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Abstract
Chemical compositional data sets of archaeological artefacts are often analysed using standard statistical procedures. Adopting a
different approach, we examine the major element oxides found in Parthian and Sasanian glazed pottery by identifying statis-
tically important ratios of oxides in conjunction with the expert knowledge of the archaeological scientist during, rather than after,
the identification process. This results in meaningful ratios, both statistically and archaeologically, which help identify the recipes
and production practices used byMesopotamian glass and glaze producers. The application of logratio analysis to interrogate the
chronological groups suggests that the silica sources used for glazes were significantly purer in later periods and exhibited less
variation. Comparing the expert-assisted selection of ratios derived from a legacy data set to the ratios from compositional data of
Parthian glazed pottery recovered at the early 3rd century CE Roman military outpost of Ain Sinu in northern Iraq supports the
hypothesis that there was a shift to more standardised recipes in the production of glass used for glazes. If this translates to a
centralised glass-making industry, it would suggest that there are, as yet, undiscovered glass production centres, potentially in
areas associated with increased urbanisation in southern Mesopotamia around the time of the Parthian–Sasanian transition.
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Introduction

Chemical compositional analyses suggest that glaze technology
in Mesopotamia did not change significantly between the first
use of alkaline glazes on clay-based ceramics (ca. 1500 BCE)
and the transition to lead-based glazes in the early Islamic period
(Hedges and Moorey 1975; Peltenburg 1971; Vandiver 1983;
McCarthy et al. 1995). Although this assessment recognises the
establishment of a tradition of making glass and glazes with plant
ash, evidence of increased urbanisation, especially in the late first
millennium BCE by the Parthians (ca. 247 BCE-224 CE) and in
the early first millenniumCE by the Sasanians (224 CE−mid-7th
century CE) (Daryaee 2009), could suggest that this interpreta-
tion reflects how compositional data have been collected and
analysed rather than indicating that glass and glaze technology

had not developed for over 2000 years. Here, we present a
workflow (and the associated R code - see supplementary mate-
rial) of a recently developed statistical procedure, which is appli-
cable to many compositional data systems in archaeology, in
order to investigate Mesopotamian glass and glaze technology.

Freestone (2013) neatly describes the need for composi-
tional ‘anchors’ from which to examine the variation within
a production assemblage to determine the significance of the
differences between assemblages. Although compositional
analyses have had some success for medieval European glass
making, where raw materials were obtained locally, with each
glasshouse producing vessels of a distinctive composition
(Freestone 2005), they have often had limited success with
glasses and glazes with relatively homogenous compositions
(e.g. Roman glass) until production assemblages were discov-
ered, such as late antiquity (ca. 6th-8th century CE) glass-
making sites on the Levantine coast (Freestone and Gorin-
Rosen 1999). Furthermore, as highlighted by Baxter et al.
(1995), even the most carefully formulated analytical
programmes have failed to produce clear compositional
groupings corresponding to typology. This presents a problem
for Parthian and Sasanian glasses and glazes which, coupled
with low numbers of sherds available for analysis (Brill 2005),
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have only been recovered from consumption assemblages, as
production sites in Mesopotamia have not been reported.

It was shown recently that glazes on Parthian pottery re-
covered at the early 3rd century CE Romanmilitary outpost of
Ain Sinu in northern Iraq (Fig. 1) had compositions similar to
Roman glass, suggesting that Roman glass was recycled and
reapplied as a glaze by Parthian potters (Wood and Hsu 2020).
More significantly, this practice indicates that glass and glazes
were regarded as the same material in Mesopotamia and that
the presence of Roman glass reapplied as a glaze on Parthian
pottery reflects the practice of using a glass precursor in the
form of crushed glass frit to glaze pottery rather than applying
a fluxing mineral to react directly with the silica-rich clay
surface during firing. This could suggest that there are, as
yet, undiscovered glass production sites in Mesopotamia.

