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Abstract

Chemical analysis, optical absorption spectroscopy and mathematical modelling of high temperature viscosity have been carried out on five
Ist—2nd century AD Roman blue-green bottle glass fragments from Coppergate, York. Modelled viscosities indicate remarkable consistency
within the sample set studied and support the suggestion that temperatures of ~1000—1150 °C were required to remelt these glasses and to
provide suitable viscosities for forming articles. Iron redox ratios (Fe*'/SFe), analysed SO; contents and the absence of characteristic
Fe**—S2~ amber absorption bands suggest that melting conditions for all studied glasses were mildly, rather than strongly, reducing (estimated
pO, = 10~ '—107° bar). These furnace conditions are consistent with the effects of combustion gases and carbonaceous matter contained in the

raw materials.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The discovery and spread of the technique of glass blowing
throughout the Roman Empire enabled glass vessels to be pro-
duced cheaply and rapidly for the first time (Grose, 1989).
Compared to the traditional methods of core forming and cast-
ing, free blowing and mould blowing were more efficient and
hence more economical techniques. This contributed to the
widespread manufacture of glass vessels from the middle of
the 1st century AD (Foy and Sennequier, 1989). It is believed
that glass vessels ceased to be purely luxury items and rapidly
became more everyday in their use, for example as containers
and tableware (Price, 1976; Grose, 1989). One of the newly-
introduced vessel types was the blue-green square bottle,
which is one of the most commonly encountered vessels of
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the 1st and 2nd Centuries AD, and which is thought to
have been used for the storage and transportation of liquids
(Charlesworth, 1966).

The composition of Roman glass is relatively stable and
constant through time. This has led to the formation of two
models for glass production during this period: (i) centralised
production with local secondary working centres (e.g. Foy
et al., 2000; Freestone et al., 2002) and (ii) dispersed produc-
tion through local glass making and working centres (e.g. We-
depohl et al., 2003). In model (i), manufacture of glass from
raw materials is considered to have taken place at large, cen-
tralised glassmaking facilities, mainly in the south-eastern
Mediterranean, from whence the glass was transported to the
provinces. Model (ii) suggests a large number of regional or
local glassmakers, and compositional homogeneity arose
through similar recipes or the trade in broken glass or cullet.
The focus of the research which has given rise to these theories
relates to discovering the provenance of Roman glass; glass
technology has only been dealt within broad terms.
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This paper seeks to explore aspects of the technology of
Roman glass production relating to the melting characteristics
of the glass and the extent to which the colour and working
properties were controlled and influenced by Roman glass-
makers. Roman blue-green bottles have been chosen because
they form such a significant proportion of early assemblages,
are relatively long-lived and represent glass which is unlikely
to have been deliberately coloured. The glass is studied using
modern spectroscopic and modelling techniques to gather in-
formation on raw materials and furnace conditions. Five glass
samples originating from Roman blue-green square bottles
found at Coppergate, York, have been examined in detail in
this study. The glasses exhibit a range of colours from blue
to green.

2. Experimental procedures

Five samples of blue-green bottle and mould-blown pris-
matic bottles from Coppergate, York were obtained for analy-
sis. Sample designations are given as G+ small finds number,
and variations in colour, assessed visually, are given in paren-
theses, G6106 (green), G13125 (blue), G3622 (blue-green),
G14114 (blue) and G14131 (green).

Samples have been prepared for optical spectroscopy by
grinding and polishing with successive SiC paper grades, fol-
lowed by mechano-chemical polishing using aqueous CeO,
suspension. Due to the origin of each sample and the require-
ment for their preservation, optical sample thicknesses vary
from 2 mm to 4 mm. UV—Vis—IR spectra have been recorded
in transmission mode from 295 nm to 3300 nm using a Perkin
Elmer Lambda 2000 spectrometer. A monochromator change
at 860 nm is responsible for slight inaccuracies at that wave-
length, however, the effect is negligible in the context of this
study. Measured transmission spectra have been corrected
for reflection losses and converted to absorption using Eq. (1).

