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Abstract

Scientific analyses of ancient glasses have been carried out for many years using elemental chemical analysis. However,
it is known that the control of the redox conditions in the glass melt have a strong implication on the final hue of glass
because it affects the Fe?™ /Y Fe. Therefore an increasing number of studies of the redox conditions have been published
in the recent years by means of synchrotron based X-ray absorption spectroscopy. This is a technique which is not
easily accessible and requires dedicated facilities. In this paper we describe an alternative approach by means of optical
absorption spectroscopy. We synthesised 10 soda-lime-silica glasses with known redox conditions and iron concentration
to calibrate the absorption at 1100 nm in function of Fe?T concentration. The linear extinction coefficient is also
determined. These glasses were also studied by means of X-ray Absorption Near Edge Structure (XANES) spectroscopy.
Electron Paramagnetic Resonance spectroscopy is additionally used as ancillary method to verify the quality of our data.
Furthermore 28 samples from real archaeological samples were analysed with XANES and optical spectroscopy as a case
study. The Fe?" /¥ Fe values obtained are compared and demonstrate that the two techniques are in good agreement.
Optical spectroscopy can be applied in situ with moderate sample preparation to determine the concentration of Fe?*.
To investigate the redox conditions, especially as a first screening approach, this methodology is an important tool to take
in consideration before applying more sophisticated techniques such as XANES, which is more elaborate and requires
high-tech resources.

Keywords: Glass, UV-vis-NIR spectroscopy, XANES, EPR, archacometry

1. Introduction for the redox state of natural and man-made silicate melts
) ) s [0 [7, 14, [15]. Ancient glass typically contains between 0.3

The Fece.nt years have seen a con&deral:.)le increase .of wt% and 3 wt% of Fe,Oy introduced into the batch as
the applications of synchrotron based techniques to artis- a sand impurity [I6]. Depending on its oxidation state,

tic and archaeological materials [1] In particular, syn- - 4,0 jmparts different colours from yellow to green to blue.
chrotron X-rays Near Edge Absorption Structure (XANES)  pos+ absorbs strongly in the UV and weakly at 380 nm,
spectroscopy has become very popular in glass archaeom-

etry [2HI3]. This technique is useful because it allows to
study the oxidation state and coordination geometry of
metal ions in glass which determine its final hue. The
control of furnace conditions and the choice of raw ma-
terials are known ways to tune the final hue of the glass
[7]. XANES has been successfully applied to study the ra-
tio between Fe?t and Fe?t, which is considered a marker

o 420 nm and 440 nm, giving glass a yellow colour, Fe?*
absorbs in the near infrared at 1100 nm and its band tails
in the visible generating the blue colour [I7]. Different
shades of colour can be obtained by mixing the two ab-
sorbing species. Early glassmakers made various attempts
to control the hue by adding oxides of polyvalent metals,
including manganese, antimony and, in the early modern
period, arsenic [I8]. Almost all the glasses produced in Ro-
man and Late-Roman times are soda-lime silicate glasses.

*Corresponding author The variation of the ratio between major and minor ox-
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groups circulating in the first millennium AD (see [16] for ss
more information).

This work was performed within the framework of a
feasibility study of the application of UV-vis-NIR trans-
mission spectroscopy to the archaeometric research on an-
cient glass. The aim of this paper is to compare the estima-
tion of Fe?* by means of XANES and UV-vis-NIR trans-
mission spectroscopy for their application in archaeome-
try. The Fe K-edge and optical absorption spectroscopic
signatures of iron in glass depend on the glass composition
[T9-21]. The application of XANES and UV-vis-NIR spec- os
troscopy to samples of variable composition requires some
assumptions. The first one is that the ratio of tetrahe-
drally and octahedrally coordinated Fe?* and Fe?* cations
remains constant for all samples and calibration glasses;
the second one is that the Fe?T extinction coefficient at
1100 nm remains unchanged and depends only on the con-
centration of Fe?t with no significant contributions from
other species. Since it is impossible to cover all the ancient
glass compositions, we prepared iron doped soda lime silica
glasses to model an average “ancient-like” composition us-
ing the facilities of the glass company AGC Glass Europe.
We aimed at a base composition similar to the Roman and
Late Antique glass circulating in the Mediterranean area
between the 1st and the 8th century AD. Specifically, this
work targets glasses which are not intentionally coloured
and iron was added as impurity of the sand [16].

To quantify the amount of Fe?Tand Fe3*on the model
glasses, wet chemistry and Electron Paramagnetic Reso-
nance (EPR) were performed at the University of Padova,
while XANES spectroscopy is applied as an independent
method to quantify Fe?* /S Fe. The values obtained by wet
chemistry were used to calibrate the intensity of UV-vis-
NIR absorption spectra to variable concentrations of Fe?*
in glass. Once the calibration of optical spectroscopy was
accomplished, this was applied along with XANES to de-
termine the redox state of iron in 28 glasses excavated from
the Roman villa of Treignes, Belgium, and from the Late-
Roman basilica of Ayoi Pente in Yeroskipou, Cyprus. This
set of glasses is representative of the major compositional
groups circulating in ancient Europe and of the variability
within Fe?" /Y Fe and total amount of iron found in Roman ,,
glass. In the context of this paper, the analysis of archaeo-
logical glasses has the purpose of evaluating the agreement
between UV-vis-NIR and XANES spectroscopy.