The current article recognises that there are plenty of
compositional data in archaeological site reports, academ-
ic theses and research articles which are ready for re-anal-
ysis. Although ‘standard’ techniques using the original
compositional values are often considered sufficient in
archaeology (Baxter and Freestone 2006), we advocate
the approach to compositional data which involves loga-
rithmically transformed ratios or logratios (Aitchison
1986, 2005; Aitchison and Greenacre 2002; Baxter
1989; Buxeda i Garrigós 1999, 2008; Pawlowsky-Glahn
and Buccianti 2011; Greenacre 2018, 2021), as we con-
sider this approach to be more mathematically rigorous
than traditional ones. Against this backdrop, we examine
legacy data from Parthian and Sasanian glazed pottery by
applying statistical procedures based on logratio analysis
(LRA) which utilise the expert knowledge (Greenacre
2019; Graeve and Greenacre 2020) of the archaeological
scientist during, rather than after, their application to iden-
tify patterns which reflect changes in recipes and produc-
tion practices. We use the logratios that emerge from the
legacy data to interrogate compositional data derived from
glazed pottery recovered at the 3rd century CE Roman
military outpost at Ain Sinu (also known as Zagurae), a
contested area in northern Mesopotamia (northern Iraq),
excavated by Professor David and Dr. Joan Oates in the
1950s.

Analysing glass and glazes

One of the main problems in comparing percentages of each
chemical component which makes up glass or a glaze (or any
multicomponent system) is that compositions are fundamen-
tally multivariate in nature, and their components are neces-
sarily interdependent. That is, even if one part of a composi-
tion is reported, it is implicitly related to the other components.
Moreover, compositional measurements conducted on glass
and glazed pottery use techniques such as X-ray fluorescence

(XRF), which cannot generally detect many of the lighter
elements found in glass, glazes and pottery (Hedges and
Moorey 1975). In other words, the amounts that are measured
do not add up to the real total. For example, in Hedges and
Moorey’s (1975) paper, the percentages of silica present in the
Sasanian glazes were not measured directly but calculated by
subtracting the sum of the other components from 100%.
Although this provides a useful approximation of the amount
of silica expected in these glazes, it is clearly difficult to com-
pare accurately with other studies which have measured addi-
tional (or fewer) components. In fact, the whole data set is
rarely (if ever) measured, as different instruments focus on
different parts of the composition. This means that the total
amount varies due to missing data, and since the total cannot
be determined, the percentage of nonmissing variables cannot
be calculated.

More recently, trace element and isotopic data have been
used in glass provenance studies (Shortland et al. 2007;
Walton et al. 2009; Degryse et al. 2010). These types of data,
however, are not routinely collected and, more significantly,
are difficult to relate to recipes used by ancient glass and glaze
producers. In effect, although trace element and isotopic data
can be used to determine compositional groups (e.g. traces of
Ti, Cr, Zr and La and Sr and Nd isotopes have been used to
discriminate between Egyptian and Near Eastern glasses),
such signatures can also result in the emergence of abstract
compositional typologies which are difficult to relate to any
changes in glass- and glaze-making practice. In fact, the anal-
ysis of major element oxides is perhaps preferable when trying
to study ancient technological practices as they are more
closely related to the recipes of ancient glass and glaze pro-
ducers and allow the application of statistical procedures
based on logratios since generally all components are present
in measurable amounts.

The problem with dealing with the major element ox-
ides, however, is that there are fewer components to pro-
vide the compositional variation that may be required to
identify statistically significant groups in data sets. We
address this problem by incorporating the expert knowl-
edge of the archaeological scientist into the statistical in-
vestigation. In effect, the approach proposed in this paper
is to replace the original compositional data with a set of
carefully selected ratios, with the following requirements:
(1) the ratios are easily interpretable by the practitioner, i.e.
the archaeological scientist; (2) the set of ratios, after log-
transformation, explains either all or a very high percent-
age of the variability contained in the original data set and
defines a geometry that comes measurably close to that of
the original data set and so preserves its essential multivar-
iate structure (Greenacre 2019); and (3) the ratios can be
validly reported as univariate statistics, with conventional
summary measures and plots, which can be compared with
the same ratios in similar studies.
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Legacy data set

The following criteria were used to select glazes in the archae-
ological record to determine representative Parthian and
Sasanian compositional signatures:

& Samples classified as Parthian, Sasanian or Parthian–
Sasanian were included in the analyses. Those classified
as Sasanian/Early Islamic or similar were not included.

