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We studied the Fe K-edge X-ray absorption near edge (XANES) spectra of several Roman black glass fragments in order to
determine the Fe3+/ΣFe ratio of these materials. The selected archaeological glass samples cover the period 1st-5th century AD
in nine different sites of the North Western provinces of the Roman Empire. The fragments belong to two different compositional
groups demonstrating a diachronic evolution: early Roman HMG (High Magnesia Glass) and Roman Imperial LMG (Low
Magnesia Glass). The first group contains natural Fe levels (below 2 wt% as Fe2O3), while the LMG has concentrations above
5 wt%. This difference is also reflected by Fe3+/ΣFe values. Low iron glass was produced under strongly reducing conditions
in order to obtain the black colour, with average Fe3+/ΣFe values ≈ 0.17. LMG glass is somewhat more oxidised (Fe3+/ΣFe
≈ 0.4-0.5). While HMG glass required active control of the furnace environment, LMG was made under ambient atmosphere
and their higher oxidation degree is mainly determined by the chemistry of the raw glass.

1 Introduction

Compositional analysis is routinely performed on archaeolog-
ical glass artefacts.1 Quantitative compositional data can form
the basis for the reconstruction of ancient recipes and may in-
directly help unravelling the distribution, trade and consump-
tion of glass in former periods, and in a wider perspective,
may provide new data to allow a better understanding of an-
cient economies. However, this elemental information is not
always sufficient to describe all relevant properties of glass. In
several historical periods, the colour of glass artefacts has been
an important characteristic. Colour in glass is imparted by
several transition metals and both the redox state and the co-
ordination geometry of metal ions affect the final hue. Redox
conditions in the glass furnace and of the melt are therefore
important for determining the final aspect of a glass artefact;
hence, an indirect determination of these conditions allows to
better understand the skills required for glass making.

In man-made glass, iron is always present because of its
natural occurrence in (heavy) minerals associated with sand.
By controlling the furnace conditions, or by adding redox-
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sensitive elements, glass makers can change the Fe3+/ΣFe ra-
tio and generate hues ranging from brown (in presence of sul-
phur) over green to blue or optionally may produce colourless
glass.

In a recent paper, Arletti et al.2 studied the Mn K-edge
and Fe K-edge X-ray Absorption Near Edge Spectroscopy
(XANES) profiles of 15 archaeological glass samples. The
fragments investigated were iron-coloured glass of different
shades, some glass decolourised by means of manganese or
antimony oxides and one example of purple coloured glass.
The results of their analysis offered a deeper insight into an-
cient glassmaking technology.

In this paper, we investigate the redox conditions employed
in Roman glass workshops to produce black glass, a particu-
lar type of artefact made in the Roman glass industry. Black
glass artefacts are a source of relevant historical information.
They can be linked to patterns of regional consumption and
specific periods.3 Black glass was mainly employed to pro-
duce vessels and jewellery. Black glass jewellery was man-
ufactured throughout the entire Roman imperial period, but
became especially common from the second half of the 2nd

century AD onwards.3 The production of glass bangles, finger
rings, beads, pendants, hairpins and gems disappeared gradu-
ally during the 5th century AD in the Western part of the Em-
pire.3

Black appearing glass vessels were fashionable at three dif-
ferent stages in Roman history. In the first phase of black
glass vessel consumption from about 30 to 70-80 AD, these
artefacts enjoyed an Empire-wide distribution. The produc-
tion of black glass vessels was initiated by glass workshops
in the South-Eastern Mediterranean where also other deeply
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coloured monochrome glass vessels were produced. Soon the
production moved to new glass workshops in Italy, France and
Switzerland. Between 170-180 AD and 230-250 AD, black
glass gained again favour within the North Western provinces
Gallia Belgica, Germania Inferior and Germania Superior.3,4

During the 4th-5th century AD, there was a third re-emergence
of this particular glass production, limited however to the
South-Eastern Mediterranean.3

In previous papers several hundred fragments of black
glass were analysed.3,5–7 The analysed sample set encom-
passed material from 1st to the 5th century AD, originating
from the entire Roman Empire, i.e. from East to West and
from South to North. The colour description “black” gen-
eralises the perceived hue because the real colour is not ob-
servable due to the high concentration of colouring oxides in
the glass matrix. Black glass can be obtained by introduc-
ing one or several colouring agents in large abundance. It
has been proposed that the regional production and distribu-
tion of (black) glass implies a gradual improvement of tech-
nological knowledge.3,7 However, most black glass generated
has a deep green hue, using iron as chromophoric element.
Among the dark green/black glass, it is possible to distin-
guish two different recipes: a low iron (Fe2O3 < 2 wt%) and a
high iron (Fe2O3 > 5 wt%) soda-lime-silicate glass. The first
type could be dated prior to 150 AD and received an Empire-
wide distribution, while the second glass type appeared only
at the end of the 2nd century.7 Another important difference
is that low iron glass is characterised by high magnesium and
potassium concentrations, typical of glass made from sand and
plant ash. High iron glass has on the contrary the classical Ro-
man low magnesium, low potassium chemical composition,
obtained by fusing relatively pure lime-bearing sand and min-
eral soda,8 to which, iron was added to impart the colour.5–7