A= —log (1)

Io(1—R)*
where A = absorption in cm™ !, I=transmitted intensity,
Iy =incident intensity, and R = reflection losses. Calculation
of R has been made using Eq. (2), and by inputting published
refractive indices (V) for glasses with compositions across the
range studied here (Mazurin et al., 1987). This procedure indi-
cates that a value of R = 0.04 is sufficiently accurate to be ap-
plied to all samples, since the small differences in R which do
arise have a negligible effect upon corrected absorption spectra.

Chemical analyses have been carried out on each sample
using both inductively-coupled plasma-atomic emission spec-
troscopy (ICP-AES) and energy dispersive x-ray analysis
(EDS) with a scanning electron microscope (SEM). ICP-
AES analyses have been undertaken at the NERC ICP facility,
Royal Holloway, University of London on a Perkin Elmer

Optima 3300RL. Samples were digested in a hydrofluoric/
perchloric acid mixture and reconstituted in 10% nitric acid
solution, following the procedure for silicate rock dissolution
given in Thompson and Walsh (1983). Silica is lost as silicon
tetrafluoride during digestion and so is absent from the results:
silica content has been assumed by difference and verified by
EDS analysis. Al,O3, Fe,O5;, MgO, CaO, Na,O, K20, TiO,,
P,0s, Sb,03 and MnO have been measured and are given as
oxides; Pb and other trace elements (the latter were not in-
cluded in subsequent calculations) are presented in ppm. All
elements have been corrected for drift using an in-house sili-
cate rock standard. Accuracy associated with these measure-
ments is estimated using a Corning B standard and is found
to be, in absolute terms, £5% for major elements and +15%
for the minor elements (measured below 1 wt%). Contents
of Cl and S (expressed as SO3) cannot be measured by ICP-
AES, so SEM-EDS analysis has been utilised to detect these
components. SEM samples are prepared by setting in resin,
then using the same grinding/polishing regime as for optical
spectroscopy sample preparation. Material bulk compositions
have been analysed using a Link EDS unit fitted to a Philips
500 SEM. Three measurements are made at separate points
on each sample, which are then averaged. Errors associated
with EDS measurements of SO5; and Cl are estimated to be
40.1 wt% and +0.2 wt%, respectively.

The iron redox ratio Fe>"/SFe has been estimated using an
established optical method (Ades et al., 1990; Schreurs and
Brill, 1984). The maximum spectral absorbance of the peak
centred at ~ 1075 nm, which has been widely attributed to
Fe?" cations occupying a range of distorted octahedral sites
(Ades et al., 1990; Edwards et al., 1972; Bates, 1962), has
been obtained for each sample by optical absorption spectros-
copy. Calibration is provided using measured peak absor-
bances for two samples similar in composition to those
studied here (nominal wt% 69.94 SiO,, 15.50 Na,O, 14.03
Ca0, 0.53 Fe,03), and for which the iron redox ratio has
been measured. These two glasses were melted in gas-fired
and electric furnaces that provided substantially different oxy-
gen partial pressures (pO,). The iron redox ratio was then
measured for each sample using a wet chemical technique
(Jones et al., 1981), producing values of Fe?t/SFe =0.16
and 0.40. Using the measured absorbance at peak maximum
(~ 1075 nm) for both samples, a calibration graph has been
obtained which allows quantification of the optically-detected
Fe?"/ZFe ratio. This method makes the following assump-
tions: (i) all Fe contents fall within the limits of applicability
of Beer’s Law; (ii) the only contribution to the peak at
~ 1075 nm arises from Fe>"; (iii) Fe?" extinction coefficients
remain unchanged; and (iv) the fraction of Fe?" cations that
are octahedrally coordinated remains constant for all samples
and calibration glasses. Taking into account these assump-
tions, estimated errors for optically-detected Fe>"/SFe are
+0.05 (i.e. +5% error in Fe*"/SFe ratio).

