrary combination (e.g. Ganio et al., 2013; Mirti et al., 
2009; Mirti et al., 2008; Schibille et al., 2022; Swan et al., 2017). The 
increasing number of elemental and isotopic data are gradually making 
it possible to isolate plant ash glass types and, consequently, primary 
production zones (Henderson et al., 2016; Henderson et al., 2020; 
Phelps, 2018; Schibille, 2022). Key questions are how to convert pri-
mary chemical data into meaningful glass groups and what level of in-
ternal variability can be tolerated. A detailed and comprehensive 
evaluation of analytical and structural data of well-contextualised glass 
assemblages is required to obtain viable groupings. Changes in the 
archeo-vitreous record over time and space can in turn provide insights 
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into trade networks and the ancient economy, as well as the transfer of 
technologies and movement of goods and people. 

This study presents the results of laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) and Raman analyses of glass 
finds from Bukhara, one of the most important early Islamic metropoleis 
within the ancient exchange networks of Central Asia in Uzbekistan 
(Fig. 1; Stark, 2018; Stark et al., 2016; Stark et al., 2022). The samples 
were recovered during ongoing rescue excavations by the Uzbek- 
American Expedition to Bukhara (UzAmEB), a collaboration between 
the Samarkand Institute of Archaeology under the Agency of Cultural 
Heritage of the Republic of Uzbekistan and the Institute for the Study of 
the Ancient World at New York University (Mirzaakhmedov et al., 
2023). Within the framework of the UzAmEB project, systematic exca-
vations were carried out in targeted areas across a sector of ca. 0.75 ha in 
the inner city, immediately to the north of the city’s Congregational 
Mosque and east of the citadel, along the main east–west thoroughfare of 
the early medieval city (present-day Nurobod Street, Fig. 2). The project, 
which began in 2020, revealed a wide array of new archaeological data, 
transforming our understanding of the city’s long and multi-layered 
history, such as previously unknown monumental fortifications dating 
to the centuries around the turn of our era, the first ever excavated 
domestic architecture in the city, dating to the 4th–5th centuries CE, and 
the 5th-10th-centuries CE western wall of shahristan (inner city) just to 
the north of the former Banu Asad gate mentioned in Narshakhi’s 10th- 
century CE Tār̄ıkh-i Bukhārā (History of Bukhara; Narshakh̄ı, 1954). In 
particular, the excavations produced an incredibly large corpus of glass 
and glazed ceramics dated to the Samanid and early Qarakhanid periods 
(10th–11th centuries CE). 

This rich collection of glass and glazed ceramic fragments provided 
the perfect opportunity to explore the archaeo-vitreous record of 
Bukhara from a controlled and reliably dated context. The aim of this 
study is to understand the evolution and spread of early Islamic glass 
production and circulation along the Silk Road network and to start 
mapping glass compositions and structural variations as a proxy of 
technological developments and transfer. These new data enable us to 
frame Central Asian glassmaking within the wider setting of Islamic 
glass production. A comparison with data from other Central Asian sites 

such as Merv and Samarkand can identify the probable origins based on 
the frequency distributions of a particular type of glass and the degree of 
recycling. Our results lend support to an increasingly diversified glass 
production model in the early Islamic period and highlight the central 
role of glass in the economy of early Islamic Bukhara. 

While compositional data obtained by LA-ICP-MS have been exten-
sively used to classify archaeological glass, the use of Raman spectros-
copy to characterise the network structure of silicate glasses is relatively 
new. Raman can yield additional insights into the structural organisa-
tion of the silica tetrahedra and their three-dimensional atomic 
arrangement. The distinct vibrations of T-O-T tetrahedra (T = network 
former Si) are strongly related to the chemical composition of the glass 
and more specifically to the network forming and network modifying 
cations. The T-O bonds are typically stronger than the M-O bonds (M =
network modifiers) inasmuch as the latter interrupt bridging oxygens 
(BO) and determine the distribution of non-bridging oxygens (NBO). 
Raman-based models have been used in earth sciences (e.g. Giordano 
et al., 2019) to predict physical properties such as the viscosity of glass 
melts, which is critical for understanding glassmaking and glass working 
processes. 

2. Materials and methods 

2.1. Samples & sampling strategy 

The vast majority of glass finds from the UzAMEB excavations come 
from the >50 refuse-filled garbage wells (badrabs) and cesspits (tash-
naus) registered in the excavated areas since 2020 (Fig. 2). Such badrabs 
and tashnaus are characteristic of Central Asian cities of the 10th to early 
13th centuries CE (Anarbaev, 1981; Mir-Makhamad et al., 2023). In 
Bukhara, badrabs are typically round, simple pits (diameters = 70–130 
cm), which were often dug >7 m deep, i.e. beyond the depth of the 
present-day water table; tashnaus were of a similar depth but with a 
slightly smaller diameter, and they were either lined with fired bricks or 
large storage vessels with the bases removed. Both the badrabs and 
tashnaus were filled with sediments containing botanical and entomo-
logical remains, as well as large quantities of glass, ceramics and metals, 

Fig. 1. Map showing the early Islamic world between Samarra in the west and Taraz in the east. Sites mentioned in the text are indicated.  
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and some animal bones (Mir-Makhamad et al., 2023). Thanks to abun-
dant diagnostic ceramic and coin finds the badrabs and tashnaus in the 
area can be reliably dated to the 10th century CE, with the exception of 
two contexts (242, 163) where the chronology extends into the 9th and 
11th century, respectively (Supplementary Table S1). The ubiquitous 

presence of these waste pits just outside the western city wall to the 
north of the main western city gate (the Banu Asad gate) strongly sug-
gests the existence of a small extramural bazar in this area during the 
Samanid and early Qarakhanid periods, where travellers to and from the 
city gathered. 