& Gravimetric methods, e.g. Matson (1943), or semi-
quantitative techniques which could not measure the full

Fig. 1 a Map showing Ain Sinu and other sites in the Parthian and
Sasanian empires. b Aerial photograph of Ain Sinu from the British
Academy, Sir M. Aurel Stein Collection (item: ASA/3/35; Obverse:
15098). Use of photograph permitted by British Academy. c Parthian
blue-glazed pottery jar (second–third century CE) recovered in North

Syria (item: 1915, 1218.1). d Glazed sherd from Ain Sinu held at the
British Museum (item: 1988, 0410.126) showing the diagnostic Parthian
diamond-stamp pattern. Use of photographs permitted by British
Museum
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suite of major element oxides, e.g. portable X-ray fluores-
cence (pXRF), were excluded. The glaze compositions
reanalysed were generated from two analytical tech-
niques: energy dispersive spectroscopy (EDS) and wave-
length dispersive spectroscopy (WDS).

& Glazes of all colours were included on the assumption that
additives that modified the glaze colour were added to the
same base glaze and reflected variations in oxidising con-
ditions in the kiln rather than variations in the base com-
positional ‘recipes’ of the glazes.

Reliable chronology is clearly essential to interpret the sig-
nificance of these glazes, but unfortunately, it is not always
available with the desired precision. We are therefore using
the most generally accepted chronological attributions but ap-
preciate that some may be revisited in the future. Moreover,
terms such as Parthian–Sasanian and Partho-Sasanian are not
always well-defined in the archaeological literature and could
be interpreted as a glaze produced in either the Parthian or
Sasanian period or around the time of the Parthian–Sasanian
transition, i.e. ca. 224 CE. For the current article, we have
included a Parthian–Sasanian chronological group for these
indeterminate samples (and would therefore anticipate a great-
er spread in data compared to the other groups) where we have
placed samples such as the 1st–3rd century AD samples from
Seleucia in Iraq (Pace et al. 2008) (see Table 1).

The main components of Mesopotamian glazes derive
from silica and plant ash (Brill 2005; Freestone 2013;
Hedges and Moorey 1975; Simpson 1997) and contain oxides
of silicon, aluminium, iron, magnesium, calcium, potassium
and sodium (SiO2, Al2O3, FeO, MgO, CaO, K2O and Na2O,
respectively). These components can also be found in pottery
body fabrics that could influence the composition of the glazes
during firing. However, McCarthy (1996) measured the com-
positional profile across Parthian glazes, showing that there
was very little change from the outer surface of the glaze to the
glaze-body interface for all measured oxides, suggesting that
levels in the glaze do not change significantly. Similar exper-
iments have found that any influence of the body fabric on the
composition of the glaze is confined to a narrow layer (<
150 μm from the fabric) immediately adjacent to the body
(Wood and Hsu 2020). It has therefore been assumed that
compositions of the glazes predominantly reflect the recipes
used to make the glass applied to the body.

A second data set (Table 2), from the early 3rd century CE
site of Ain Sinu in northern Iraq (Wood and Hsu 2020), was
investigated independently of the legacy data presented in
Table 1. Ain Sinu was a contested territory for both the
Parthian and Sasanian empires, being occupied by the
Romans between 197 and 364 CE (Oates and Oates 1959).
Three glazes analysed from this Roman military outpost were
found to have chemical compositions which were consistent
with Roman glass (Wood and Hsu 2020), thereby suggesting

strongly that Roman glass had been recycled and reapplied as
a glaze on local pottery, that is, Roman glazes were lead based,
with alkaline natron glass only being used for objects of glass
(Hatcher et al. 1994; Walton and Tite 2010). Five glazed
sherds were found to have typical glaze compositions for the
Parthian and Sasanian periods. Table 2 shows the normalised
mean glaze compositions of oxides, with samples in italics
being those made from recycled Roman glass (i.e. glazes with
lower concentrations of MgO and measurable levels of the
decolouriser Sb2O5).