High temperature viscosity has been estimated for the glass
samples shown in Table 1 using the Vogel-Fulcher-Tammann
(VFT) Eq. (3), which relates glass viscosity to temperature
for a Newtonian fluid.
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Table 1
Sample analyses, estimated redox ratios and predicted viscosities

G6106  G13125 G3622  Gl4114 Gl14131
Si0,/wt% 69.0 69.0 69.4 69.4 67.1
ALO;/wWt% 2.3 2.6 2.3 2.1 2.6
Fe,03/wt% 0.49 0.64 0.80 0.74 0.33
MgO/wt% 0.49 0.59 0.48 0.47 0.55
CaO/wt% 6.2 6.7 6.3 6.0 9.3
Na,O/wt% 18.2 17.3 17.4 18.2 16.6
K,O/wt% 0.52 0.74 0.54 0.50 0.52
TiO,/wt% 0.08 0.10 0.08 0.08 0.05
P,0s/wt% 0.09 0.12 0.10 0.09 0.08
MnO/wt% 0.35 0.51 0.46 0.37 0.92
SO3/wt% 0.37 0.22 0.36 0.30 0.23
Cl/wt% 1.4 1.1 1.2 1.2 1.6
Sb,03/wt% 0.37 0.28 0.35 0.43 0.00
Co/ppm 3 4 6 4 8
Cr/ppm 16 17 16 16 12
Cu/ppm 39 109 64 48 21
Li/ppm 4 13 6 4 1
Ni/ppm 9 11 11 10 19
Sc/ppm 1 1 1 1 1
V/ppm 10 15 15 10 14
Y/ppm 8 9 8 8 10
Zn/ppm 23 30 31 29 25
Sr/ppm 428 474 411 388 725
Ba/ppm 210 263 223 207 275
Pb/ppm 227 231 272 206 6
(Fe?"/SFe) + 0.05 0.25 0.35 0.37 0.34 0.33

Tlog (n/dPas) =2/°C 1394 1409 1407 1399 1363
Tlog (n/dPas) =3/°C 1113 1127 1125 1116 1103

Tlog (n/dPas) =4/°C 956 970 966 958 954
Tlog (n/dPas) =5/°C 837 850 848 839 835
Tlog (n/dPas) = 6/°C 753 764 764 754 767
Tlog (n/dPas)=17.6/°C 663 673 672 664 679
Working range/°C 293 297 294 294 275
logn A+T—T0 (3)

where 7 =viscosity, A and B and T, are constants and
T = temperature. The constants A, B and T, which are calcu-
lated using contributions from each component oxide, have
been evaluated and validated using measured viscosities for
silicate glasses similar in composition to those studied here
(Lakatos et al., 1972, 1975; Lakatos, 1976; Lakatos and Jo-
hansson, 1977; Bingham and Marshall, 2005). We have further
validated the applicability of Lakatos’ method to Roman blue-
green glass by modelling the viscosities of 12 glasses with
compositions falling across the same range as the Roman
glasses (Wt%: SiO,, 65—73; Na,O, 13—21; CaO, 5-—10;
MgO, 0—3; K,0, 0—2; Al,0O5, 0—3) and for which viscosities
have been measured (Mazurin et al., 1987). Modelled temper-
atures corresponding to viscosities throughout the range
log (n/dPas) =2—6 are within 15 °C of measured values in
11 out of 12 cases. Moreover, it is noted that the majority of
viscosity measurements have been made using rotating vis-
cometers. Even state-of-the-art viscosity measurement tech-
niques carry errors of 3—4 °C at elevated temperatures (Bose
et al., 2001). The errors associated with older measurements
may well be larger. As a result of our validation investigations

we have therefore concluded that high temperature viscosities
of our Roman blue-green glass compositions can be modelled
with sufficient confidence in their accuracy by using Lakatos’
values of A, B and T\,. Furthermore, this methodology may be
more widely applicable to ancient glasses. It has been neces-
sary to make certain simplifications owing to the absence of
mathematical factors for some of the more minor components.
Where possible, calculations have been made using compo-
nents producing closely similar viscosity behaviour. The con-
tents of Cl, Sb,0Os5, MnO, Fe,03, SO, TiO, and trace elements
have been omitted, and for the purposes of modelling, pro rata
multiplication of the composition to total 100% has been
made. This has been taken into account when estimating er-
rors, which are as follows: £20 °C at log (n/dPas) =2, de-
creasing linearly with increasing log 7, to reach a value of
415 °C at log (n/dPas) =17.6.