Fig. 2. Excavations in the city centre of Bukhara. Satellite image of the excavation area is indicated in greenish yellow, the inserts are two drone aerial photographs 
showing the area prior to the excavations (left) and at the end of the 2022 season (right). The situational view of Badrab SU 28 and Tashnau SU 78 from the 2022 
season is shown below. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

N. Schibille et al.                                                                                                                                                                                                                                



Geochemistry xxx (xxxx) xxx

4

The total archaeological assemblage of glass artefacts retrieved from 
the UzAmEB excavations between 2020 and 2023 amounts to several 
thousand pieces and include a wide range of glass types. Two badrabs 
(SU18 and SU28) and one tashnau (SU 73) in Trench 2 (Fig. 2) returned a 
particularly large number of glass finds, possibly indicating a nearby 
glass workshop and/or merchant. A total of 68 glass shards from the 
2021 and 2022 excavation seasons were deemed representative of the 
entire collection and thus selected for compositional analysis. Pieces 
were chosen to include the range of glass colours, vessel forms, and 
technological aspects (free blown, moulded, wheel cut, applied and 
pinched decorations) and samples were selected in an attempt to not 
duplicate any individual vessels (e.g. only one fragment of window glass 
was selected from each stratigraphic unit). The glass types (Supple-
mentary Table S2) were characterised following Kröger (1995), and 
include samples of free-blown (n = 51) and mould-blown vessels (n = 9) 
with a range of decorations including applied (n = 3), incised (n = 1), 

pinched (n = 8), and wheel-cut decorations (n = 7; Fig. 3). The finds also 
comprise fragments of window glass (n = 6), which have a folded outer 
rim and diameters of up to 47 cm. The Bukhara assemblage is noted for a 
large number of alembic vessels (n = 3), which have a cylindrical or 
globular body with an open neck and a long spout. It is thought that they 
were used for distillation or medical purposes (Kröger, 1995). Most of 
the glass present in the assemblage is transparent and colourless (i.e. not 
intentionally coloured). However, there are samples of blue (n = 3), 
turquoise (n = 2), and purple (n = 1) coloured glass, and blue decora-
tions were applied to one example (BKH21–211-6). 

An additional three samples of raw glass chunks were included in the 
analysis. Two of these fragments were recovered from excavations at the 
site of Paykand (Abdurazakov, 1998), a possible early Islamic glass 
workshop located ca. 40 km to the southeast just outside the Bukhara 
Oasis. An additional glass ingot was sampled from Taraz about 860 km 
north-east of Bukhara. Both of these are smaller cities that were 

Fig. 3. Examples of glass finds analysed in this study. (a) BKH22 292f (Bukhara-M); (b) BKH22 292v (Bukhara 1a); (c) BKH21 211-67 (Bukhara 1a); (d) BKH21 211-6 
(Bukhara 2); (e) BKH22 531e (Bukhara 1b). 
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important in the Samanid and early Qarakhanid period. The glass ingots 
were included to determine if there was a common Central Asian glass 
signature. 

2.2. LA-ICP-MS 

Fresh samples of the glass finds were embedded in epoxy resin and 
ground to remove any resin and surface alteration. LA-ICP-MS was 
carried out at IRAMAT-CEB in Orléans (France) as a compositional 
readout. The analytical setup consists of a Thermo Fischer Scientific 
ELEMENT XR mass spectrometer in combination with a Resonetics 
M50E excimer 193 nm laser. A 5 mJ energy and a 10 Hz pulse frequency 
was used for the analyses, and the diameter of the stationary laser beam 
was typically 100 μm, occasionally reduced to avoid saturation of the 
system caused by Mn. After a pre-ablation of 15 s, 58 different isotopes 
from lithium to uranium were recorded for approximately 27 s, 
amounting to 9 mass scans for each isotope. The isotopes were selected 
to minimise possible interferences. An argon/helium flow (1 l/min Ar +
0.65 l/min He) transports the sample material to the plasma torch where 
it is dissociated, atomised and ionised in the plasma at high temperature 
(8000 ◦C). The ions are then separated according to their mass/charge 
ratios and quantified either with a secondary electron multiplier (SEM) 
for most ions or the Faraday detector for 23Na, 27Al and 39K (Gratuze, 
2016). Two ablations were performed per glass sample unless there were 
inconsistencies in the spectrum, in which case the analysis was repeated. 
Silicon is measured in the form of the 28 u isotope (28Si) and used as an 
internal standard. Background measurements are carried out 
throughout the analytical sequence and subtracted from each analysis. 
Five different reference glasses (NIST610, Corning B, C, D and APL1) are 
used to calculate the response coefficients for each element and to obtain 
absolute quantitative data (Gratuze, 2016). The calculations are based 
on an adaptation of the internal standard method previously described 
(Gratuze, 1999). Assuming that the sum of the different glass constitu-
ents is equal or close to 100 %, the following formula can be used to 
calculate the concentrations of the individual elements detected: 

%YmOn =
IY × αY

ISi × KY

/
∑ IX × αX

ISi × KX  

where IY, IX and ISi are the net intensity count rates corrected for isotopic 
abundance of isotopes for elements Y, X (all 58 elements) and Si (in-
ternal standard). αY and αX are the conversion factors from elements into 
oxides, while KY and KX are the response coefficient factors according to 

KY =
IYstd × [Conc]Sistd

ISistd × [Conc]Ystd  

where [Conc]Ystd and [Conc]Sistd are the concentrations of element Y and 
Si in the standard material. 