©
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2. Material

2.1. Model glass

In collaboration with the R&D department of AGC
Glass Europe we prepared two series of five iron doped
soda-lime-silicate glasses. The first set, hereafter referred
to as Fe-series, has a base composition of 3 wt% Al,Os,
8 wt% CaO and 15 wt% Na,O and Fe,O, varying from
0 to 0.8 wt%. The second series, named R-series, has the
same base composition but Fe,O; was kept stable at about

130

0.55 wt% and, by adding NaNO; or carbon, respectively
oxidising and reducing conditions were applied.

Both series were manufactured following the same pro-
cedure: raw materials were melted in a Pt crucible in an
inert N, atmosphere for 6 hours at 1550 °C. After two and
four hours the glass was poured, broken and remelted for
homogenisation and after six hours it was poured in a 4x4
cm? frame and polished to 4 mm thickness.

For all glasses, AGC glass Europe provided the chem-
ical composition by means of a WDS-XRF S4 Pioneer X-
Rays Fluorescence (XRF). The data are reported in Ta-
ble[1] Nevertheless, for the R-series only iron and sulphur
were measured since the base glass composition is the same
of sample R3.

2.2. Archaeological glass

In addition to the lab-made model glasses we analysed
28 fragments from two real ancient contexts. The first
is the archaeological site of Treignes, Belgium, where the
Roman villa “les Bruyres” was excavated and several glass
fragments were found. The villa dates from the late 3rd
to the beginning of the 5th century AD. The chemical
composition of the glasses is reported in another paper
[22].

The second site is the Early Christian Basilica of Ayoi
Pente in Yeroskipou, Cyprus [23]. The site came to light
during road works and got heavily damaged by bulldoz-
ing, tomb robbing and ploughing. The basilica is dated
between the 5th and the 7th century and much of the ex-
cavated glass can be attributed to lamp and window frag-
ments. The archaeometric study of the glass excavated in
this basilica is presented elsewhere [24]. For the full chem-
ical composition and the quantification methodology the
reader is directed to the cited literature [22] 24]. In this
paper we report only the values of total iron obtained by
Electron Probe Micro Analyser (EPMA).

These glass fragments presented variable degree of cor-
rosion, typically iridescence layers or salt crusts. To carry
out optical measurements, we have polished an area of a
few millimetres diameter with a hand-held rotary tool to
eliminate the corrosion layers that would strongly affect
the transmission of light [25]. In addition, all fragments
studied here were sampled, embedded in resins and pol-
ished for chemical analysis. The same resins were used for
XANES measurements.

3. Experimental

3.1. Total amount of iron

The techniques employed give complementary informa-
tion. Whilst optical absorption spectroscopy quantifies the
weight percentage of Fe?* ions, EPR is correlated to the
absolute amount of Fe?* ions and XANES provides the
ratio Fe?t /Y Fe in percentage without absolute quantifi-
cation. Hence, the total amount of iron is an important
parameter to determine quantitatively both Fe?* and Fe3+

Page 2 of 15
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with these methods. For the Fe- and R- series total iron
was measured by XRF at AGC Glass Europe. Archaeo-
logical glasses were chemically analysed using a CAMECA
SX-FIVE EPMA equipped with a LaBg gun, 5 WDS spec-1ss
trometer and an EDS Bruker. Quantitative measurements
were acquired employing a two-run procedure where we
changed current and counting times, while acceleration
voltage and beam diameter were kept at 15 kV and 40 pm
respectively. For Si, Na, K, Al, Mn, CI, Mg, Cu, Fe and
S, beam current was set at 20 nA and counting times wereso
10 seconds both on the sample and the background (ex-
cept for Na, Si and K for which we measured for 3 seconds
on the peak to avoid alkalis displacement) [24]. For minor
elements (Cu, Sb, Co, Pb, Zn, P, Ti and Ba) the beam cur-
rent was set at 300 nA and counting time was 30 secondszos
on the peak (60 seconds for Zn and Cu) and 10 seconds
on the background. We used several mineral and metallic
standards: albite (Na, Al, Si), pyroxene (Mg, Ca), pyrite
(S), scapolite (Cl), orthoclase (K), haematite (Fe), pyro-
phanite (Mn,Ti), apatite (P), cobalt (Co), copper (Cu),zw0
zinc sulphide (Zn), stibnite (Sb), barium sulphate (Ba)
and galena (Pb).

3.2. Wet chemistry

The amount of Fe?t in the model glasses provided?s
by AGC Glass Europe was determined by titration with
potassium permanganate using the Pratt and Washington
method [26]. The analytical procedure is reported in de-
tail in [27]. The results were checked against international
standards (AL-I Albite; FK-N K-feldspar; NIM-S Syen-?2
ite; JR-2- Rhyolite). Their certified values are reported
in [28] and Fe?* contents are comparable to those of our
model glass samples (ranging from 0.03 to 0.30 Fe?* wt%).
Precision of the measures is about 10% for Fe?* contents
< 0.10 wt% and about 5% for contents > 0.10 wt%. Accu-**>
racy is within 10%, independently of Fe?* content. Results
of titration with potassium permanganate for the model
glasses are reported in Table

3.3. Electron Paramagnetic Resonance 20

Continuous wave EPR (CW-EPR) spectra were ac-
quired on powdered samples with a Bruker ECS instru-
ment equipped with a TE102 cavity. All the CW-EPR
spectra were acquired under the same instrumental con-
ditions (microwave power 2.0 mW, modulation aumplitude235
0.5 mT, microwave frequency 9.55 GHZ, T=300 K). Before
every acquisition, each sample was weighed, placed in the
same EPR quartz tube and located in the same position in-
side the resonator. The EPR signal is due to paramagnetic
species, therefore only the absolute amount of Fe3T iron”"
can be detected with this technique. Fe?T is determined
subtracting the ferric fraction from the total amount of
iron. The fitting method and the calibration line for Fe3*
was shown previously [29]. Shortly, the method is based
on a fitting function w - f(Cpes+) where w is a weight™
factor and f(Cpes+) is the EPR spectrum of 1 mg glass
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sample of known concentration Cpgs+. A Least Squares
algorithm finds the best w value and the amount of Fe3*
in the sample is then calculated as w - C'p s+ divided by
the sample weight.