3. Results and discussion

3.1. Composition and modelled high temperature
viscosity

The chemical analysis results shown in Table 1 demonstrate
that the Coppergate glass compositions studied here are low
magnesia glasses, typical of Roman blue-green square bottles
in terms of their major constituent (SiO,, Na,O, CaO) and
MgO, K0, Al,0O3, Fe,0O5 and P,Os contents. These glasses
occur in a tightly-controlled compositional region, also typical
of many ancient and historic glasses. Modelling of high tem-
perature viscosity of historic glasses has received little interest
(Fischer and McCray, 1999); however, it can provide insight
into furnace temperatures and working properties without
the requirement for direct measurement of the glasses or fac-
similes thereof. The working range, or the range of tempera-
tures within which the glass is sufficiently fluid to be
worked or formed into shapes, occurs for SiO,—Na,O—CaO
glasses between the working point, log (n/dPa s) =4, and the
softening point, log (n/dPas)=7.6. At lower viscosities
the glass is too fluid to hold a shape, and near to and below
the softening point the glass no longer flows sufficiently and
cannot be worked. Modelled high temperature viscosities for
the samples studied here are listed in Table 1 and illustrated
in Fig. 1. The five blue-green glasses from Coppergate exhibit
similar working points (log (n/dPas)=4 varies by only
16 °C). Silica contents remain within tightly-controlled limits
(~69—71 wt%), and (Na,O+ CaO) content is 24.0—
25.8 wt%. Since Na,O and CaO have broadly similar (but
not identical) effects on high temperature viscosity, this has
a smoothing effect such that high temperature viscosities re-
main closely similar and the glasses display a remarkable con-
sistency in their working range (the temperature difference
between log (n/dPas)=4 and log (n/dPas)="7.6). Sample
G14131 is slightly ““shorter” than the other four glasses owing
to its higher CaO content, yet even this sample exhibits a work-
ing range only ~ 20 °C smaller than the other samples.

Earlier predictions of melting temperatures of Roman
glasses give a range of temperatures from 1000 °C to 1200 °C
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Fig. 1. Modelled high temperature viscosity profiles.

for either glass production or for remelting glass. Following the
discovery of potential glass making at Coppergate, York, tem-
perature estimates based upon the temperature ranges of quartz
transformation states in glassy waste, together with the vitrifica-
tion structures observed in the glass melting pots, indicated that
temperatures of 1200 °C were reached (Jackson et al., 2003).
Brill (1963) suggested that a workable “Roman-type” soda-
lime-silica batch-free glass could be produced at temperatures
in excess of 1100 °C. Brill (1988) also concluded on the basis
of measured glass viscosities that glass originating from Jalame
in Palestine, and which is broadly similar in composition to
Roman blue-green glass, had to achieve 1000—1100 °C in order
to be worked. It has been demonstrated experimentally that
Egyptian-style glass furnaces, dating to the second millennium
BC, could attain temperatures in excess of 1150 °C (Jackson
et al., 1998), so there is no reason to suggest that Roman fur-
naces were any less technologically sophisticated. The viscos-
ity of a glass does not directly indicate the temperatures
required for melting from batch, given that the initial chemical
reactions, homogenisation and refining may require higher tem-
peratures and/or longer melting times to achieve a batch-free,
refined glass (Preston and Turner, 1940). However, viscosity
does indicate the temperatures that are necessary to remelt
from raw glass or cullet and subsequently to work the glass.
Our modelled viscosities indicate working ranges of ~660—
970 °C. Assuming that glasses were remelted from fully formed
glass (raw glass or cullet) rather from primary raw materials,
modelled viscosities support the suggestion that these glasses
could be melted, homogenized and refined at temperatures of
~1000—1150 °C, given sufficient time-at-temperature. Fur-
nace temperatures below 1000 °C would have made it more
difficult to melt these glasses, to remove bubbles from the
melts, and to subsequently gather the molten glass prior to
hot working.