Methods

Although multivariate statistical applications in the archaeo-
logical literature are almost exclusively based on means and
correlation (or covariance) matrices determined directly from
raw percentage data (e.g. Foy et al. 2003; Maltoni et al. 2015),
the approach followed here treats the system as a series of
subcompositional components or parts, realising that the ox-
ides being analysed are a subset of a potentially larger set,
which affects their percentage values. The main idea is to
analyse oxide ratios, which are unchanged whether observed
in subcompositions or extended compositions, and to logarith-
mically transform the ratios to put them on an additive
(interval) scale, resulting in logratios. This method was first
proposed by Aitchison (1986) who defined a relative geome-
try where only the pairwise logratios of the different compo-
nents were considered (see Aitchison 2005).

Apart from the simple pairwise logratios of parts, other
logratio transformations are possible; the most useful being
the centred logratios (CLR), the logarithm of each component
(oxide) xj relative to the geometric mean of all the parts:

log x j= Πkxkð Þ1=D
� �

¼ log x j
� �

− Σk log xkð Þð Þ=D;
j ¼ 1;…;D

ð1Þ

It has been shown that the principal component analysis (PCA)
of theDCLRs is equivalent to the PCAof all½D(D - 1) pairwise
logratios (Aitchison and Greenacre 2002). This method of
dimension reduction is called logratio analysis (LRA), and
its interpretation differs from that of regular PCA in that it
is not the parts themselves that are interpreted in the solu-
tion but rather the directions linking pairs of parts, which
represent the logratios (for a practical introduction, see
Greenacre 2018).

Basing the analysis of compositions on logratios is
subcompositionally coherent as it removes the effects of the
constant sum constraint (which compels the data to lie be-
tween 0% and 100%) in order to eliminate any ‘spurious cor-
relations’ (Chayes 1949). In essence, the logratio approach
considers from the outset that the interest lies in the relative
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Table 1 Sites, data sources and techniques and chronologies of the legacy data. All concentrations are in normalised compound percent (wt% oxide).
Note that additional oxides were measured in some studies. (Adapted from Wood and Hsu 2020: Table 1)

Site Source Technique Chronology SiO2 Al2O3 FeO MgO CaO K2O Na2O

Deh Luran Plain, Iran Hill (2006) EDS Sasanian 67.21 4.44 0.85 2.12 6.28 4.46 8.68

Sasanian 70.75 2.97 0.76 1.95 4.20 2.90 11.39

Parthian 62.54 2.57 3.71 3.20 7.78 4.82 8.17

Nippur, Iraq McCarthy (1996) WDS Parthian 66.07 3.66 1.43 4.09 7.27 4.64 10.27

Parthian 62.99 5.95 1.16 3.67 6.32 5.61 13.37

Parthian 62.19 6.01 2.70 6.34 11.16 3.87 5.90

Parthian 61.78 5.88 2.72 3.38 5.40 4.94 12.87

Parthian 69.92 7.26 1.08 2.51 5.17 5.74 6.41

Parthian 65.18 4.94 1.68 3.00 7.30 5.44 9.88

Parthian 66.54 2.19 5.00 3.47 6.32 5.12 11.28

Parthian 58.46 12.93 3.31 3.31 6.87 5.56 8.55

Parthian 60.30 3.15 3.98 3.04 6.33 4.74 13.93

Parthian 63.00 4.08 2.79 5.27 9.25 3.57 10.15

Parthian 59.84 2.19 4.84 4.15 7.33 6.54 10.75

Parthian–Sasanian 62.11 3.28 0.96 4.12 7.29 4.36 16.30

Parthian–Sasanian 66.19 3.23 1.32 3.70 5.41 5.38 13.88

Sasanian 64.26 3.51 1.05 4.38 7.2 3.73 14.76

Sasanian 65.94 3.11 0.89 3.69 6.99 4.86 10.47

Mason and Tite
(1997)