3.4. X-ray Absorption Near Edge Structure (XANES)

The Fe-K edge XANES measurements were performed
at European Synchrotron Radiation Facility (ESRF), in
the Belgian-Dutch beamline (DUBBLE) BM26A, Greno-
ble (France). A Si(111) double crystal monochromator was
used, having an energy resolution AE/E of about 1074.
A transmission XANES spectrum was recorded from a
metallic Fe reference foil (7.5 pm) and used to provide
an accurate energy calibration for all spectra; the first in-
flection point of the Fe-K edge was set to 7112 eV [30].
Higher harmonics are removed from the incident beam by
two mirrors, one before and one after the monochromator,
each with a Si and Pt strip. The former is used for ener-
gies lower then 12.5 keV and the latter for energies higher
than 12.5 keV. The reference compounds FeSO, - 7H,0
(I81Fe?t), hercynite (/Fe?t), chromite ([YFe?t), epidote
(IClFe?*) and aegerine ([1Fe3t) provided reference trans-
mission spectra for ferrous and ferric iron. The powdered
compounds were diluted with PolyVinyl Chloride (PVC)
pressed into a pellet. In order to obtain an absorption
jump of about 1, the amount of compound and PVC were
calculated using Absorbix [31]. To avoid contributions
of possible heterogeneities during mixing, the reference
XANES spectra were recorded with an unfocused beam
(1x5 mm?).

The thickness of archaeological and model samples pre-
vents transmission XANES measurements, thus the spec-
tra were obtained by monitoring the fluorescence intensity
as a function of the excitation energy. XANES signals were
recorded with the sample oriented at 45° to the incident
beam. The fluorescence yield was collected using a Vor-
tex Silicon Drift Detector (SDD) at an angle of 45° with
respect to the sample surface.

All the spectra were recorded on the bulk of the sam-
ples and they were collected from 6845 eV to 7570 eV using
different energy intervals and measuring times (6845 eV -
7090 eV: 10 eV, 1 s; 7090 eV - 7145 eV: 0.2 eV, 3 s; 7145
eV - 7570 eV: linearly decreasing data point density up to
a maximum interval of 4.5 eV at 7570 eV, while the mea-
suring time increases from 5000 ms to 30 s.), resulting in
~ 1 hour measuring time per XANES spectrum. During
a previous beam time in HASYLAB beamline L, we mea-
sured for 20 minutes using a 780x520 pum? beam and no
photo-reduction occurred [7]. At DUBBLE we measured
the pre-edge region for 8 minutes with a 1x5 mm? beam
and a comparable flux (10'1) that assures us to avoid any
beam damage.

For all XANES spectra,the normalisation was performed
by using in-house written Matlab software. An edge-step
normalisation was performed by a first-order pre-edge sub-
traction and by regression of a second-order polynomial
beyond the edge. [32]
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The analysis of the pre-edge allows to draw conclusionsswo
on the redox state of iron and its coordination chemistry.
The pre-edge peak is extracted using an arctangent func-
tion, describing the background, then it has been fitted us-
ing two Voigt peaks, constrained to have a 50% Lorentzian
50% Gaussian shape, with a resulting average width of 2s0s
eV [7]. Fitting was carried out using Igor Pro software.

It is well described in literature that the centroid en-
ergy of the pre-edge correlates linearly with the Fe?t /Y Fe
ratio of iron in glass [I4]. The centroid is calculated by
the following formula: 310

P - A+ P Ay
A+ Ay

where P; and P, are the peak positions (eV) and A;
and As the normalised peak areas of the respective Voigtsis
functions. Since the centroid is linked to the Fe?t/YFe
ratio, we can calculate the ferric and ferrous component
knowing the total concentration of iron. To evaluate the
error on the centroid we carried three independent mea-
surements on each model glass and the centroid values
were found to be always within 0.01 eV. However, tak-
ing into account the error on all fitted parameters and320
applying the error propagation, we calculated a final er-
ror of £0.07 eV on the centroid and we estimated an error
smaller than +0.01 arbitrary unites on the integrated area.

centroid (eV) =

3.5. UV-vis-NIR spectroscopy

The set-up for optical spectroscopy consists of two light
sources, a 30-W deuterium lamp emitting in the UV spec-**
tral region and a 20-W halogen lamp emitting visible and
infrared light. The sources are connected to an optical
fibre which brings the light on a plano-convex focusing
lens. The light is focussed at the entrance of an integrat-
ing sphere which collects the transmitted light and through
an optical fibre transfers it to the spectrometer, a SA320
Instrument Systems optical spectrum analyser. Although
the SA320 is a not a portable spectrometer, it was pre-
viously demonstrated that the same results could be ob-
tained with a compact mobile module of two spectrome-
ters, the AvaSpec-3648 and the AvaSpec-256-NIR1.7 from
Avantes [33]. All model glasses were measured with both
SA320 and the Avantes spectrometers. In addition, some
spectra of the samples of Yeroskipou were recorded in situ
at the Paphos District Museum in Cyprus and, when sam-
pled for chemical analysis, remeasured with the laboratory
SA320 spectrometer.