3.2. Melting, homogenization and refining

Temperatures of ~1000—1150 °C correspond to melt vis-
cosities in the region of log (n/dPas) =2.8—3.4 for Roman

blue-green glass, indicating that a period of many hours could
have been required to homogenise and refine the glass to
achieve the quality that has been observed. Homogenisation
and refining may have been aided by a number of the glass
constituents. The use of compounds of Sb, Mn, S and Cl
can be expected to have provided some degree of refining
and homogenization during melting. This would have en-
hanced glass quality and bubble removal and potentially de-
creased furnace residence times.

Refining is the removal of bubbles, a process involving
mass transfer, bubble growth and rise to the surface or disso-
lution in the melt. Bubble rise can be described by buoyancy
effects and therefore by Stokes’ law, which can be rearranged
to give Eq. (4).

_ ghpr?

V
b 3n

4)

where V,, =rate of rise of the bubble, g = gravitational accel-
eration, Ap = difference in density between sphere and liquid,
r=radius of sphere and 7 = viscosity of liquid. Bubble re-
moval is facilitated by a low melt viscosity and a large bubble
diameter. Bubbles arise from gases (primarily CO,) trapped
during the early stages of melting, but also from gases released
during melting which are caused by chemical interactions and
redox effects.

Antimony provides a useful combination of high tempera-
ture oxidising (Weyl, 1951; Schreiber et al., 1990) and refining
(Volf, 1984; Shelby, 1997) actions due to low temperature
batch reactions occurring early in melting Eq. (5), followed
by the release of O, at high melting temperatures due to ther-
mal decomposition Eq. (6).

Oz (batch) + szOg g Sb205 (5)

Sb205 g Sb203 + 02 T (6)

Roman glassmakers derived Sb from minerals, with stibnite
(Sb,S3) one possible source (Jackson, 2005). In addition to the
refining action of antimony (once converted during melting
from antimony sulphide to antimony oxide) the presence of
sulphide may also have provided beneficial refining effects.
The use of stibnite as the source of Sb, which may be sug-
gested by trace element analysis, could have provided further
advantages in terms of refining over the use of an oxide-based
Sb raw material. However, the use of a sulphide raw material
could have resulted in more reducing conditions (DiBello,
1989). The presence of Sb in the bottle glasses analysed
here probably derives from glass recycling.

The addition of MnO, as an oxidising agent for the produc-
tion of ancient glasses has been suggested (Volf, 1984;
Schreurs and Brill, 1984; Green and Hart, 1987). However,
as summarised by Jackson (2005), it has also been suggested
that Mn may have originated from the sands used at the
time; from recycling; or from the use of glassmaker’s soap.
The deliberate addition of MnO, would not only decolourise
the glass by mutual redox interactions with Fe (discussed in
Section 3.3), but also produce refining due to the liberation
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of oxygen at elevated temperatures. As little as 0.5% MnO,
can be an effective refining agent (Volf, 1984). Given the
Mn content of our Sb-free glass G14131, this glass probably
contained deliberate additions of Mn.

Sulphates and chlorides provide low temperature liquid
phases that act as melt accelerants by dissolving sand grains
early in the melting process (Shelby, 1997). As the SiO, con-
tent of these phases increases their SO solubility decreases,
releasing SOj3 into the melt, which decomposes to form O,
and SO, as in Eq. (7).