WDS Parthian 62.2 2.8 1.3 2.4 7.3 4.5 19.6

Sasanian 67.4 2.6 3.0 3.3 8.4 5.7 9.6

Mason (2004) WDS Parthian 63.4 4.4 0.8 3.9 7.1 4.2 16.2

Parthian 65.8 3.8 0.9 4.0 7.9 4.2 13.2

Excavated in Aksum, Ethiopia Freestone (2013) EDS Sasanian 66.33 1.49 1.42 3.74 7.81 4.71 10.29

Sasanian 65.19 1.57 1.87 4.44 8.76 4.31 9.46

Sasanian 67.11 2.02 2.54 4.91 10.05 4.34 7.85

Sasanian 66.16 1.75 2.32 4.33 8.58 5.04 10.09

Sasanian 65.51 1.59 0.81 4.48 8.12 5.15 9.42

Sasanian 65.05 2.14 0.97 3.83 7.48 3.95 13.31

Sasanian 65.54 1.53 2.32 4.27 8.85 4.86 10.17

British Museum: Babylon, Susa, Warka,
Sippar, Nineveh, unknown

Freestone (2013) EDS Parthian–Sasanian 60.39 3.13 1.54 5.61 10.3 3.59 8.40

Parthian–Sasanian 70.4 1.50 0.78 2.03 6.11 6.68 8.98

Parthian–Sasanian 63.97 1.56 0.89 3.33 7.09 4.70 10.68

Parthian–Sasanian 68.55 2.30 0.71 3.40 6.30 3.58 12.54

Parthian–Sasanian 64.31 4.22 1.33 4.55 6.36 3.45 11.27

Parthian–Sasanian 64.03 3.73 4.16 2.79 5.96 5.18 11.44

Parthian–Sasanian 64.44 4.21 1.99 4.36 8.28 4.39 10.03

Parthian–Sasanian 63.94 5.79 2.87 2.85 5.08 5.69 11.54

Nishapur, Iran Collinet and
Rante (2013)

EDS Sasanian 67.07 2.45 1.14 3.23 5.96 5.56 11.03

Sasanian 65.75 4.27 1.98 3.54 7.94 4.30 9.83

Seleucia, Iraq Pace et al. (2008) EDS 1st–3rd century
AD

69.1 3.6 1.5 3.1 7.7 7.8 6.4

Veh Ardasir, Iraq Pace et al. (2008) EDS Sasanian 60.2 4.4 1.7 4.5 9.3 4.1 12.8

Sasanian 60.5 4.2 1.3 4.9 9.8 4.7 13.4

Sasanian 64.7 2.2 1.5 3.9 7.6 4.0 10.9

Sasanian 63.5 3.0 1.4 4.7 7.7 4.5 12.8

Sasanian 60.4 4.0 1.9 5.2 10.0 4.5 11.3

Sasanian 63.9 2.3 1.1 4.3 7.8 4.6 12.9

Sasanian 68.4 2.6 1.5 5.0 8.4 4.9 8.2
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magnitudes and variations of components instead of in their
absolute values, thereby retaining the proper covariance struc-
ture of any compositional data set. The transformation to
logratios then allows the full range of standard statistical
methods, both exploratory and inferential, to be available for
identifying and confirming groups or patterns in the data.

Further development of the logratio approach was intro-
duced by Greenacre (2019) who showed that a careful step-
wise selection of a small set of simple pairwise logratios could
explain essentially all the variance in the total set of logratios
and that this selection could be enhanced by expert knowledge
of the data context (Graeve and Greenacre 2020). This is the
approach adopted here, namely, identify a small set of
pairwise logratios, which have both a substantive interpreta-
tion and as high as possible statistical explanation of the total
logratio variance.

The procedure adopted here also makes use of
bootstrapping methods in order to determine univariate or
multivariate confidence limits. Bootstrapping involves taking
a large number (in our application, 1000) of samples of the
original sample, with replacement, computing the group
means on each one, giving an approximate empirical distribu-
tion of the mean. Greenacre (2016) defines a univariate

confidence plot, where the bootstrapping method is used to
construct the confidence interval, with ‘whiskers’ extending
from the mean (shown as a dot) to the upper 97.5th and lower
2.5th percentiles, thus giving an estimated 95% confidence
interval for the mean (e.g. see Fig. 4). To enhance the interval
in a style similar to the boxplot, a box has been added to show
the boundaries of the 75th and 25th percentiles, thus enclosing
50% of the mean’s distribution (Greenacre 2016). Thus, there
is a 50:50 chance that the box covers the true mean and a 95%
chance that the range of the extended interval includes the true
mean. Notice that these confidence plots show the variability
in the mean rather than the variability in individual values.