Transmission spectra were recorded between 300 and
1650 nm with a spectral resolution of 1.5 nm. The spot di-
ameter on the sample is between 3-4 mm. The integrating
sphere has an aperture of 6 mm and allows the collection of
all transmitted light, reducing the effects of the curvature®”
of the glass fragments and eventual polishing defects. In
order to quantitatively interpret optical spectra, they have
to be normalised (to 1 mm of thickness) and losses due

to Fresnel reflections at the surfaces must be subtracted.
350

330

340

4

The removal of reflection losses was approximated using
an average refractive index of 1.5 and considering that the
maximum incident angle is 20°, the average reflectance is
R=0.04 at each surface (for more details see [I7]). For
the normalisation, we measured the thickness using a digi-
tal micrometer with 0.001 mm resolution. Ancient glasses
have a variety of forms and they might not always offer
parallel surfaces for the analysis. However, in archaeolog-
ical context, findings are often fragments and it is easy to
pinpoint a relatively flat area. From our experience, the
variation in thickness is limited within the spot size of less
than 4 mm and we estimated (actually overestimated) its
variability to be £0.1 mm. These values will be used to
calculate the error on the determination of Fe?™.

In soda-lime-silica glasses Fe?T has a broad absorbtion
band at around 1100 nm [17,[34, B5]. Therefore the calibra-
tion curve for Fe?* in glass is built using the absorption at
this wavelength for the glass of the AGC Fe- and R-series
through the Lambert-Beer law:

AllOOnm =e-d- C’FCQJr

where € is the linear absorption coefficient of Fe?*t, d is
the thickness of the glass fragment and Cp 2+ is the con-
centration of Fe?* in elemental wt%. For the archaeologi-
cal glasses, the Fe? /S Fe was calculated using the EPMA
quantification for total iron and the Fe?* value obtained
by means of optical spectroscopy.

4. Results

In order to keep the structure easy to follow for the
reader, we have split this section in two. The first part
will concern the model glass. We will show the results
obtained by each technique and will compare them to the
values determined by wet chemistry. In the second part
we will report the data obtained by XANES and optical
spectroscopy on archaeological samples excavated in a Ro-
man villa from Treignes, Belgium, and the Late Antique
basilica of Ayoi Pente in Cyprus.

4.1. Calibration procedure: the model glasses

In Table |2 we report the values in elemental wt% of
Fe?T concentration determined by wet chemistry and the
quantification with XANES and EPR. Additionally, we
provide the absorbance values at 1100 nm (A1100nm) used
for the calibration of optical spectroscopy and the cen-
troids calculated on the XANES spectra. The values of
Fe2* determined by UV-vis-NIR spectroscopy are recalcu-
lated using the calibration curve. The Fe-series was manu-
factured in order to have similar Fe?" /Y Fe and increasing
total amount of iron. On the contrary, the R-series was
made with different redox conditions applied in order to
vary the Fe?T /YFe ratio. In the following paragraph we
report the quantification of the redox state of iron by EPR
and XANES, and details about the application of optical
spectroscopy to the model glasses.

Page 4 of 15
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4.1.1. Electron Paramagnetic Resonance

EPR is a reference technique for the determination of
the absolute amount Fe?* iron. Figureshows the spectra
obtained on the Fe-series. The spectra are characterisedso
by an intense feature at g = 4.23 (160 mT) and a smaller
one at g = 2 (300 mT). The former is due to Fe3T in sites
with low symmetry, while the latter is related to sites at
higher symmetry. In general, there is consensus that in
alkali lime silica glasses almost all the Fe3* is in tetrahe-
dral site, replacing the Si** in the network. Due to the
different valence of Si*t and Fe3T, a monovalent cation is
required in proximity to iron to guarantee electroneutral-
ity. The types of cations (Ht, Lit, Nat) and the specific'
position with respect to Fe3T, affect the electronic symme-
try around Fe?t. The lower the symmetry the stronger the
line at g = 4.23 [36]. In the inset, we show a zoom of the
spectra of samples R3 and R4. The spectra of these glasses
show a feature at g = 2.175 (312 mT) that does not occur™
in other samples. At present, this remains unexplained.

The data are fitted as explained in [29] to calculate the
concentration of Fe3T and since we know the total amount
of Fe (Table (1)), we can calculate the amount of Fe?* iron
as well. The values obtained are reported in Table [2|

15

425

4.1.2. XANES

It is well known that the energy of the absorption edge
of transition elements shifts to higher energies, increasing
the oxidation state [37]. The position of the K-absorption
edge of iron behaves accordingly. Figure [2| shows the evo-430
lution of the XANES profiles of samples R1, R3 and R5,
which are changing from oxidised to reduced. The graph
exhibits very well the progressive shift of the edge towards
higher energy. The inset offers a detailed view on the pre-
edge peak, which allows a better quantitative analysis. Af-43s
ter background subtraction and fitting, we have calculated
the centroid which is a good indicator of the Fe?T/YFe.
The centroid shifts from 7112.90 eV for the R5, the most
reduced, to 7113.68 eV for R1, the most oxidised. We have
analysed all samples of the R-series and two samples from#o
the Fe-Series (Fe3 and Fed).