2S0; (melt) —»2S0, + 0, 1 (7)

In turn the SO, and O, dissolve in the melt or rise to the sur-
face, aiding refining as described in Eq. (4). Sulphur solubility
in a silicate melt is dictated by glass composition, melting
temperature and the oxygen partial pressure, pO,, in the fur-
nace. Given that the compositions of the Coppergate glasses
are closely similar, compositional effects on residual S content
are small. Temperature (Nagashima and Katsura, 1973;
Schreiber et al., 1990) and pO, (Beerkens and Kahl, 2002; Di-
Bello, 1989; Nagashima and Katsura, 1973; Schreiber et al.,
1990) have stronger effects on S content, with pO, dominant
within the range of temperatures considered here. Typical up-
per limits in the CI content of technological (Bateson and
Turner, 1939) and archaeological (Gerth et al., 1998) SiO,-
Na,0-CaO glasses are 1—1.5 wt%. Unlike F, which substitutes
in the network in significant quantities for O, Cl does so only
at low levels. This difference in behaviour can be attributed to
the similarity in ionic radii between F~ and O*~ which does
not exist between C1~ and O*~ (Volf, 1984). Sodium chloride
(<2 wt%) has been used as a refining agent in modern SiO,—
Na,0O—CaO glass manufacture (Volf, 1984), in which it
decreases melt surface energies and promotes melting by
increasing wetting of batch particles. The combination of
NaCl with Na,COj3 provides a eutectic mixture whose melting
point is 838 °C; 213 °C below the melting point of Na,COj3.
This eutectic mixture therefore reacts more rapidly with
sand grains, effectively increasing melting rates. Of particular
relevance to ancient glass making, it has been noted that the
chloride refining effect occurs intensely in the temperature
range 1100—1200 °C (Volf, 1984), which is consistent with
the range of temperatures that we suggest were required to
re-melt the Coppergate blue-green bottle glass samples.

3.3. Optical properties and redox conditions

Iron, the chief colourant in Roman blue-green glass, was
probably not an intentional batch addition but was a natural
component of the sands used at the time (Turner, 1956; Brill,
1988; Silvestri et al., 2006). To manufacture colourless or de-
colourised glass, the glassmaker had to add decolourising
agents, specifically Mn and/or Sb (Sayre, 1963). Iron occurs
in most silicate glasses simultaneously in two oxidation states:
Fe?" and Fe*'. The ratio Fe*"/ZFe is crucial in determining
the colour: a reduced glass with a higher Fe>™/SFe exhibits
a strong blue colour, but if Fe?/>Fe is low, this produces

a weaker yellow-green colour. Low Fe*"/SFe is therefore
favourable if one is seeking to minimise the colour of iron-
containing glasses. Two Fe?" absorption bands are expected,
corresponding to ST»(D) — JE(D) and *E(D) — >T,(D) transi-
tions for octahedrally and tetrahedrally-coordinated Fe*", re-
spectively (Bates, 1962; Ades et al., 1990; Edwards et al.,
1972). These bands occur in silicate glasses at ~ 1075 nm (oc-
tahedral, with a broad tail that continues into the red-visible
portion of the spectrum and hence the blue colour of Fe®"
in glass), and at ~2000 nm (tetrahedral). The Fe** and
Mn>" ions both have the same 3d° electronic configuration,
for which all d—d transitions are forbidden, decreasing their
intensity considerably. The 3d° configuration produces a com-
plex range of weak, narrow absorption bands in the same nar-
row range of 330—625 nm (Bates, 1962; Hannoyer et al.,
1992; Nelson and White, 1980). Bands have been observed
at 380 nm, 415 nm, 435 nm, 445 nm and 490 nm due to
Fe’' and at 352 nm and 422 nm due to Mn?". Absorption
bands characteristic of Fe>*, Fe** and Mn®" are evident in
all spectra shown in Figs. 2 and 3. Absorption due to Mn>",
which has the 3d” electronic configuration, produces a purple
colouration in glass. This is due to broad absorption centred at
~500 nm, and has been observed in some archaeological
glasses (Sanderson and Hutchings, 1987). It is attributable to
the spin-allowed SE(D) — °T,(D) transition for octahedrally
coordinated Mn>" (Nelson and White, 1980). Any Mn>*
that may be present in our sample glasses occurs at low con-
centrations, as evidenced by the weakness of absorption at
~500 nm. Small absorption bands highlighted in Fig. 3 and
occurring at ~535nm and ~590 nm cannot be unambigu-
ously attributed given the available information. However, it
is possible that small concentrations of Mn*", Cr*", Co®"
and/or Ni*" could contribute to absorption at these wave-
lengths (Bates, 1962). Whilst Cr’", Ni*™ and Co®" are only
present at ppm levels (3—19 ppm), Ni*" and Co”" in particu-
lar produce intense absorption bands (Bates, 1962).