To validate the results and to monitor accuracy and precision, 
standard reference glasses Corning A and NIST 612 were analysed at 
regular intervals; the difference between certified values and calculated 
values are given in supplementary Table S3. 

2.3. Raman spectroscopy 

To investigate the network structure and Qn speciation of the glass 
from Bukhara, all but three samples were examined by Raman spec-
troscopy, using a LabRAM HR Evolution Raman spectrometer (Horiba 
Jobin Yvon) at the Institut de Physique du Globe de Paris (IPGP). For 
excitation, a Coherent laser with a wavelength of 488 nm and a nominal 
laser power of 100 to 400 mW was used. The spectra were acquired with 
a 50× objective and a 50 pinhole in a frequency range between 20 and 
up to 4000 cm− 1, using a grating system of 1800 g/mm. The detection 
system consists of a charge-coupled multichannel detector (CCD) cooled 
to − 60 ◦C. The typical acquisition time of a single spectrum was 10–30 s 
with 3 repetitions. Due to very strong Mn2+ fluorescence even at low Mn 

concentrations that obscures the Raman signal (Asher and Johnson, 
1984; Panczer et al., 2012) an additional laser wavelength in the purple 
range (405 nm) was used for a sub-set of samples (n = 26). The spectra 
were recorded with an excitation power of 50 mW and a 50× objective 
in the range of 250 to 4000 cm− 1. Acquisition time was 60 s with 3 
repetitions for each window. This enhanced the Raman spectra while 
shifting the broad luminescence band of Mn2+ to a higher frequency (>
1200 cm− 1), thus revealing intense bands in the 850–1200 cm− 1 range 
typical of alkali silica glasses (e.g. Mysen et al., 1982; Neuville et al., 
2014). 

2.4. Treatment of Raman spectra 

For comparability, the spectra were corrected for the effects of 
frequency-dependent scattering using the Long correction (Long, 1977; 
Neuville and Mysen, 1996): 

I = Iobs
{

νo
3[1 − exp

(
− hcν

/
kT

]
ν
/
(νo − ν)4}

where Iobs is the measured intensity, h is the Planck constant (h =
6.62607015 × 10− 34 Js), k is the Boltzmann constant (k = 1.3806489 ×
10− 23 J/K), c is the speed of light in vacuum (c = 299,792,458 m/s), T is 
the absolute temperature in [K], νo is the wavenumber of the incident 
laser (1/487.8 nm = 20,500.2 cm− 1; 1/405 nm = 24,691.4 cm− 1), ν is 
the measured wavenumber in cm− 1 (Long, 1977; Neuville and Mysen, 
1996). 

Subsequently, the background was subtracted by defining a spline 
baseline that was fitted directly to the corrected Raman spectra using 
MagicPlot Pro 2.9.3. Due to the strong fluorescence of Mn2+, con-
straining and subtracting the baseline proved to be difficult. As a rule, 
three to five anchor points were defined along the spectrum in areas 
devoid of peaks, especially in spectra where the blue laser (488 nm) had 
been used. It must be conceded that no quantitative information can be 
extracted from the spectra obtained in this way, but this type of baseline 
subtraction makes it nonetheless possible to determine the relative de-
gree of polymerisation and distortion of the glass network. Finally, the 
residual Raman spectra were normalised to the data point with the 
minimum (Imin) and maximum (Imax) intensity, using Inorm = (I - Imin)/ 
Imax. The spectra were deconvoluted and peaks determined by fitting 
Gaussian curves according to the procedures provided by Mysen et al. 
(1982), using again the internal functions of MagicPlot Pro2.9.3. 

3. Results 

3.1. Base glass compositions 

The 71 fragments analysed are all soda-rich plant ash glasses with 
elevated and highly variable MgO, K2O and P2O5 concentrations. Taking 
into account both the elements related to the plant ash component and 
those introduced as part of the silica source, the glass finds can be 
separated into 5 different production groups (Table 1; Fig. 4). One group 
(Bukhara-S, n = 8) with low sand-related accessory elements such as Al, 
Ti and Zr along with high MgO (> 4 wt%) and surprisingly low P2O5 is 
an exceptionally clean, colourless glass reminiscent of glass from 
Samarra (Schibille et al., 2018). A related group of eight samples 
(Bukhara-M) is not homogeneous and differs from the first group either 
in terms of the plant ash, reflected in lower ratios of MgO/CaO and 
somewhat higher P2O5, or in terms of the silica source that is richer in 
trace and rare earth elements. What these samples have in common are 
elevated Cr/La ratios (> 5) suggesting a Mesopotamian origin (Schibille, 
2022; Schibille et al., 2022). Overall lower trace elements distinguish 
these two Mesopotamian groups from the other glasses. The difference is 
particularly pronounced in Rb and Cs, across the REEs, as well as the 
lower ratios of yttrium to zirconium (Fig. 4). These features are indic-
ative of more mature silica sources compared to the Central Asian glass 
types. Both Bukhara-S and Bukhara-M groups also have higher chlorine 
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and lower phosphorus contents (Table 1), which points to differences in 
the plant ash component and its preparation. 