The average centroid value for ferrous reference com-
pounds (FeSO, - 7H,O, hercynite and chromite) is 7112.47
eV, while for ferric compounds (epidote and aegerine) it
is 7114.05 eV. In Table [3| we report the centroid position#s
and the area of the pre-edge for each reference analysed.
Besides the mineral compounds we measured also two ref-
erence glasses with known Fe?T /SFe. ST1 is a soda-lime-
silicate glass which was made by the Stazione Sperimentale
del Vetro and contains about 33% of ferrous iron [8] 12} [38].
SRM1830 is a soda-lime-silica glass manufactured by the
National Institute of Standards and Technology (NIST)as
containing 30% of Fe?T. We have fitted a linear curve
through the references in order to build a mathematical
relationship between Fe?* /Y Fe and the centroid. Figure
reports the linear fit of the relation between the centroid
obtained for Fe?T and Fe?* reference compounds and thesss
iron redox ratio. When we plot also the glasses of the Fe-
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and R-series using the Fe?T /Y Fe values obtained by wet
chemistry, we see that samples lie along the correlation
line, with the exception of sample R4. This means that a
linear correlation between the centroid and the Fe?* /SFe
can be assumed to be correct. In Table 2] for the XANES
measures we report the values of Fe?* calculated using the
following correlation:

Centroid (eV) — 7114

Fe*t /SFeyy = 529

4.1.8. UV-vis-NIR spectroscopy

In order to obtain the linear extinction coefficient, the
UV-vis-NIR response at 1100 nm needs to be calibrated,
using the reference glasses of the Fe- and R-series with
known Fe?t wt%. In Figure 4] we report the correlation
line between optical absorption at 1100 nm per mm of glass
thickness and Fe?* (in elemental wt%). The regression
between the values obtain by wet chemistry and optical
spectroscopy is good (r?=0.979). The slope of the correla-
tion line in Figure[4is the linear extinction coefficient € =
1.2340.06 wt% *mm~! (27.5+1.5 L mol~tem™!, assum-
ing a density of 2.5 g/cm?®) which is similar to published
data for silica glasses [I7, 34} B9]. Such correlation will
be used to analyse ancient glass and determine their redox
state.

4.2. Case study: the archaeological glasses

The archaeological glass available for this study was
analysed by XANES and UV-vis-NIR in order to quan-
tify Fe?*/YFe. In Supplementary Table we report the
Fe?* /Y Fe ratio and the Fe?** concentration calculated by
XANES and optical spectroscopy. Additionally we pro-
vide the centroid energies of the pre-edge, the absorbance
at 1100 nm (A1100) and the total amount of iron measured
by EPMA. Figure [5| shows the quantification of Fe?* ob-
tained by XANES and UV-vis-NIR spectroscopy on the
material from Treignes and Yeroskipou. A line with slope
1 is also shown and, if we remove two outliers (YER1.10
and YERS_1), the relation is quite good (r?=0.961) with
respect to the bisector. The horizontal error bars are cal-
culated applying a +0.07 eV uncertainty on the centroid
position. Vertical bars are determined by considering a
+0.1 mm variability on the thickness used to normalise
the optical spectra (on samples YER1_-10 and YERS_1 the
error estimated is incorrect as there was no transmission
at 1100 nm.).

5. Discussion

The study of redox ratio of iron in glass is very useful
to investigate the melting conditions. It can be related
to the chemistry of the starting materials or the furnace
properties [7]. The results on model glasses and archae-
ological fragments showed clearly that both techniques,
XANES and optical spectroscopy, offer a good quantifica-
tion for Fe?* and Fe3T when the total amount of iron is
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known. Using the Fe-series and R-series made by AGC
Glass Europe we compared EPR and XANES, two inde-
pendent methods for the determination of the Fe?*t /SFess
ratio. The value obtained by these techniques are in good
agreement with wet chemistry. Optical spectroscopy is
particularly useful to study ancient glass since it can be
applied in situ without a significant degradation of the
signal [33]. Compared to EPR, UV-vis-NIR spectroscopysz»
does not require large equipment, it is relatively simpler
and it can be applied in-situ. XANES spectroscopy is non
destructive too, without particular need of sample prepa-
ration (excluding the necessary steps required to avoid
measuring a contaminated weathered surface), neverthe-ss
less it requires synchrotron facilities which are not easily
accessible. Having a method that can be applied in situ
with little sample preparation is an important advantage
in the field of archaeological sciences. Furthermore, opti-
cal spectrometers are widely available in universities andss
research institutes.

EPR is a standard method for the quantification of
Fe?* in glass. The method was calibrated with other glass
standards as reported in [29]. As shown in Table [2f the in-
direct determination of Fe?T confirms the values obtainedsss
by wet chemistry. The amount of Fe?* is determined sub-
tracting the Fe?* estimated by EPR from the total amount
of iron measured by XRF.

The analysis of the pre-edge feature of iron by means
of XANES spectroscopy allows the determination of thesswo
Fe?* /Y Fe ratio independently from the total amount of
iron. The relation between the centroid energy and the
Fe?t /S Fe ratio was assumed linear as reported in previ-
ous literature [7, [I4]. In order to obtain the calibration
curve, we have analysed the pre-edge features of Fe? andsss
Fe?* reference compounds. Figure [3shows that the AGC
glasses analysed follow the calibration curve as expected.
The only exception is sample R4, possibly due to inho-
mogeneity of this sample. This is also suggested by EPR
spectroscopy. Samples R3 and R4 have a feature whichsso
does not occur in the other glasses (Figure [1f).