Mutual redox interactions can occur between multivalent
elements in silicate melts (Schreiber, 1987). Stoichiometric
reactions may take place between elements whose reduction

4
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Fig. 2. Reflection-corrected, normalised optical absorption spectra.
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potentials are sufficiently different; however, partial or no reac-
tion may occur between elements with more similar reduction
potentials. For example, the Fe®>"/Fe*" and Mn®"/Mn”" refer-
ence reduction potentials in sodium silicate glass at 1085 °C
are 0.7 and —2.1, respectively. The difference between poten-
tials is large [0.7 — (— 2.1)] = 2.8, so iron and manganese, if
no other multivalent species are present, should normally un-
dergo stoichiometric or nearly stoichiometric redox interac-
tions which cause the reaction described in Eq. (8) to
proceed to the right (Schreiber, 1987).

Fe’* +Mn*" & Fe*" + Mn** (8)

This has the effect of causing the Fe*"/SFe ratio to approach
0 and the Mn?"/=Mn ratio to approach 1, simultaneously in-
creasing the proportions of the weakly-colouring 3@ ions
present in the glass. However, in the Roman glasses under con-
sideration, a number of factors combine to prevent this reac-
tion from proceeding to completion. At least one of two
other multivalent elements, S and Sb, are present at concentra-
tions of the same order as Fe and Mn, and must therefore be
taken into consideration, in addition to the effects of tempera-
ture and oxygen partial pressure ( pO,) during melting, and re-
dox equilibrium having not been attained. The reference
reduction potential of Sb>*/Sb’* is —0.9, which is intermedi-
ate between those of Mn>"/Mn>" and Fe*"/Fe*". On this basis
alone one might suspect Sb to be less effective than Mn at ox-
idising Fe. However, since the oxidation/reduction of Sb3*t/
Sb>" is a two-electron process, it is more sensitive to changes
in pO, (Schreiber, 1987). As a result, under mildly reducing
pO, (see below), Sb can become as strongly reduced as Mn,
and in doing so releases twice as many electrons in the process
(Schreiber, 1987). This is consistent with previous works
which indicate that Sb is a stronger or more important decol-
ouriser than Mn (see, for example, Jackson, 2005; Weyl,
1951). Redox potential alone does not dictate the effectiveness
of an oxidant: the form in which the oxidant is introduced to
the melt, the furnace temperature, pO, and glass composition
are also involved. Redox equilibrium does not occur in ancient

glasses, and as a result the various mutual redox interactions
which can take place are only partially complete. Redox po-
tentials, therefore, have only been used in this study as guide-
lines rather than quantitative expressions to explain the redox
behaviour.

The combined presence of Fe*™ and $*~, which can occur in
silicate melts prepared under strongly reducing conditions
(PO, < ~ 10°° bar) (Beerkens and Kahl, 2002; DiBello,
1989) gives rise to an intense and characteristic ““amber” col-
ouration (Beerkens and Kahl, 2002; DiBello, 1989; Schreurs
and Brill, 1984; Green and Hart, 1987; Douglas and Zaman,
1969). This amber colour is the result of increased UV absorp-
tion which shifts the UV edge to longer wavelengths, and to the
development of a new absorption band centred at ~410 nm,
which has been attributed to tetrahedrally-coordinated Fe®"
jons surrounded by three O*~ ions and one S~ ion (Schreiber
et al., 1990). The amber chromophore has been analysed in an-
cient glasses (Schreurs and Brill, 1984), in modern commercial
glasses (Douglas and Zaman, 1969) and in glasses for nuclear
waste immobilization (Schreiber et al., 1990). Analysis of our
spectra and comparison with published amber glass spectra
confirms the absence of the amber chromophore in the Copper-
gate glasses. It is therefore concluded that no detectable levels
of S*~ are present in the five Coppergate glasses.