The bulk of the assemblage from Bukhara (n = 50) has low Cr/La 
ratios with medium to high, occasionally very high, levels of Al2O3 
alongside relatively low Ti and Zr concentrations (Fig. 4). The majority 
of the analysed glass fragments (n = 39) have high alumina (Al2O3 > 3.5 
wt%) and low Ti and Zr that can be further subdivided based on the 
abundance of REEs relative to Ti and Zr. A group of 26 samples (Bukhara 
1a) has lower Y/Zr ratios <0.15, while a set of 13 samples (Bukhara 2) 
form a tight and distinct cluster with higher Y/Zr ratios and overall 
higher REEs in relation to titanium and zirconium (Fig. 4b, c). Several 
samples are overall consistent with the larger high alumina group 
(Bukhara 1a) but for their somewhat lower Al2O3 (< 3.5 wt%) con-
centrations. To what extent this is indeed a distinct production group is 
not entirely clear, because aluminium contents can vary within the same 
silica source or a glass melt can be poorly mixed (Brems et al., 2018; 
Freestone et al., 2000). The group was thus named Bukhara 1b. The two 
subgroups Bukhara 1a and 1b exhibit highly overlapping trace element 
patterns (Fig. 4c). The exception is a slight positive Eu anomaly of group 
Bukhara 1a that is most probably linked to the high alumina concen-
trations of this group and the presence of plagioclase feldspar in the 
silica source (Weill and Drake, 1973). It can therefore not be considered 
an independent confirmation of group structures. Hence, the aluminium 
threshold between Bukhara 1a and Bukhara 1b is a compromise and is 
introduced first and foremost to allow the demarcation of a more 
compact cluster (Bukhara 1a). 

Three samples from Bukhara (BKH21 211 008, BKH22 411a, BKH22 
292a), the two fragments from nearby Paykand and one from Taraz 
cannot be clearly attributed to any of the main groups and are classified 
as outliers. A silica source exceptionally rich in accessory minerals un-
derlies the glass chunk from Taraz, reflected in very high Al, Ga, Nb, Hf, 
Th and U. The sample furthermore shows a marked negative Eu anomaly 
(Fig. 4c). The two glass chunks from Paykand also display relatively high 
trace and REE patterns compared to the main glass groups, while the 
major and minor elements do not differ significantly (Supplementary 
Table S4; Fig. S1). Sample BKH22 292a is similar to Mesopotamian glass 
in that it has remarkably high chromium concentrations. However, it 
also has much higher REEs, while zirconium and hafnium are lower. The 
remaining two samples (BKH21 211 008, BKH22 411a) are similar but 
not identical to Bukhara 1 as judged by their higher concentrations in 
silica-related accessory elements (Supplementary Table S4). 

3.2. Colourants / de-colourants 

Manganese oxide above the silica-related background levels (MnO >
0.03 wt%) is found in most of the samples from Bukhara, causing strong 
fluorescence in the form of Mn2+ in the Raman spectra. MnO was widely 
used as decolourant in Roman and Islamic glass to counteract the tinting 
caused by iron that is naturally present in the silica sources used for 
ancient glasses. However, the decolouring was not always successful and 
many of the glass samples that are not intentionally coloured have a 
bluish or greenish tinge (Supplementary Table S4). The fragments that 
can be considered truly colourless are the ones belonging to Bukhara-S, 
which was achieved by the use of exceptionally clean raw materials, 
since the MnO concentrations are presumably too low to have an effect 
as decolourant. Colourless are also the samples where MnO clearly 
outweighs the Fe2O3 contents (MnO/Fe2O3 > 1.5), with some exceptions 
in which the absolute iron concentrations remain low (Supplementary 
Table S4). It is likely that manganese oxide was added to the base glass 
as part of the general recipe (e.g. Swan et al., 2017). In one sample with a 
Bukhara 1a base glass (BKH21 211 67), Mn3+ (MnO = 1.8 wt%) acts as 
colourant, producing a purple colour. 

Among the vitreous finds there are only a handful of strongly col-
oured glasses (Supplementary Table S4). The deep blue sample BKH22 
531g is coloured by low concentrations of cobalt oxide (0.18 wt%). 
Copper oxide (0.54 wt%), iron oxide (2.27 wt%) and zinc (434 ppm) are Ta
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elevated along with the cobalt, suggesting that the cobalt source used 
was also enriched in these components. Only two other samples have 
notable cobalt contents (Co > 180 ppm), one of which (BKH22 110) has 
even higher zinc concentrations relative to cobalt and copper, while the 
other (BKH22 337f) has also relatively high nickel contents (325 ppm). 
All three fragments belong to the high Cr/La Bukhara-M group. The 
differences in the cobalt signature reinforce the heterogeneity of this 
group both in terms of the base glass and the colouring compounds. 