5.1. Determination of Fet by XANES and UV-vis-NIR

In this work XANES and UV-vis-NIR spectroscopy are
compared to see whether the latter technique can be con-sss
sidered a source of reliable quantitative data for the study
of transparent archaeological glass. First of all, we should
assume that the peak at 1100 nm arises only from Fe?*t
in order to apply the Lambert-Beer law to archaeological
glasses. Although copper could have a minor contribu-seo
tion to the absorbance, this assumption is quite safe for
this work. Copper in the oxidised state, Cu?*, absorbs at
about 790 nm in soda-lime-silica glass with an absorption
coefficient of €cy2+ = 15.7 wt% tem ™! (40 L mol~tem™1)
[40]. At 1100 nm Cu®T absorption is lower, about 7.8
wt% tem™! (20 L mol~tcm™1!). The aim of this papersss
is to model unintentionally coloured glasses, which con-
tains only 10-50 ppm of copper. With 50 ppm of Cu?* the
absorbance is overestimated of 0.004, that is about 0.003

wt% of Fe?T. The amount of copper might increase with
recycling up to few thousands of ppm [41], still having only
a very minor effect on the absorption at 1100 nm. Further-
more, only a minor part of the copper is in the oxidised
state as ancient furnace conditions were generally reduc-
ing [5, [7]. For intentionally coloured glass, appropriate
correction should be undertaken by fitting the respective
contribution of Fe?T and Cu?*.

A second assumption that we have to make is that
the ratio between tetrahedral and octahedral coordinated
iron is the same for all samples and calibration glasses.
Whether or not this can be taken for granted was checked
by studying the pre-edge of XANES spectra. The pre-
edge is due to the 1s — 3d transition and is influenced by
the oxidation state. This determines the centroid position,
and the coordination geometry, which has an influence on
the intensity of the transition. Normally the 1s — 3d tran-
sition is forbidden by the selection rules (Al = £1), but in
distorted geometries, such as the tetrahedral coordination,
a certain mixing between the 4p and 3d orbitals occurs and
it increases the probability of this transition. The mixing
of the orbitals does not happen in the octahedral coor-
dination, hence the pre-edge has a much lower intensity.
Therefore the integrated area of the pre-edge is higher for
tetrahedral coordination compared to octahedral geome-
tries. In order to study the change of tetrahedral ([4]) and
octahedral ([6]) components in glass, we have plotted the
area of the pre-edge against the centroid position in Fig-
ure [] This type of graph was introduced by Wilke et al.
[42] and it is generally used to determine the coordination
and the redox state of iron. Besides our reference com-
pounds, we show also the values obtained by Wilke et al.
on similar reference minerals (see Table[3]). The data from
Wilke et al. are offset of 0.44 eV, which is the average
energy difference between our centroids values and theirs.
We actually would expect an energy shift of 0.92 since they
calibrated the energy by setting the first inflection point
of iron metal at 7111.08, while we used 7112 eV (as usu-
ally accepted). Both chromite and aegerine are tetrahedral
ferrous minerals ([4] Fe?"), but their pre-edge peaks have
different intensities. This probably occurs because of the
presence of some octahedral sites in chromite [42]. All ar-
chaeological samples and the model glasses lie on a curve
that connects the chromite to the tetrahedral Fe3* coor-
dination. Wilke et al. [42], and Jackson et al. [20] showed
that this happens when all the samples have a constant
[UFe?t /6]Fe?t and Fedt /I6lFe3t ratios. Therefore this
can be assumed as valid for all archaeological glasses stud-
ied here.

5.2. Feasibility assessment of optical spectroscopy

Since the Fe and R series contained less than 0.3 wt% of
Fe?*, one may wonder whether the calibration of optical
spectroscopy keeps valid also for higher Fe?* concentra-
tions. Fe?t is underestimated by optical spectroscopy for
samples YER1.10 and YERS8_1. This occurs because these
glasses are strongly coloured and relatively thick (about 2
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mm). As a consequence the transmission of the light at
1100 nm is nearly null, affecting the accuracy of the dataes
and the derived calculations. In Figure [7] we show the
transmission spectra of the 4 samples with high Fe?* con-
tent (>0.5 wt%). These spectra were neither corrected for
reflection losses nor normalised for the thickness. Samples
YER5-4 and YER5_1 are thin enough (about 1 mm) toswo
transmit light at 1100 nm, while samples YER1_10 and
YERS_1 are thicker (about 2 mm) and there is almost no
light transmitted at 1100 nm. Consequently Fe?™ is under-
estimated in the latter samples, while it is correctly quan-
tified in the other two samples. This observation lets usess
conclude that the calibration line for optical spectroscopy
remains valid also outside the range of the Fe- and R- series
provided that there is enough transmitted light.

The lower limit of detection (LOD) is determined by
the calibration line we built. Values of Fe?* lower the 0.0Leso
wt% will produce no significant change in absorbance. The
upper limit depends on the spectrometer, the measure-
ments conditions and the sample itself. High end spec-
trometers have very limited stray light error and can mea-
sure the absorbance up to 3. However, to be sure that thess
linearity of the Bouguer Lambert Beer law is respected
one should work in the range between 0.1-1.5 A. However,
for in situ applications we used a less performing compact
spectrometer. In addition, normally in situ the environ-
mental conditions are not best and higher stray light re-
duces the maximum absorbance measurable. Therefore,
we advice that the glass sample should transmit at least™
5% of light (absorbance < 1.3) to carry out quantitative
measurements. The maximum thickness of the sample
that allows to collect reliable data depends on the Fe?t
concentration. For Fe?T = 1 wt% the sample should not
exceed 1 mm in thickness. Nevertheless, most of archaeo-
logical glasses have less than 0.3 wt% of Fe?* (see Figure|5)
which allows to measure confidently glass fragments with
a thickness up to 3.5 mm.