As a rule of thumb, if two confidence intervals do not over-
lap, then there will be a significant difference between the re-
spective groups (Krzywinski and Altman 2013); whereas if
they do overlap, then it depends by how much, and a formal
test is required to make a decision. In every case, a p value of
group difference should be computed, and this is conveniently
done using a distribution-free permutation test (Good 2005); we
used the function oneway_test in the coin package in R
(Hothorn et al. 2008), i.e. the asymptotic Fisher–Pitman test.

Similarly, in multivariate space, bootstrapping allows the
computation of a region enclosing a multivariate mean with

Table 1 (continued)

Site Source Technique Chronology SiO2 Al2O3 FeO MgO CaO K2O Na2O

Sasanian 68.3 1.9 1.0 3.6 7.1 3.9 9.4

Sasanian 67.6 2.1 1.3 4.4 8.0 3.5 9.2

Sasanian 67.0 3.0 1.4 3.9 8.5 3.7 8.6

Sasanian 67.6 1.5 0.9 3.8 6.9 4.1 10.8

Sasanian 65.9 3.1 1.3 3.3 8.1 4.9 10.1

Sasanian 67.2 3.6 1.9 4.0 7.8 3.6 8.8

Table 2 Normalised mean glaze compositions of oxides for the
Parthian samples from Ain Sinu in wt% oxide (i.e. compound %), apart
from chlorine which is measured in wt%, measured using SEM-EDS. All
absolute totals for the glazes were over 90%. The numbers of analyses per
sample are in parentheses. All EDS measurements were made over
150 μm from the ceramic body to avoid any interaction layers and also

away from weathered edges. BDL indicates that the element oxide was
not detected. EPMA was used to measure Sb2O5 concentrations in the
glazes. The samples 156, 163 and 171, highlighted in italics, are the three
samples which are consistent with Roman glass. (Adapted from Wood
and Hsu 2020: Table 4)

Sample number
1988-410-#

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO FeO CuO PbO Sb2O5

126 (6) 11.52 3.51 3.11 63.84 0.48 0.55 0.22 4.28 8.65 0.23 BDL 1.77 2.05 0.50 BDL

156 (5) 12.25 0.77 1.98 69.27 BDL 0.38 0.52 2.74 9.29 BDL BDL 0.66 1.75 0.59 0.39

157 (9) 11.01 2.99 2.36 68.13 0.46 0.40 0.37 4.10 5.96 0.30 BDL 1.42 2.92 BDL BDL

163 (9) 14.24 0.86 1.87 68.12 BDL 0.41 0.75 1.80 7.96 0.23 0.22 0.83 3.03 BDL 0.47

171 (6) 12.16 1.14 2.04 66.91 BDL 0.41 0.74 3.49 8.42 BDL 0.23 0.94 3.36 0.54 0.37

169 (9) 11.88 2.81 2.35 64.98 0.45 0.35 0.39 3.41 5.80 0.36 BDL 1.82 4.60 1.09 BDL

170 (7) 14.11 2.34 3.04 64.47 0.48 0.39 0.29 3.52 5.96 0.34 BDL 1.64 2.96 0.77 BDL

176 (7) 11.14 3.75 3.38 62.80 0.95 0.45 0.34 4.00 8.49 0.30 BDL 2.10 2.31 BDL BDL
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prescribed confidence, usually 95%. In reduced-dimension
plots such as Figs. 2 and 3 and regular bivariate plots such
as Fig. 5, these regions are represented by confidence ellipses
(see Greenacre 2016 and associated R function CIplot_biv in
supplementary material).