The chemical composition obtained by SEM-EDX allows
to determine the total iron concentration in the glass. If a
glass with a specific amount of iron is produced under differ-
ent redox conditions, its Fe3+/ΣFe ratio changes accordingly.
XANES allows to determine how much of the total iron is in
the ferrous (Fe2+) or ferric (Fe3+) state. By systematically
determining Fe3+/ΣFe ratio for a series of 27 black appearing
glass samples, this study aims to contribute new information
on the ancient glass technology. More specifically, Fe3+/ΣFe
ratio is considered to be a key parameter permitting to inves-
tigate whether redox conditions were intentionally modified
in glass furnaces in some periods of the Roman Empire to
produce black glass. Besides XANES, we employed Raman
spectroscopy in order to probe qualitatively the presence of the
Fe3+-S2− complex. The resonant effect allows to detect ppm
levels of the complex.9,10 This specie absorbs very strongly in
the visible region, hence, its presence might contribute to the
formation of black color. Furthermore, this chromophore is a
marker of particularly reducing conditions as it starts forming

when Fe3+/ΣFe decreases below 0.50.11

2 Experimental section

2.1 The archaeological glass

All the glass fragments analysed belong to the so-called black
appearing glass. We selected 27 samples taken from vessels
and jewellery dating between the 1st and the 5th century AD
and originating from nine Western European archaeological
sites. All sampled fragments come from consumption sites.
Nevertheless, the samples from Augst (Switzerland) and Trier
(Germany) might have been produced in their respective local
glass workshops.3 In Table 1 we report the chemical compo-
sition obtained by SEM-EDX, period of production, place of
excavation and type of artefact.5

While all the selected fragments are black appearing green
glasses with a soda lime glass base composition (with the
Na2O concentration between 14.7 and 20.9 wt%), they belong
to three different chemical groups. A first group consists of
11 samples of High Magnesia Glass (HMG)8 dated to the 1st

and up to the mid 2nd century AD. These glasses were made
using iron-containing sand and plant ash and no intentional
addition of iron took place.5 The second large group is Low
Magnesia Glass (LMG)8, obtained by using sand and mineral
soda and dated between the 2nd and the 4th century AD. This
compositional group consists of 14 glass fragments to which
iron was deliberately added in order to obtain the black aspect.
We report here also the data obtained on two samples from a
4th-5th century context, excavated in Trier having a High Iron,
Manganese and Titanium (HIMT) glass composition.12 Also
in these two glasses, iron was deliberately added to achieve
the black appearance. Although two samples are limited and
no conclusions on this group will be drawn, these samples are
relevant a reference for future studies on HIMT glass.

2.2 X-ray Absorption Near Edge Spectroscopy (XANES)

The Fe-K edge XANES measurements were performed at
DORIS III, Beamline L, Hamburg (Germany). A Si(111) dou-
ble crystal monochromator was used, having an energy reso-
lution ∆E/E of about 10−4. A transmission XANES spectrum
was recorded from a metallic Fe reference foil (7.5 µm) and
used to provide an accurate energy calibration for all spec-
tra; the first inflection point of the Fe-K edge was set to 7112
eV.13 A slight detuning of the two monochromator crystals
was used to remove the high energy harmonics from the inci-
dent X-ray beam. The reference compounds FeCl3 and FeSO4
provided reference spectra for ferrous and ferric iron. In order
to limit self-absorption, these powdered compounds were di-
luted to±2% with cellulose and pressed into a pellet. To avoid
contributions of possible heterogeneities during mixing, the
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reference XANES spectra were recorded with an unfocused
beam. Next to these reference compounds, also two soda-
lime-silicate glasses, ST1 and ST2 were analysed. The two
glasses contain a different total amount of iron (0.1 wt% and
0.6 wt% as Fe2O3 respectively) but have an identical Fe3+/ΣFe
ratio estimated to be equal to 0.67.2,14 XANES spectra were
recorded with the sample oriented at 45◦ to the incoming
beam. The fluorescence yield was collected using a Vortex
silicon drift chamber detector at an angle of 45◦ with respect
to the sample surface. ROI (Region Of Interest) fitting around
the FeKα line (6113-6692 eV) was performed. XANES spec-
tra were collected from ∼32 eV below to ∼130 eV above the
Fe-K edge using different energy intervals (7090 eV - 7105
eV: 0.25 eV, 7105 eV - 7120 eV: 0.1 eV, 7120 eV - 7250 eV:
0.25 eV); a measuring time of 1 s was used for each energy
step resulting in a∼ 20 min measuring time per XANES spec-
trum. Three repeats were recorded for each Fe model com-
pound in order to acquire virtually noise-free spectra. The
measurements of the historical glass fragments discussed in
this article were performed under the same conditions as the
reference compounds. The size of the focused primary beam
was made as large as possible, circa 780 x 520 µm2, in order
to minimise the influence of possible heterogeneities in the
analysed glass fragments. A polycapillary lens was used for
focusing but the sample surface was at a larger distance than
the focal length of the lens. All scans were recorded on the
bulk of the samples. The thickness of the embedded samples
(several mm) prevented transmission XANES measurements,
thus allowing only monitoring of the fluorescence intensity as
a function of the excitation energy. For all XANES spectra, the
normalisation was performed by means of the software pack-
age ATHENA. An edge-step normalisation was performed by
a linear pre-edge subtraction and by regression of an (in gen-
eral) third degree polynomial beyond the edge.15