There are specific applications in which XANES is pre-
ferred over UV-vis-NIR spectroscopy. When spatial reso-
lution is required, certain synchrotron beamlines with mi-
cro optics allowed to study XANES spectra with micro
or nano-resolution, which can be necessary for example
to study degradation processes [0, 43]. When the glass
is opaque or strongly coloured, as is the case of sam-
ples YER1.10 and YER&_1, XANES measurements are not
hampered, while optical spectroscopy cannot be carried
out on the samples without sample preparation. Indeed,
it could be possible to make a very thin slide which would
let pass enough light to collect reliable accurate spectra).
Besides few cases in which optical spectroscopy might fail,
our results show that this technique can certainly be used®®
to quantify Fe?" in archaeological glasses.
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6. Conclusions

This paper demonstrates that optical spectroscopy is”™”
a valid technique to determine the concentration of Fe?t

Journal of Analytical Atomic Spectrometry

in ancient soda lime silica glass. We have compared ana-
lytical results obtained by optical spectroscopy to XANES
spectroscopy, which is often used to study the redox state
of elements in glass and is considered a reference method.
However, this technique is not easily accessible and re-
quires dedicated facilities. Moreover, optical spectroscopy
can be applied in situ allowing to determine the Fe?T con-
tent of ancient glass with limited preparation of the surface
and without the need of sampling the material. We ap-
plied these techniques on model glasses and archaeological
samples from Roman and Late Roman contexts.

Optical spectroscopy gave nearly the same results than
XANES spectroscopy as argued by the good correlation
coefficient of determination (r?=0.961). However, we do
not want to state that optical spectroscopy can substitute
XANES in all aspects of the archaeometric study of ancient
glass. There are many differences between the two tech-
niques that keep them as complementary tools. For sev-
eral cases XANES is a preferential technique, i.e. deeply
coloured or opaque glass, or when a higher spatial resolu-
tion should be required. On the other hand, we want to
stress that to investigate the redox conditions, especially
as a first screening approach, UV-vis-NIR spectroscopy is
an important tool to take in consideration before apply-
ing more sophisticated techniques such as XANES, which
requires longer time and high-tech resources.
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Figure 1: EPR spectra of the Fe-series exhibit two main features at 160 and 340 mT. The first one is due to Fe3t in low symmetry sites,
while the second one to Fe31 sites with higher symmetry. Two samples, R3 and R4, have a peculiar feature at 312 mT.

Table 1: Composition of the Fe- and R-series glasses, presented as oxide concentrations (wt%), obtained by XRF and the Fe redox ratio
provided by AGC Glass Europe. The Fe-series consists of iron doped soda-lime-silica glasses synthesised with increasing concentration of
iron. They were melted at 1550° C under inert N, atmosphere. The Fe3 glass was used as base glass to produce the R-series of glasses
manufactured under different redox conditions. The R-series was analysed only for iron and sulphur.

I | FeoO Fel Fe2 Fe3 Fed [ RI. R2 R3 R4 RH |

Al,O5 | 3.152  3.219 3.168 3.168 3.162
Fe,O5 | 0.062 0.113 0.249 0.543 0.803 | 0.559 0.543 0.567 0.537 0.533
TiO, | 0.015 0.015 0.016 0.015 0.016
Na,O | 1545 1548 1542 15.36 15.38
K,O | 0.038 0.038 0.037 0.035 0.038
MgO | 0.16 0.13 013 013 0.13
CaO | 8.2 831 836 819 818
SO, | 0.026 0.025 0.027 0.027 0.028 | 0.037 0.032 0.028 0.024 0.021

Table 2: Comparison of determined values of Fe?t with different analytical techniques. The values obtained by wet chemistry are used as
reference. The data are tested by EPR and XANES, for which we show also the centroids. Wet chemistry data are used to and used to calibrate
optical spectroscopy. We report the absorbance measured at 1100 nm and the Fe?t in elemental wt% obtained by optical spectroscopy after
calibration. na = not analysed.

sample Fe?t determination XANES UV-vis-NIR

Wet chem EPR centroid Fe2t A11000m Fe2t
Fel 0.020 0.015 na 0.0109 0.020
Fel 0.037 0.017 na 0.0279 0.034
Fe2 0.059 0.031 na 0.0649 0.064
Fe3 0.102 0.083 7113.59 0.101 0.1297 0.117
Fed 0.134 0.153 7113.67 0.120 0.1642 0.145
R1 0.096 0.060 7113.68 0.081 0.0907 0.085
R2 0.101 0.066 7113.70 0.074 0.0942 0.088
R3 0.162 0.172 7113.37 0.163 0.2135 0.185
R4 0.188 0.151 7113.46 0.131 0.2207 0.191
R5 0.296 0.260 7112.88 0.272 0.3400 0.288
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29 Figure 2: Fluorescence XANES spectra of three lab-made model glasses, R1, R3 and R5. Changing from reduced to oxidised the pre-edge
30 and the edge energies are shifted towards higher values. In the inset a zoom of the pre-edge feature is shown.
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58 Figure 3: The centroid positions of mineral and glasses references are used to build a straight correlation line. Plotting the centroid positions

59 of the glasses of the Fe- and R-series against the values of Fe?t /S Fe obtained by wet chemistry, we note that the linear correlation is valid.