Results

Figure 2 shows the results of the LRA, explaining 74% of the
logratio variance using the first two principal components of
the logratios. This biplot is interpreted in terms of the direc-
tions linking the tips of the arrows rather than the arrows
themselves. These connecting links represent the ratios be-
tween parts (on a logarithmic scale) so that large distances
between pairs of oxides represent high variances of logratios,
for example, those of FeO/Na2O and FeO/Al2O3. In effect,
every pairwise logratio is a direction between two oxides,
and inverting the ratio just inverts the direction.

When two oxides such as MgO and CaO are at the same
position, this indicates highly correlated logratios with the
other oxides. For example, FeO/MgO and FeO/CaO are in-
deed highly correlated (r = 0.9541), and there is similarly a
high degree of correlation between Al2O3/MgO and Al2O3/
CaO (r = 0.9539). This suggests that MgO and CaO can be
amalgamated with minimal loss of variance (Greenacre 2020),

i.e. summing (MgO+CaO), and thus simplifying the analysis.
From an archaeological science perspective, this suggests
strongly that MgO and the CaO in these glazes derive from
the same source. More specifically, since MgO is associated
with the plant ash flux (Barkoudah and Henderson 2006; Tite
et al. 2008), this suggests that CaO enters the system inadver-
tently with the plant ash rather than being deliberately added
in the form of limestone or shell.

The shaded regions show 95% confidence ellipses around
the means of the three groups, clearly demonstrating that S
(Sasanian) is separate from P (Parthian), with P–S (Parthian–
Sasanian) overlapping with both S and P. Furthermore, the
variances for each group show that the Parthian group has
the most variance (0.1072), and Sasanian has the least vari-
ance (0.0440), with the nebulous Parthian–Sasanian group
falling between these two groups (0.0773). Multivariate per-
mutation tests for group differences using the vegan package
in R (Oksanen et al. 2015) confirm that Parthian and Sasanian
are significantly different in their compositions (p = 0.002),
whereas Parthian–Sasanian is not significantly different to
Parthian (p = 0.209) or to Sasanian (p = 0.187).

Figure 2 represents the analysis of all pairwise logratios
(numbering 21 if MgO and CaO are separated but 15 when
they are amalgamated), but we also recognise that a smaller set
can be determined, which explains almost of the variance
while approximating closely the geometric structure of the

Fig. 2 Logratio analysis (LRA)
of the data in Table 1, where the
additional samples in Table 2 are
displayed as supplementary
points (Roman samples 171, 163
and 156 in italic on the right). A
95% confidence ellipses around
the group means (large symbols:
P, P–S and S) of the three groups,
clearly demonstrating that S
(Sasanian) is separate from P
(Parthian), with P–S (Parthian–
Sasanian) overlapping with both
S and P. Around 74.0% of the
variance is explained by the two
principal dimensions
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compositional data. Since several logratios compete for being
chosen at similar levels of explained variance, it is preferable
that selection is assisted by expert knowledge in order to ex-
plain as much variability as required to reveal the underlying
structure of the data using logratios that are meaningful to the
archaeological scientist. In our stepwise selection, for the for-
mation of logratios, MgO and CaO were amalgamated
(summed), and the individual oxide values of MgO and CaO
are then removed, but the logratio variance to be explained
remained that of the original data set of seven oxides.

The following stepwise process was followed (details of
the steps are given in Table 3):

Step 1: The automatic procedure produced a list of candi-
date logratios in descending order of explained variance.
Table 3 presents the top five ratios in terms of the percentage
of variance that each explains. The first logratio (SiO2/FeO) in
the list for the first step explains the most variance (38.5%)
and was also the preferred choice. From an archaeological
science perspective, this ratio could relate to the purity of the
silica source since iron impurities in the silica source can affect
the colour of a glaze. For example, glazes can turn yellow, red
or brownwhen iron oxide within a glaze is oxidised (Vandiver
1990), with the colour depending on the amount present.
Under reducing conditions, it turns the glaze green (Matson
1971). A silica source with low iron could produce glass or
glaze which is closer to being colourless than a glaze with high

levels of FeO. This could have been desirable for the ancient
glass/glaze producer especially if other additives were to be
introduced to colour the base glaze, e.g. copper compounds.
This suggests that certain silica sources may have been delib-
erately sought out. By this rationale, log(SiO2/FeO) was se-
lected, explaining 38.5% of the variance, and the procedure
continued to the second step.