Two bluish turquoise fragments (BKH21 211 13; BKH22 292j) are 
coloured by dissolved copper oxide (CuO ≥ 1 wt%). In both samples, 
arsenic, tin, antimony and lead are more or less elevated, which may 
reflect specific copper sources and/or colouring techniques. Both spec-
imens are part of the Bukhara 2 base glass group. About a third of the 
analysed glass samples (n = 26) have CuO and/or PbO above the usual 
background levels (> 100 ppm), indicating that they may have been 
subject to recycling and that some coloured cullet was added to the 
batch (Fig. S2). This applies to all raw glass groups equally, with the 
exception of the Bukhara-S samples, which show no signs of recycling 
(except bottle BKH22 337e). 

3.3. Raman spectra and the degree of polymerisation 

Silica glass is composed of tetrahedral units so-called Qn where n 
represents the number of bridging oxygens bonded covalently to a sili-
con atom. In pure silica glass, these oxygen atoms are typically shared 
with another silicon atom as bridging oxygens (BO) to form a three- 
dimensional network of Q4 species with Si-O-Si bonding. These con-
nections can be broken by the addition of other chemical elements such 
as alkali, alkali earth or transition elements that form non-bridging ox-
ygens (NBO) bound to only one silicon atom, resulting in a mixture of 
different Qn-species, where n (0–4) is the number of BOs. Raman spectra 
are a good probe to investigate this organisation and connectivity of the 
glass network and its Qn speciation (Neuville et al., 2014). 

The relevant range (10 to 1400 cm− 1) can be divided into four 

sections: the Boson region (10–250 cm− 1); the low frequency region 
(250–700 cm− 1); the medium frequency region (700–850 cm− 1); the 
high frequency region 850–1300 cm− 1. Below 250 cm− 1, there is a 
scattering continuum and the Raleigh tail of the excitation line, except at 
very low frequency where there is the so-called Boson peak (Buchenau 
et al., 1986; Malinovsky and Sokolov, 1986). This peak is attributed to 
excitations associated with rotational motions of nearly rigid tetrahedra 
(Buchenau et al., 1986; Neuville, 2006). The peak is eliminated by the 
Long correction and baseline subtraction, but is clearly visible in the raw 
spectral data. Its exact peak position and shape appear to depend on the 
polymerisation and the silica content of the glass as well as the nature of 
the network modifier (e.g. Le Losq et al., 2014; Neuville, 2006). In the 
glass from Bukhara, the variation of the frequency of the Boson peak 
around 65 cm− 1 is very small because the silica content is relatively 
stable between 65 and 75 wt%. There is nonetheless a tendency towards 
higher frequencies of the Boson peak in Bukhara 1 and 2 compared to 
the samples that were imported from Mesopotamia. This observation is 
in agreement with the higher concentrations of network modifiers and a 
stronger distortion of the SiO4 tetrahedra in Bukhara 1 and Bukhara 2. 

The Raman spectrum above 500 cm− 1 is primarily due to vibrations 
of the Si-O network with the modifiers essentially at rest (Phillips, 
1984). Recently, Hehlen and Neuville (2020) have shown that the peak 
near 400 cm− 1 can also be attribute to alkali or alkaline earth elements 
as network modifiers. This area is still very controversial and beyond the 
scope of the present article. The peak near 580 cm− 1 visible in Bukhara-S 
and Bukhara-M samples is related to the Si-O0 rocking motions of fully 
polymerised Q4 units (Fig. 5). Bukhara 1 and 2, on the other hand, show 
peaks at 600–615 cm− 1 indicative of Si-O-Si bending vibrations in less 
polymerised structural units (Neuville et al., 2014; Yadav and Singh, 
2015). The difference most likely reflects, among other things, the 
higher Na2O / MgO ratios in Bukhara 1 and 2 compared to the Bukhara-S 
compositions (Fig. S3; see, e.g. Neuville et al., 2022). 

In simple glass compositions such as silicate glass, the broad peak at 
800 cm− 1 is sensitive to the size of the cation and generally shifts to 

Fig. 4. Base glass characteristics of the five compositional groups and outliers identified at Bukhara. (a) MgO/CaO versus P2O5 showcases differences in the plant ash 
component between the imported Bukhara-S, Bukhara-M and the local Bukhara 1 and 2 groups; (b) Y/Zr and Al2O3 contents differentiate the five glass groups 
according to the silica source; (c) average trace element profiles of the different groups normalised to the upper continental crust (MUQ, Kamber et al., 2005) 
highlight similarities between Bukhara 1a, 1b and 2, while separating the Bukhara-S and Bukhara-M glass. 
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higher frequencies as the size of the cation increases (e.g. Le Losq et al., 
2014; Neuville, 2006). It appears to be associated with asymmetric 
stretching vibrations of bridging oxygens between tetrahedra (Le Losq 
et al., 2014; Neuville et al., 2014). The Bukhara-S and Bukhara-M 
samples tend to show a band near 800 cm− 1 that is shifted to lower 
frequencies in the Bukhara 1 and 2 glasses (Fig. 5b). This would seem to 
imply that in complex vitreous systems, this band is shifted to lower 
frequencies with increasing modifiers. 