The pre-edge peak is extracted using an arctangent function
to describe the background. In literature different functions
have been employed for the description of the pre-edge fea-
tures.16 When the same mathematical model is used through-
out the entire data set, the conclusions will be consistent.
Problems may arise when comparing the data to literature
values.17 For the glass samples, the Fe-K pre-edge features
have been fitted using two Voigt peaks with 2 eV of aver-
age width.16–20 For the reference compounds, it was neces-
sary to include a third peak function to obtain good fits. All
peaks were constrained to have a 50% Lorentzian-50% Gaus-
sian shape.

2.3 Raman spectroscopy

Raman spectra are recorded between 100 cm−1 and 1300
cm−1 using a LabRam Raman spectrometer (Horiba Jobin
Yvon S.A.S, France) equipped with an integrated Olympus

BX40 microscope and a solid state laser emitting at 532 nm.
The data are corrected for the dependence of the scattered

intensity on the temperature and frequency using the estab-
lished method developed by Long.21–24 All spectra are base-
line subtracted using a cubic spline function through data
points at ∼200, ∼850 and ∼1200 cm−1.

3 Results

Figure 1 shows the XANES profiles and the pre-edge ab-
sorption features of FeSO4, FeCl3 and ST2, correspond-
ing to Fe3+/ΣFe ratio values of respectively 0.00, 1.00 and
0.67. The position of the absorption edge around 7122 eV is
clearly shifting towards higher energy when the Fe3+/ΣFe ra-
tio changes from 0.00 over 0.67 to 1.00. The pre-edge peak
located at about 7114 eV behaves accordingly.

The pre-edge features in Fe-K edge XANES spectra are due
to 1s→3d transitions.25 It is well known that the pre-edge fea-
tures are strongly affected by the oxidation state and the co-
ordination chemistry of the absorbing ion. The higher the ox-
idation state the higher the energy required for the absorbing
transition to occur.16,17,19,25–27 The centroid of the pre-edge
(i.e. the energy position at which half of the total area is inte-
grated) for a determined oxidation state always occurs at the
same position irrespective of the coordination geometry. On
the other hand, the Fe coordination type has a major effect on
the intensity of the pre-edge features, which increase in inten-
sity while changing from 6-fold to 4-fold coordination.16,25,26

In glass, both the ferrous and the ferric iron can have 4-fold,
5-fold and 6-fold coordination. The extracted pre-edge spec-
tra exhibit a systematic shift of the energy to higher values as
the relative abundance of the ferric components increases.

Fig. 1 Normalised XANES spectra of the reference compounds
FeSO4, FeCl3 and glass ST2 show an evident shift of the absorption
edge. In the inset, the influence of Fe3+/ΣFe on the 1s→3d pre-edge
transition is highlighted

Table 2 reports the fit results of the Fe pre-edges for all
black glass samples and reference compounds. The average
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positions of the two Voigt functions used to fit the pre-edge
peaks of the glass samples are 7112.4 ± 0.2 eV and 7114.0 ±
0.2 eV. The two components are separated by about 1.5 eV in
accordance with published data on silicate glasses.2,16,17

Fig. 2 Pre-edge absorption of standard glasses ST1, ST2 and
reference compounds FeSO4 and FeCl3. The centroid position
varies from 7112.72 eV for ferrous iron (FeSO4) to 7114.10 eV for
ferric iron (FeCl3)

Figure 2 shows the fits of background and pre-edge for the
reference compounds, FeSO4 and FeCl3, and for the standard
glasses ST1 and ST2. The position of the centroid varies from
7112.72 for ferrous (FeSO4) to 7114.10 eV ferric iron (FeCl3).

Although the calibration data set only contains 4 points, it
is possible to establish a correlation line that allows to es-
timate the Fe3+/ΣFe ratio of glass samples.17 The linear fit
and its parameters are reported in Figure 3. For comparison
we show also the data obtained by Arletti et al.2 for alman-
dine (Fe2+), hercynite(Fe2+), ST1(Fe3+/ΣFe = 0.67), silicalite
(Fe3+). Nevertheless, we computed the linear correlation us-
ing only our data. The values of the Fe3+/ΣFe ratio obtained
are reported in the last column of Table 2. HMG glass on
average features Fe3+/ΣFe = 0.17 ± 0.07. LMG glass show
more disperse values with an average Fe3+/ΣFe ratio of 0.40
± 0.14. The two HIMT fragments have different values: sam-
ple PC13 4 appears fairly oxidised with a Fe3+/ΣFe value of
0.80, while PC13 5 is more reduced, having only 50% of iron
in the ferric state.