The coexistence of S®™ and S?~ species only occurs under
highly reducing conditions (pO, = 10" —10""! bar in boro-
silicate glass at 1150 °C) (Schreiber et al., 1987, 1990). There-
fore redox interactions are not expected to involve S when
pO, > ~10"° bar. Given that sulphur remains in the S°* state
under all but the most strongly reducing conditions, and given
that the logarithm of its solubility is proportional to pO, (Na-
gashima and Katsura, 1973; Schreiber et al., 1990), the sulphur
content of glass can be used as an approximate guide to pO, in
the furnace in which it was melted. The measured SO5 con-
tents of the five Coppergate glasses (~0.2—0.4 wt% SOs),
combined with our estimation of their melting temperatures
(~1000—1150 °C) correspond with pO, in the range
~107'=107° bar, based on data for sodium silicate (Naga-
shima and Katsura, 1973) and borosilicate (Schreiber et al.,
1987) glasses, and upon measured iron redox ratios (Schreiber,
1987). It therefore also follows that furnace pO, during initial
melting from batch must have been greater than ~ 10 ° bar,
because at pO, values below ~ 107° bar the residual SO con-
tent would approach its minimum (<0.1 wt%) (Beerkens and
Kahl, 2002; Schreiber et al., 1987).

For sample G14131, which contains no Sb,O3 and an ex-
cess of Mn relative to Fe, decolourisation should be ade-
quately described by Eq. (8) proceeding fully to the right.
However, the measured Fe?"/SFe ratio of 0.33 demonstrates
that Eq. (8) did not proceed to completion, underlining the
complexity of melting conditions and indicating the presence
of reducing conditions. Given the difficulty in extracting use-
ful information from the two-component redox system of sam-
ple G14131 (Fe + Mn), it is clearly not feasible to do so for
the three-component systems (Fe 4+ Mn + Sb), other than in
general terms. It is noted that Mn + Sb occurs in molar excess
to Fe for all five samples. However, as with sample G14131,
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less than full oxidation of Fe occurred. Brill (1988) noted sim-
ilar difficulties in separating the effects of furnace atmosphere
and batch ingredients on redox of ancient glasses. The Copper-
gate samples are more strongly oxidised (Fe®/SFe =0.25—
0.37) than blue-green glass obtained from a 4th century AD
glass factory at Jalame (Fe>"/=Fe = 0.64) (Schreurs and Brill,
1984; Brill, 1988). However, the Coppergate glasses contain
an excess of oxidising agents such that (Mn 4 Sb) > Fe,
whereas the Jalame glass does not (Mn + Sb) < Fe. Assuming
that the Coppergate and Jalame samples did not experience
a grossly dissimilar furnace temperature or pO,, the measured
differences in redox are consistent with the higher (Mn + Sb)
contents of the Coppergate glasses.

4. Conclusions

Analysis of five 1st—2nd century AD Roman blue-green
bottle fragments from Coppergate, York has indicated close
compositional grouping resulting in repeatable high tempera-
ture working properties. For the first time, our combined ap-
proach has allowed estimation of furnace pO, for Roman
blue-green glasses. High temperature viscosities for these
and for other blue-green glasses have been modelled using es-
tablished techniques. Results support previous suggestions that
furnace temperatures of 1000—1150 °C were used to remelt
Roman blue-green glass. Optical analysis demonstrates mod-
erate (25—37%) values of the iron redox ratio, Fe?"/=Fe.
Given the presence of a molar excess of (Mn + Sb) to Fe in
all cases, the measured levels of Fe** in combination with
SO; contents and the absence of the Fe**—S?~ amber chromo-
phore, support the suggestion that mildly reducing (pO,
~107" to 107° bar) melting conditions occurred. These condi-
tions would act in opposition to the oxidative decolourisation
of Fe by (Mn + Sb). These findings have implications for ar-
chaeological studies relating to Roman glass technology, and
especially for our understanding of the conditions required
for reworking raw glass or glass recycling.
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