The most important structural information can be gleaned from the 
T-O-T stretching vibrations in the high frequency domain (850–1200 
cm− 1), where T can be Si, Al, Fe, or Ti (Neuville et al., 2014; Neuville 
et al., 2022). An intense broad band near 1100 cm− 1 is due to Si-O 
stretching vibrations in Q3 units, which is in good agreement with the 
SiO2 content close to 70 wt% (Le Losq et al., 2014; Mysen, 1997; Mysen 
et al., 1982; Neuville et al., 2014). In the Bukhara-S samples, this band is 
ever so slightly shifted to higher frequencies (> 1100 cm− 1), possibly 
indicating a small proportion of Q4 units (Mysen et al., 1982). There is 
no clear trend in the range between 940 cm− 1 and 1000 cm− 1 that most 
likely corresponds to the Si-O stretching in Q2 units with two non- 
bridging oxygens (Mysen and Frantz, 1994; Neuville et al., 2014). The 
shoulder near 980 cm− 1 may be caused by Fe3+ in four-fold coordination 
(Cochain et al., 2012; Magnien et al., 2006), Ti4+ in five-fold coordi-
nation (Mysen and Neuville, 1995), SO4

2− (Lenoir et al., 2009) or CO2 
(Amalberti et al., 2021). 

Taken together, the spectral features indicate subtle differences be-
tween the groups identified based on the chemical composition. The 
position of the band in the low frequency envelop (550–650 cm− 1) shifts 
to higher frequencies with increasing M2O, while the various bands in 
the high frequency range (800–1150 cm− 1) tend to decrease in fre-
quency with increasing M2O (Fig. 5b). Both trends appear to confirm a 
growing depolymerisation of the silicate network and reduction in 
connectivity in the Central Asian glasses from Bukhara. It can be 
assumed that these differences have an effect on the viscosity and glass 

transition temperature of the different compositional groups, with the 
Bukhara groups tending to have a lower glass transition temperature. 

4. Discussion 

4.1. Comparison of the compositional data with potential source areas 

In the 10th century, primary glassmaking was practised throughout 
the Islamic world, including Mesopotamia, Khorasan and Mawar-
annahar (mā warāʾ-al-nahr – “that which is beyond the river”) (Chinni 
et al., 2023; Schibille, 2022; Schibille et al., 2022). In Mawarannahar 
this was in fact an important cultural innovation, because glass had been 
extremely rare in the region during previous periods (Raspopova, 2011). 
Archaeological evidence of glass production sites in Central Asia during 
the early Islamic period is severely limited. Only from the town of 
Paykand is there clear archaeological evidence for the presence of a glass 
workshop, although this was never properly published (Naimark, 1985), 
and a possible furnace for glass processing from the late Qarakhanid 
period was reported from the southern suburbs of Bukhara (Nekrasova, 
2011). We therefore have to resort to the chemical composition of the 
glass itself. The likely provenance of the glass from Bukhara can be 
assessed on the basis of the base glass characteristics in comparison with 
the available database of glass compositions from across the early Is-
lamic world. By tracking the distribution of a particular glass type in 
regional assemblages in addition to the observed degree of recycling, 
conclusions can be drawn about putative primary production sites and 
the direction of exchange. 

If we compare the glass groups from Bukhara with published data 
from Mesopotamian and Central Asian sites, we find that a large pro-
portion of the glass does not have close parallels anywhere else. In other 
words, the Bukhara 1 and 2 glasses are probably from Central Asia and 
more specifically probably from the region around Bukhara itself. These 
glasses can thus be considered new regional production groups, 

Fig. 5. Raman spectra for the different compositional groups from Bukhara. (a) Corrected, baseline subtracted and normalised spectra of the representative samples 
BKH22 531 (Bukhara-S), BKH21 211 37 (Bukhara-M), BKH21 211 09 (Bukhara 1a), BKH22 531h (Bukhara 1b) and BKH22 531k (Bukhara 2); (b) frequencies of 
deconvoluted Raman bands as a function of the sum of M2O contents (M = Li, Na, K, Ca/2, Mg/2, Sr/2, Ba/2), separated according to the compositional groups. The 
lines show linear regressions of the data points. 
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manufactured using the available raw materials. Exceptions to this 
pattern are the Bukhara-S and Bukhara-M glasses that were traded over 
long distances (up to 2500 km) from the Euphrates and Tigris river 
valleys all the way to the Bukhara oasis (Fig. 1). As many as 22 % of the 
analysed objects can been classified as Bukhara-S or Bukhara-M glass, 
including all the wheel-cut and cobalt blue fragments. The samples 
belonging to the Bukhara-S group fall within the compositional limits of 
Samarra 1 (Schibille et al., 2018) across the entire range of trace and 
rare earth elements (Fig. 6a). One sample (BKH22 337d) is also typo-
logically very similar to a fragment from Samarra (Fig. 7). Based on our 
data, we can therefore conclude that these 8 samples most likely origi-
nated from the vicinity of the 9th-century Abbasid capital on the east 
bank of the Tigris river. 

Bukhara-M data do not match the Samarra glass, with disparities 
evident especially for the Ti/Zr ratios and across the REEs (Fig. 6a). As a 
group, Bukhara-M is highly heterogenous, indicating different primary 

production events and by implication different production sites. None-
theless, the data exhibit a relatively good match with Sasanian glass 
from Veh Ardashir (Ganio et al., 2013; Mirti et al., 2009; Mirti et al., 
2008) for practically all trace elements (Fig. 6a). To more tightly 
constrain the possible source areas of these glasses, further careful 
sampling and analysis of Mesopotamian glass, both Sasanian and early 
Islamic, will be necessary. Given the variability of compositions, the 
typological similarities with Mesopotamian glass assemblages and the 
compositional specificity of cobalt glass, it can be surmised that these 
glasses travelled as finished products. Their presence in Bukhara reflects 
in part the economic and cultural value of these objects, and in part 
perhaps the technical and/or material limitations of Central Asian glass 
production at the time. 