Figure 4 shows the extrapolated pre-edge features of three
Roman black glasses in comparison to standard glass ST2.
The evolution of the pre-edge peak positions reflects well the
change in oxidation state.

Fig. 3 The centroid position of the standard glasses ST1 and ST2
and reference compounds FeSO4 and FeCl3 are correlated to the
Fe3+/ΣFe values. This relationship is used to calculate the ferric
fraction in the glass samples

Fig. 4 Pre-edges X-rays absorption changes systematically with
Fe3+/ΣFe . The raw data, the two Voigt peaks used for the fitting
and the total fit are superimposed to show the quality of the fits from
which the centroid values were determined

4 Discussion

4.1 Causes and effects of Fe3+/ΣFe in glass

Contrasting the usually unintentional presence of iron in the
glass batch, iron was the main colourant employed to make
black appearing glass. Hence, ancient glassmakers must
have known the effect of this metal ion on the final hue of
glass. Figure 5 is a scheme of the main parameters affecting
Fe3+/ΣFe and the effect of the redox equilibrium on the final
glass colour. Different redox ratios yield a large spectrum of
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hues.

Fig. 5 Glass batch composition, pO2in the furnace and melting
temperature affect Fe3+/ΣFe in glass. This influences the final hue,
which is also function of the total iron concentration

In oxidising environments Fe3+/ΣFe tends to 1 and the
colour of glass is pale yellow. The origin of the colour is
due to the weak d-d forbidden transitions of Fe3+ in the re-
gion between 380-440 nm and the strong charge-transfer UV
absorption which tails in the visible.11

Reducing conditions favour the formation of ferrous iron
which absorbs strongly in the near infra-red region (∼1000
nm in octahedral and ∼2000 nm in tetrahedral coordination).
The absorption band of octahedral Fe2+ tails in the visible
electromagnetic spectrum shifting the colour towards blue.11

Similarly to Fe3+, ferrous ions absorb in the UV, but at higher
energies.28,29 The coexistence of the two ion species yields a
green hue in different shades according to the relative propor-
tion.

In ancient glass small quantities of sulphur are always
present as it is introduced as impurity of the fluxes. Under
strongly reducing melting conditions, S2−/S6+ equilibrium is
moved in favour of the anion. As a consequence, the colour is
strongly modified by the formation of the ferri-sulphide com-
plex, Fe3+-S2−.30 Despite most of the iron is transformed
in Fe2+, the remaining amount of ferric ions can react with
the sulphur present in the batch. Fe3+-S2− is a strong chro-
mophore which absorbs light due to the presence of a very
strong charge-transfer band at 415 nm originating the amber
colouration typical of nowadays beer bottles.31

Yellow, green, blue or olive hues are some of the possible
combinations of the ferric and ferrous ions. The colour is fur-
ther deepen by the concentration of iron (see Figure 5) or the
thickness of the artefact. If the total concentration of iron is
high (or the artefact is thick), the combined effect of Fe2+,
Fe3+ and Fe3+-S2− results in black appearing glass.

The final redox ratio of iron is the result of the combination
of several parameters linked to the chemical composition of
raw materials and the furnace technology (Figure 5).

The choice of raw materials, or in other words the glass ma-
trix, influences strongly the redox ratio. Certain compounds
affect the redox number of the glass batch.32,33 Anthracite,
carbon, pyrite, sulphides have a reducing effect; while alkali
nitrate, sulphates, iron oxide (Fe2O3) have an oxidising ef-
fect.32,33 A parameter which is related to the glass chemistry
is the optical basicity, which is function of the concentration
of alkalis (Li, Na, K ...). Optical basicity enhances oxidising
conditions and since network modifiers promote glass basic-
ity, glasses with a higher soda content tend to be more ox-
idised.34,35 Glass composition is also responsible for possi-
ble electrochemical reactions within the glass melt.36 Anti-
mony and manganese oxides were regularly added to the batch
in order to oxidise iron and produce colourless (or weakly
coloured) glass.37

Besides the raw materials the final Fe3+/ΣFe values are in-
fluenced by furnace technology. The two main parameters are
the oxygen partial pressure (pO2) and temperature. Reason-
ably, pO2is linearly correlated to Fe3+/ΣFe; hence, pumping
air into the glass furnace favours oxidation (pO2of air is ca.
10−0.7 atm), while a smoky CO/CO2 rich atmosphere (pO2≈
10−6-10−12 atm) shifts Fe2+/Fe3+ equilibrium towards the re-
duced state. Concerning the temperature, ancient furnaces
were capable of reaching 1100-1200 ◦C.28,30,38–40 For a given
soda-lime-silicate system, increasing the melting temperature
promotes the formation of Fe2+.41–43