60 Sample R4 is the only one off the correlation line likely due to its inhomogeneity. Note that all repeated scans on the model glasses are
reported.
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Figure 4: The absorbance of glass at 1100 nm is due to Fe?* ions. By applying the Lambert-Beer law it is possible to obtain a correlation
line between the absorbance and Fe?t concentration and obtain the linear absorption coefficient e. The values of Fe?t for the calibration are
determined by wet chemistry and reported in elemental wt%.
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Figure 5: Comparing the Fe?t in archaeological glasses determined by XANES and optical spectroscopy, we notice that there is a good
agreement between the two methods. Only two samples, YER1_10 and YERS8_1, are clearly off because the optical measurement was hamperd
by their low transmission at 1100 nm. The values of Fe?t are reported in elemental wt%.
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39 Figure 6: The pre-edge area is plotted against the centroid position in order to describe the coordination geometry surrounding the iron atoms.
40 The data measured on the same minerals by Wilke et al [42] are also reported. The circles describe the expected position of octahedral, [6],
and tetrahedral, [4], Fe3* and Fe?T compounds. The values have been postulated considering literature data.

Table 3: Centroid and integrated area of the pre-edge for mineral and glass references. The values reported by Wilke et al. [42] are also
48 shown. The energy disagreement is due to a different energy calibration.

50 This work Wilke et al. 2001 [42]
51 Reference Coordination | Centroid Pre-edge Area | Centroid Pre-edge Area

52 Aegerine 63+ 7114.03 0.103 711351 0.100
53 Epidote (6] pe3+ 7113.98 0.117 7113.56 0.064
Chromite 4 pe2+ 7112.51 0.167 7111.97 0.157
59 Hercynite 4 Fe2+ 7112.42 0.288 7112.02 0.256
FeSO - 4H,0 (6] Fe2+ 7112.48 0.068 7112.16 0.045
SRM1830 70% Fe?t 7113.52 0.217
ST1 33% Fe?* 7113.49 0.223
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Figure 7: The uncorrected transmission spectra for the archaeological samples with higher concentration of iron show clearly that the
underestimation of Fe2t in samples YER1.10 and YERS_1 is due to the lack of transmission at 1100 nm. The feature at 830 nm is an

instrumental artefact due to the switch between detectors.
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16 Supplementary Table: Evaluation of the Fe?T content in archaeological glasses. All values of Fe?t and Fegot are given in elemental wt%,
17 while the centroid is in eV.

18

19 XANES UV vis NIR EPMA
20 Sample Centroid Fe?* /Y Fe Fe?t A11000m Fe?* /Y Fe Fe2t Feot
21 YER1.7 7113.81 0.12 0.16 0.145 0.10 0.13 1.32
22 YER1.10 7112.99 0.66 0.81 0.811 0.55 0.67 1.22
23 YER2_1 7113.78 0.14 0.22 0.253 0.14 0.22 1.56
24 YER2.3 7113.86 0.09 0.06 0.033 0.06 0.04 0.63
25 YER3_1 7113.90 0.06 0.08 0.044 0.04 0.05 1.23
26 YER32 | 7113.79 0.14 0.07 0.026 0.06 0.03 0.51
27 YER3.3 7113.88 0.08 0.18 0.215 0.08 0.19 2.38
gg YER4.4 | 7113.86 0.09 0.06 0.034 0.06 0.04 0.65
20 YER4.5 7113.02 0.64 0.23 0.260 0.61 0.22 0.37
31 YERA4.8 7113.19 0.53 0.17 0.174 0.47 0.15 0.32
2 YER4.9 7113.24 0.49 0.15 0.193 0.55 0.17 0.30
33 YER5_1 7113.17 0.54 0.60 0.745 0.55 0.62 1.12
22 YER5 4 7113.20 0.52 0.54 0.661 0.53 0.55 1.03
35 YER5_8 7113.27 0.48 0.12 0.124 0.44 0.11 0.25
36 YERG6_1 7113.03 0.63 0.15 0.199 0.73 0.17 0.24
37 YER6_3 7113.23 0.50 0.18 0.209 0.52 0.18 0.35
38 YERG6_6 7113.92 0.05 0.08 0.091 0.05 0.09 1.68
39 YER7.5 7112.98 0.66 0.25 0.281 0.64 0.24 0.38
20 YER7.9 7113.14 0.56 0.16 0.175 0.54 0.15 0.29
a1 YERS_1 7113.19 0.53 0.61 0.622 0.45 0.52 1.16
42 YERS_3 7112.97 0.67 0.24 0.301 0.71 0.26 0.36
43 TR1.2 7113.23 0.50 0.30 0.303 0.43 0.26 0.59
a4 TR1.3 7113.35 0.42 0.17 0.298 0.65 0.25 0.39
45 TR1.5 7113.55 0.29 0.10 0.069 0.20 0.07 0.34
46 TR1.6 7113.17 0.54 0.29 0.292 0.46 0.25 0.54
47 TR2.3 7113.70 0.19 0.09 0.127 0.23 0.11 0.49
48 TR2.7 7113.55 0.29 0.13 0.165 0.32 0.15 0.46
49 TR2.9 7113.53 0.31 0.10 0.121 0.35 0.11 0.31
50

51

52

53

54

55

56

57

58

59

60
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