To determine the most likely source area for the Bukhara 1 and 
Bukhara 2 groups, we compared their aluminium and trace element 
signatures to data of contemporary glass assemblages from Merv, 

Fig. 6. Comparison of average trace element profiles of the Bukhara compositional groups with reference material. (a) Bukhara-S and Bukhara-M profiles compared 
to data from Samarra (Schibille et al., 2018) and Veh Ardashir (Mirti et al., 2009; Mirti et al., 2008). The shaded area corresponds to the range of Samarra 1 
compositions, while the Sasanian glass from Veh Ardashir are given as averages with standard deviations; (b) trace elements of Bukhara 1a, 1b and 2 compared to an 
assemblage from Karif-Kala near Samarkand (Chinni et al., 2023) and a subgroup from Merv with moderate aluminium levels (Schibille, 2022). Inset shows that the 
majority of the glass from Merv has very different characteristics related to the silica source. 
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Turkmenistan about 360 km to the west (Schibille, 2022), and the 
citadel of Kafir-Kala near Samarkand about 300 km east of Bukhara 
(Chinni et al., 2023). The recently described compositional groups from 
Gorgan in Iran could be excluded because of the deviating trace element 
profiles, particularly their considerably higher Ti, Zr or Hf concentra-
tions (Schibille et al., 2022). The majority of samples from Merv (Schi-
bille, 2022) can likewise be discarded as an acceptable match due to 
their higher zirconium and/or titanium contents and resulting lower La/ 
TiO2 ratios (Fig. 6b). However, a small subset of the Merv samples have 
moderate aluminium levels and yields a potential match for Bukhara 1b 
both in terms of the plant ash as well as the silica source. All the trace 
elements of these Merv samples lie within the perimeters of the Bukhara 
1b data (Fig. 6b). The difference pertains to the concentrations of ad-
ditives such as copper and lead, possible indicators of recycling, which 
are generally higher in the glass finds from Merv. Similarly, some glass 
finds from Kafir-Kala (group B, Chinni et al., 2023) are compatible with 
Bukhara 1 and Bukhara 2 in terms of most major, minor and trace ele-
ments, except for their higher REEs even compared to Bukhara 2 
(Fig. 6b). The glass from Kafir-Kala has practically no manganese above 
normal background levels and surprisingly high antimony oxide con-
centrations (0.22 wt%), for which there is no precedent in early Islamic 
glass production. These differences therefore rule out a direct link be-
tween the glass assemblages from Bukhara and Kafir-Kala, especially if 
we assume that manganese was added at the primary production stage 
(e.g. Swan et al., 2017). 

The geochemical similarities between Bukhara 1 and the subgroup 
from Merv and the glass from Kafir Kala reflect compositional patterns 
that suggest a Central Asian origin. Since no perfect compositional 
match was found for either Bukhara 1 or for Bukhara 2, and assuming 
that recycling increases with distance from the source, we propose that 
the region around Bukhara was the probable production area of Bukhara 
1 and possibly of Bukhara 2. Of the 47 samples belonging to Bukhara 1 
and Bukhara 2 that have not been intentionally coloured, about half 
show no clear signs of recycling, and both copper and lead contents 
remain low (< 100 ppm). Last not least, architectural glass in the form of 
window fragments was found among both the Bukhara 1 and Bukhara 2 
groups, further suggesting a local production. 

4.2. Compositional characteristics of early Islamic glass from Central Asia 

All the glass finds analysed in this study date to the 10th and early 
11th centuries, when Bukhara hosted a court of supra-regional impor-
tance, first for the Samanid dynasty after Ismail b. Ahmad had risen to 
political seniority within the Samanid family in 892/3 CE, and then for 
the Qarakhanid dynasty from 999 CE. This was a time of industrial and 
commercial prosperity in the regions of Khorasan and Mawarannahar 

(Bosworth, 1995; Davidovich, 1966; Mal’tsev, 1982; Negmatov, 1977). 
Local production of the famous Samanid slipware in Bukhara is also well 
documented (supplementary table S1), so glass production around the 
capital may therefore not be entirely unexpected. If glass had exclusively 
been imported, the same glass groups should be found as in other 
contemporary contexts. As it stands, the Bukhara assemblage is char-
acterised by a relatively low complexity, with two new and likely locally 
produced glass types making up the bulk of the finds. Bukhara 1 and 
Bukhara 2 have significantly higher aluminium, strontium, barium and 
REEs in comparison to Mesopotamian glass, while titanium, zirconium 
and hafnium are proportionally lower. The compositional characteris-
tics of Bukhara 1 and Bukhara 2 are fully consistent with a local glass 
production that exploited a nearby silica source more or less enriched in 
aluminosilicate minerals. 