When the melting temperature is low and the amount of al-
kali is high, ancient glass should be oxidised. On the other
hand, typical Roman glass is partially reduced having a typ-
ical blue-green hue. Arletti et al.2 found that “naturally”
coloured Roman glass has equally distributed ferrous and fer-
ric ions. Glass in the secondary workshop of Basinghall, Lon-
don, presents a Fe3+/ΣFe value equal to 0.5, while glass from
Bet Eliezer, from primary tank furnaces in Israel, shows vari-
able Fe3+/ΣFe values ranging from 46% to 70%. Accordingly,
Brill30 reports Fe3+/ΣFe values of 45% for blue-green Roman
glass from Jalame. Such reducing conditions were likely due
to little ventilation within the chamber which prevented a cor-
rect oxygenation of the melt, sensibly lowering the pO2, which
generate a Fe3+/ΣFe of about 0.50.

4.2 HMG glass - I-III century AD

The Fe3+/ΣFe values for the black glass samples (Figure 6 and
Table 2) show that this hue generally was produced under re-
ducing conditions. Low iron HMG glass, distributed in West-
ern Europe in the 1st century AD up to the mid 2nd century
AD, is strongly reduced with Fe3+/ΣFe values ranging from
8 to 30%. Literature data2,30 showed that the average Roman
furnace conditions result in about 50% of iron being present in
the ferric state. Hence, the values registered for early Roman
HMG glass are due to an intentional modification of the redox
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conditions.
Within this group, the variability of the Fe3+/ΣFe values

appears correlated to the site of production. Glass fragments
from Avenches and from Magdalensberg are more reduced
than the sampled glasses from London, which have around
25% of ferric ions. This differentiation can be explained by
considering the glass chemistry and the technology of ancient
glassmaking. It is unlikely that pO2was intentionally changed.
The only modification of the environment that glassmakers
could make was to use fresh wood to heat the melting cham-
ber. In this way CO and CO2 were released in the furnace at-
mosphere lowering pO2.44 It is more plausible that they added
certain chemical products to reduce the redox number of the
batch. Most likely, similarly to modern industry, they were
adding carbon to achieve this effect. Such conditions change
Fe3+/ΣFe virtually to 0. Nonetheless, the other components of
the batch still play an important role on the final redox condi-
tions. An increase of soda favours the formation of ferric ions.
Figure 7 shows the relation between Fe3+/ΣFe and Na2O con-
tent for HMG and LMG glass. The early Roman HMG group
exhibits a linear correlation. The artefacts from Avenches with
the lowest amount of Na2O, correspond to the samples with
the lowest amount of Fe3+. Contrary, the fragments from Lon-
don have the highest Na2O concentration (≈20 wt%), which
explains the higher Fe3+/ΣFe values found for these samples.

Fig. 6 Fe3+/ΣFe and centroid position are displayed for all glasses
analysed. HMG black glass was obtained by applying strongly
reducing conditions, taking advantage of iron impurities in the sand,
while LMG and HIMT glass were made black adding large amounts
of iron. By doing so, redox conditions no longer played a crucial
role

The origin of the black colour of these fragments is due
to strongly reducing conditions. The amount of iron alone can
not explain the black colour of the glass (Table 2). However, at
these reducing conditions the Fe3+-S2− complex can form. Its

Fig. 7 In HMG glass Fe3+/ΣFe and Na2O are linearly correlated,
while LMG glass does not have a clear relationship with soda
content

Fig. 8 Fe3+-S2− complex has a strong Raman signal at 419 cm−1.
When it is present in high concentration a second peak appears as a
shoulder at 365 cm−1. When Fe3+/ΣFe decreases below 0.50, the
chromophore starts forming, but its maximum development occurs
when 0.10 < Fe3+/ΣFe < 0.30

presence is confirmed by Raman spectroscopy measurements.
All glasses belonging to this group show a typical intense band
at 419 cm−1 (see Figure 8). The relatively high amount of
chromophore causes a shoulder at 365 cm−1.10

From these observations it is clear that early Roman black
glass was produced by intentional application of reducing con-
ditions. This was likely achieved by adding carbon to the
batch, probably together with firing fresh wood to run the fur-
nace. Nevertheless, it is not possible at the moment to draw
conclusions on when exactly, during the production process,
HMG glass was given its black appearance. Two equally plau-
sible options can be considered: 1) black glass was produced
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under reducing conditions in primary glass factories and sold
as such to secondary workshops, where it was remelted to
produce finished objects;3–5 or 2) glassmakers of secondary
workshops bought “naturally” coloured glass and remelted it
under reducing conditions to turn it black.

4.3 LMG glass - III-V century AD

After the second half of the 2nd century a technological change
occurred. In continental secondary workshops, rather than
applying strongly reducing conditions, glassmakers added
large quantities of iron to “naturally” coloured as well as de-
colourised glass imported from South East Mediterranean re-
gions.4 In this manner they could turn the resulting glass black
without requiring to explicitly control the redox conditions in
the furnace. High iron LMG glass has Fe3+/ΣFe values rang-
ing from 22% and 64%.

Soda content of these fragments does not fully explain the
variability of Fe3+/ΣFe within the data set (see Figure 7). The
samples from Augst present the highest values of Fe3+/ΣFe
together with a relatively high soda content (≈20 wt%). On
the other hand, all the other glasses have a similar soda content
(≈16-17 wt%) and their Fe3+/ΣFe values spread between 22%
and 55% of ferric ions.

Samples from Rumst, Nijmegen and Oudenburg are the
most reduced with Fe3+/ΣFe below 40%. While, the other
samples analysed have between 40% and 63% of iron in fer-
ric state. Such values are comparable to what Arletti et al.2

found for naturally coloured glass from the secondary work-
shop in Basinghall (London) and the primary glass furnace of
Bet Eliezer (Israel). This suggests that in this archaeological
sites redox conditions were not intentionally modified. Nev-
ertheless, it should be borne in mind that the variability of
Fe3+/ΣFe might be due to different sources of iron. As stated
above, pyrite would have a reducing effect while haematite an
oxidising one.

The black colour of these fragments is due to the high
amount of iron used to fabricate them. The presence of both
ions in the glass reduce the transmission of light, making the
artefacts appear black. Raman spectroscopy shows that the
ferri-sulphide complex is again present in many of the sam-
ples (see Figure 8). The more reduced samples have a more
intense band of the Fe3+-S2− complex, which disappears for
samples with Fe3+/ΣFe > 0.50. Normally, this chromophore
starts forming when Fe3+/ΣFe is below 50% and it reaches
its thermodynamic optimum when Fe3+/ΣFe ranges between
10% and 30%.11

4.4 HIMT glass - IV-V century AD

Only two glass samples are made of HIMT glass, produced
after the second half of the 4th century. In both cases iron

was added intentionally to a HIMT base glass imported from
primary factories likely located in Egypt. Seeing the limited
amount of samples, we present the data without further dis-
cussion as a reference for further studies. Both glass samples
stand out among the other analysed samples because of their
high Mn content (1.4 and 1.8 wt% when expressed as MnO).
It is widely known that pyrolusite (MnO2) is used as oxidation
agent for iron.1 Because of its high manganese content, nat-
urally coloured HIMT glass is generally rather oxidised, with
at least 80% of the iron present in the ferric form.2,45 The
two glass samples originate both from an archaeological site
in Trier, Germany. Yet, they have a rather different composi-
tion. PC13 4 is the most oxidised glass (Fe3+/ΣFe = 0.82) of
the full samples set, while PC13 5 features a Fe3+/ΣFe value
of only 0.50.

Similarly to LMG glass, the black appearance of HIMT
fragments is linked to the high amount of iron employed to
make this glass.

5 Conclusions

Fe K-edge XANES spectroscopy of glass is a useful source
of information, allowing to characterise the redox conditions
employed by ancient glassmakers. The iron XANES data are
complementary to elemental compositional information. Al-
though techniques such as SEM-EDX, XRF or EPMA provide
the base chemistry of the glass matrix, they do not distinguish
among the contributions of the ferrous and ferric iron, which is
a relevant parameter testifying to the redox conditions during
the production of coloured glass.

At first, black appearing glass artefacts were made by
remelting raw glass without addition of specific colouring
agents. The colouring process may have been performed ei-
ther in the primary or in the secondary glass workshops. In
both cases the making of black appearing glass with a rela-
tively low iron content required skilled glassmakers who were
able to control the redox environment in the furnace and were
aware of its effects. Since in primary workshops, we can as-
sume a more profound knowledge of glass chemistry to have
been present, it is more likely to assume that also the colour-
ing process and the use of reducing conditions took place here.
Strongly reducing conditions favour the formation of highly
absorbing colour centres due to the presence of ferrous iron
ions. The latter shift the UV-absorption spectrum of the glass
into the visible part of the electromagnetic spectrum and, if
sulphur is present, foster the development of the ferri-sulphide
complex.