It seems that Bukhara 1 and Bukhara 2 were not traded over long 
distances, which argues for a production model on a small, local scale. 
The differences evident in the glass finds from Merv and Kafir-Kala 
(Samarkand), in relative geographical proximity, also indicate a multi-
plication and dispersion of glass workshops in the Islamic east. It can 
thus be inferred that the glass most commonly used for everyday objects 
and architectural glass in the Samanid period came from the immediate 
vicinity of the respective urban centres (e.g. Bukhara, Samarkand, 
Merv). Larger quantities of glass cannot be easily transported overland, 
which limits economic viability. However, there was long distance trade 
of some glass objects, possibly related to technological limitations, lack 
of raw materials (e.g. cobalt) and/or know-how (use of pure silica 
sources). For example, the exceptionally clean and colourless glass from 
Samarra (Samarra 1) has been imported to Bukhara in the form of finely 
crafted objects. Similarly, all cobalt blue fragments are of Mesopotamian 
origin. These patterns of selective procurement can also be observed in 
other places such as Nishapur and Merv (Schibille, 2022; Schibille et al., 
2022). There is no satisfactory explanation for the production and use of 
two different local glass compositions in the form of Bukhara 1 and 
Bukhara 2. No pattern in the type of objects seems to be connected to the 
different base glass groups, with free-blown and mould-blown bowls, 
bottles, and vials being part of both groups. The only observed difference 
between Bukhara 1 and 2 is in the presence of alembics, which are 
constrained to Bukhara 1. Perhaps this is simply another indication of 
the small scale of production and batch sizes or a slightly different 
production date of Bukhara 1 and Bukhara 2 glass. 

Variations in the glass network structure determined by Raman 
spectroscopy confirm the compositional classifications that may point to 
systematic differences in the technology and/or raw materials between 
Mesopotamian and Central Asian glassmaking. Bukhara-S and for the 
most part also Bukhara-M glass appear to have a higher proportion of 
fully polymerised SiO4 tetrahedral units than Bukhara 1 and 2. This has 

Fig. 7. Sample BKH 22-337d (left) from Bukhara with a Samarra base glass compared to fragment with similar wheel cut decoration from Samarra (Id Sam I. 45). © 
Staatliche Museen zu Berlin, Museum für Islamische Kunst / Christian Krug). 
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an impact on the network connectivity that appears more strongly 
modified in the groups produced in Bukhara compared to the glass im-
ported from Samarra and Mesopotamia. The implications of this are far 
from understood in multicomponent silica glasses, where the attribution 
of peaks to specific structural features becomes increasingly complex 
due to overlaps and cation substitution of alkali and alkaline earth ele-
ments (Drewitt et al., 2022; Neuville et al., 2022). It can be assumed that 
these structural variations, even if minimal, will affect the molar vol-
umes and viscosity (Fig. S4), and thus the glass transition temperature. A 
lower working temperature in turn affects fuel requirements and/or 
furnace configuration. Further work is required to gain a better under-
standing of the effects of complex glass compositions on the structural 
organisation of the glass and the role of individual elements within the 
glass network. The potential function of magnesium as network former 
may be relevant, as Sasanian and Islamic glass produced in Mesopotamia 
is characterised by exceptionally high MgO concentrations. Here, 
especially bands in the low to medium frequency region of the Raman 
spectrum, which show the clearest shifts, may shed further light on the 
technological specificities of Mesopotamian glass in direct comparison 
with other regional production groups. 

5. Conclusion 

To summarise, the Bukhara glass assemblage consists of at least five 
compositional groups, two of which are probably Mesopotamian and 
three of likely Central Asian origin. The Central Asian types represent 
local or at least regional production groups, while high-end Samarra 
glass and some Mesopotamian artefacts, including all cobalt coloured 
finds, most likely travelled along the Silk Roads from the Euphrates and 
Tigris river plain as finished objects. Early Islamic glass coloured with 
cobalt generally appears to be of a predominantly Mesopotamian 
signature regardless of the find spot, indicating possible sources of co-
balt in western Iran. Judging from the data currently available, glass 
from Central Asia has higher levels of mineral impurities related to the 
silica source compared to Mesopotamian and Mediterranean glass, 
especially as regards aluminium and REEs in relation to Ti and Zr. The 
glasses also show differences in the plant ash composition such as 
phosphorus, chlorine and potassium, as well as in the network structure 
and degree of polymerisation. Taken together, this indicates differences 
in both the raw materials and the production technique. Whether this 
may be a legacy of Sasanian glassmaking or whether the production of 
glass was only introduced after the Arab conquest is currently not clear. 
Either way, the sudden surge of glass production in Mawarannahr after 
the Arab conquest must be seen against the backdrop of the specific 
historical conditions under which the conquest and subsequent cultural 
changes took place. As in other areas of material culture (e.g. artistic 
metalware, Marschak, 1986), Khorasani mawāl̄ı, who came to Mawar-
annahr with the Arab conquerors as administrators may have played a 
decisive role in the introduction of elite tastes and forms of expression 
that were new to Mawarannahr but already common in Sasanian Iran-
shahr. Perhaps the emerging taste for glassware in Mawarannahr was 
originally popularised by this class of new Persian speaking adminis-
trators, possibly with the assistance of Khorasani masters trained in 
Sasanian glassmaking. 
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glasses: a Raman, Mössbauer and boron K-edge XANES spectroscopy study. J. Am. 
Ceram. Soc. 95, 962–971. 

Davidovich, E.A., 1966. Denejnoe obrashchenie v Maverannakhre pri Samanidakh. 
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