After the second half of the 2nd century AD a different
and technologically more simple procedure was adopted to
produce black glass. Large quantities of iron were added to
turn glass black without requiring specific control of the re-
dox conditions in the furnace. The main advantage of this
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alternative procedure was that the level of required fuel and
of glassmaking skills was significantly lower than before. Its
improved cost-effectiveness probably contributed to its eco-
nomic success. The Fe3+/ΣFe values for the 2nd century AD
glasses is similar to what Arletti et al.2 found for naturally
coloured glass. This supports the hypothesis that the furnace
conditions were not explicitly controlled and that this range of
Fe3+/ΣFe values were achieved under uncontrolled kiln con-
ditions. In view of the more simple procedure employed for
colouring of high iron glasses, it appears plausible that this ef-
fect was obtained in secondary workshops, where “naturally”
coloured or decolourised raw glass was remelted and given the
black hue. However, LMG glass from the sites of Rumst, Ni-
jmegen and Oudenburg was made coupling both characteris-
tics: high iron concentration and strongly reducing conditions.
It is possible that in these areas the new and the old technolo-
gies were mixed or that glassmakers used a specific iron ore
which would lower the redox conditions of the glass batch (i.e.
FeS2).
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Table 1 List of the samples analysed by SEM-EDX. The table indicates also object type, century and site of excavation (after Cagno5).
a Au: Augst (Switzerland), Av: Avenches(Switzerland), Lo: London (England), Ma: Magdalensberg (Austria), Me: Menen (Belgium), Ni:
Nijmegen (Netherlands), Ou: Oudenburg (Belgium), Ru: Rumst (Belgium), Tr: Trier (Germany).
b Vess: vessel, brac: bracelet, pend: pendant, ring: finger ring.
c All dates must be read as AD

Sample Sitea Objb Centc Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 CuO PbO

High Magnesia Low Iron
PC1 7 Ma vess I 16.2 3.3 2.5 64.0 0.5 nd 0.9 2.2 7.8 0.2 0.3 2.0 nd nd
PC1 8 Ma vess I 19.6 1.9 1.9 66.1 nd 0.1 0.8 1.1 6.9 0.2 0.2 1.1 nd nd
PC1 11 Ma vess I 20.0 1.5 2.7 65.5 nd 0.2 1.0 1.0 6.4 0.2 0.1 1.3 nd nd
PC16 2 Lo brac I-II 20.3 4.5 1.6 65.5 nd nd 1.1 2.4 3.3 0.3 nd 1.0 nd nd
PC16 5 Lo brac I-II 20.9 5.2 2.3 63.4 nd nd 0.8 1.9 3.7 0.3 nd 1.4 nd nd
PC16 6 Lo brac I-II 20.4 4.4 4.2 60.6 nd nd 0.7 3.3 3.9 0.4 nd 1.9 nd nd
PC22 6 Av vess II-III 18.0 2.6 1.6 63.9 0.1 nd 0.9 1.9 8.6 0.1 0.5 1.6 nd nd
PC22 7 Av vess II-III 17.2 2.9 1.8 63.0 nd nd 0.9 1.6 10.4 0.1 0.4 1.5 nd nd
PC22 12 Av vess II-III 15.3 3.3 1.6 63.4 0.1 nd 0.8 2.2 10.6 nd 0.4 2.2 nd nd
PC23 2 Av vess II-III 15.1 3.3 1.6 63.7 nd nd 0.7 2.4 10.3 0.1 0.4 2.1 nd nd
PC23 3 Av vess II-III 19.2 2.1 2.9 62.6 nd nd 1.1 1.2 8.5 0.3 0.3 1.6 0.1 nd

Low Magnesia High Iron
PC1 3 Ru vess II-III 16.5 0.6 1.8 66.4 nd nd 0.7 0.7 6.2 nd 0.3 6.7 nd nd
PC1 4 Ru vess II-III 17.0 0.5 1.6 63.9 nd nd 0.9 0.6 5.5 nd 0.2 9.9 nd nd
PC1 5 Ru vess II-III 16.7 0.5 1.7 65.9 nd nd 0.7 0.7 6.2 nd 0.3 7.2 nd nd
PC6 1 Au vess II-III 20.5 0.8 1.9 65.6 nd nd 0.6 0.5 4.3 nd 0.2 5.6 nd nd
PC6 2 Au vess II-III 20.8 0.8 2.0 65.9 nd nd 0.6 0.5 4.3 nd 0.3 4.8 nd nd
PC6 11 Au brac III-IV 19.3 0.5 1.8 65.2 nd nd 0.7 0.6 5.9 nd 0.4 5.5 nd nd
PC13 6 Tr brac III-IV 16.3 0.5 2.1 62.3 nd nd 0.6 0.8 6.5 nd 0.3 10.5 nd nd
PC13 8 Tr brac III-IV 16.6 0.6 2.0 63.9 nd nd 0.6 0.7 6.3 nd 0.4 8.8 nd nd
PC22 4 Av vess II-III 16.5 0.5 1.7 64.2 nd nd 0.8 0.7 6.2 nd 0.2 9.0 0.1 nd
PC23 6 Me ring - 16.8 0.4 1.7 64.8 nd nd 0.8 0.7 6.1 nd 0.2 8.3 nd nd
PC23 8 Ni vess II-III 16.7 0.7 2.4 65.2 nd nd 0.7 0.9 6.3 0.1 0.3 6.7 nd nd
PC26 2 Ou vess III 16.5 0.7 1.7 64.4 nd 0.2 0.7 1.0 6.4 0.1 0.3 7.9 nd nd
PC26 3 Ou vess III 16.6 0.8 1.7 65.2 nd 0.2 0.7 1.0 6.5 0.2 0.4 6.9 nd nd
PC26 4 Ou brac III-IV 15.9 0.7 1.7 61.9 nd 0.2 0.6 1.0 6.0 0.1 0.3 11.5 nd nd

HIMT High Iron
PC13 4 Tr pend IV-V 14.7 1.2 2.8 57.9 nd nd 0.4 1.5 6.7 0.4 1.4 8.8 0.6 3.5
PC13 5 Tr brac IV-V 18.7 1.1 2.1 63.7 nd nd 0.8 0.7 6 0.4 1.8 4.7 nd nd
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Table 2 XANES fitting parameters for all samples

Sample Location Position (eV) Area Total area Width (eV) Centroid (eV) r2 Fe3+/ΣFe

Reference compounds & glasses
FeSO4 7111.68 0.0649 0.1323 2.1 7112.72 0.9996 0

7113.2 0.0461
7114.82 0.0213

ST1 7112.81 0.0821 0.2184 1.87 7113.77 0.9858 0.67
7114.35 0.1363

ST2 7112.58 0.073 0.2159 1.96 7113.67 0.9967 0.67
7114.23 0.1429

FeCl3 7112.9 0.0372 0.13 1.87 7114.1 0.999 1
7114.14 0.0619
7115.45 0.0309

HMG: Low Iron
PC1 7 Magdalensberg 7112.29 0.0973 0.1863 2 7112.98 0.999 0.14

7113.72 0.089
PC1 8 Magdalensberg 7112.18 0.0914 0.1766 1.77 7112.91 0.9971 0.1

7113.69 0.0852
PC1 11 Magdalensberg 7112.37 0.104 0.1984 1.99 7113.1 0.9987 0.23

7113.89 0.0944
PC16 2 London 7112.39 0.0979 0.1706 1.67 7113.07 0.9964 0.21

7113.98 0.0727
PC16 5 London 7112.65 0.1194 0.2115 2.51 7113.2 0.9961 0.3

7113.92 0.0921
PC16 6 London 7112.23 0.0953 0.1957 1.98 7113.07 0.9949 0.21

7113.85 0.1004
PC22 6 Avenches 7112.32 0.0976 0.1964 1.99 7113.05 0.9991 0.19

7113.77 0.0988
PC22 7 Avenches 7112.32 0.1018 0.1837 1.92 7112.96 0.9988 0.13

7113.76 0.0819
PC22 12 Avenches 7112.22 0.1043 0.1903 2.01 7112.89 0.9991 0.08

7113.71 0.086
PC23 2 Avenches 7112.27 0.1003 0.1811 2.02 7112.89 0.9984 0.08

7113.65 0.0808
PC23 3 Avenches 7112.26 0.0926 0.182 1.77 7113 0.9989 0.16

7113.78 0.0894

LMG: High Iron
PC1 3 Rumst 7112.26 0.1024 0.2108 1.95 7113.08 0.9991 0.22

7113.85 0.1084
PC1 4 Rumst 7112.31 0.1086 0.2242 2 7113.14 0.9992 0.26

7113.92 0.1155
PC1 5 Rumst 7112.42 0.1043 0.2149 1.98 7113.29 0.9994 0.36

7114.11 0.1106
PC6 1 Augst 7112.62 0.0997 0.2648 2.18 7113.68 0.9991 0.64

7114.32 0.1652
PC6 2 Augst 7112.59 0.0976 0.2502 2.11 7113.62 0.999 0.6

7114.29 0.1526
PC6 11 Augst 7112.39 0.0864 0.2312 2.09 7113.44 0.9986 0.47

7114.07 0.1447
PC13 6 Trier 7112.38 0.1021 0.2702 2.17 7113.42 0.9989 0.45

7114.04 0.1682
PC13 8 Trier 7112.51 0.0994 0.2617 2.07 7113.55 0.9991 0.55

7114.18 0.1622
PC22 4 Avenches 7112.56 0.1235 0.2529 2.09 7113.41 0.9994 0.45

7114.21 0.1294
PC23 6 Menen 7112.51 0.1262 0.2558 2.08 7113.36 0.9996 0.41

7114.18 0.1296
PC23 8 Nijmegen 7112.36 0.1238 0.235 2.01 7113.12 0.9995 0.24

7113.96 0.1111
PC26 2 Oudenburg 7112.39 0.106 0.2226 2.04 7113.28 0.9993 0.36

7114.08 0.1166
PC26 3 Oudenburg 7112.28 0.1001 0.1923 1.88 7113.04 0.9985 0.19

7113.86 0.0922
PC26 4 Oudenburg 7112.45 0.0945 0.2084 2.06 7113.35 0.9989 0.41

7114.1 0.1139

HIMT: High Iron
PC13 4 Trier 7112.85 0.0781 0.3061 1.97 7113.91 0.9982 0.8

7114.28 0.228
PC13 5 Trier 7112.44 0.0924 0.2444 2.02 7113.48 0.999 0.5

7114.11 0.1521
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