Step 2: The second column in Table 3 shows the list of
candidates after log(SiO2/FeO) has been forced in, after which
the same stepwise procedure was performed on all the remain-
ing ratios. The percentages are now the cumulative ones, in
addition to that of the log(SiO2/FeO) chosen previously. The
first logratio in the list, Al2O3/(MgO+CaO), explains the most
additional variance (33.3%), bringing the explained variance
to 71.8%. However, log(SiO2/Al2O3) was selected despite
being slightly below (1.1%) the statistically optimal logratio.
This ratio is coherent from an archaeological science perspec-
tive: glass with low levels of alumina is considered to reflect
the use of quartz sand or quartz pebbles as the silica source
(Freestone and Gorin-Rosen 1999; Paynter and Tite 2001).
Consequently, the logratio of (SiO2/Al2O3) was selected from
this second step because, like log(SiO2/FeO), it could relate to
the purity of the silica source used.

Step 3: Now that log(SiO2/FeO) and log(SiO2/Al2O3) have
been forced in, the top of the list of ratios became dominated
by the amalgamation of MgO and CaO. When ratioed with

Fig. 3 PCA of the four logratios
selected, which account for
93.1% of the total logratio
variance. Since 50.4 + 29.7 =
80.1% of the variance is
explained by these two
dimensions, this means that 0.801
× 93.1 = 74.6% of the total
logratio variance is explained by
this two-dimensional solution.
The samples in Table 2 are added
as supplementary points (Roman
samples 171, 163 and 156 in
italics on the right)
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this amalgamation, K2O brings the explained variance up to
84.0%, while any of the three parts already in the two previous
logratios, i.e. FeO, Al2O3 or SiO2, similarly ratioed with this
amalgamation, would bring the explained variance up to
83.5%. The logratio of (SiO2/(MgO + CaO)) was selected
despite being 0.5% below the statistically optimal logratio as
it reflects the variation in the silica source to the plant ash
source, i.e. the silica-flux recipe used by glass and glaze pro-
ducers. Furthermore, K2O potentially derives not only from
the plant ash but also from the fuel used during firing (Paynter
2009; Wood and Hsu 2020), making any ratios which include
K2O more difficult to interpret.

Step 4: After forcing in log(SiO2/(MgO + CaO)) along
with the two previously selected logratios, several ratios that
include Na2O bring the explained variance to 93.1%.

Although soda (Na2O) should come in with the plant ash
(i.e. it is a flux in these soda–lime–silicate glazes), it is a
problematic indicator since Na2O can leach out during depo-
sition (i.e. weathering). Nevertheless, archaeological scientists
tend to sample select the least weathered samples for analysis
and avoid weathered regions of the sample when measuring
compositions (McCarthy 1996; Tite et al. 1998; Paynter 2009;
Wood and Hsu 2020), so variation in the logratio (Na2O/
(MgO + CaO)) could reflect variations in the types of plant
ash used. This is the final logratio selected, with 93.1% of the
total logratio variance in the data set accounted for.

The four logratios identified from the stepwise procedure
described above (i.e. logs of SiO2/FeO, SiO2/Al2O3, SiO2/
(MgO + CaO) and Na2O/(MgO + CaO)), representing
93.1% of the variance of the data set, are both high statistically

Fig. 4 95% confidence plots for
means of the four selected
logratios based on 1000 bootstrap
samples. Themean is indicated by
a dot (as opposed to a line for the
median in a boxplot). The box
encloses a 50% confidence
interval for the mean and the
whiskers a 95% confidence
interval. In each case, confidence
plots are shown for the three
chronological groups in Table 1:
Parthian, Parthian–Sasanian (P–
S) and Sasanian, as well as for the
group of the early 3rd century CE
glaze samples from Ain Sinu in
Table 2, denoted as AS. The three
Roman samples (171, 163 and
156) are highlighted with
triangles
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and meaningful to the archaeological scientist. It should be
noted that if the stepwise algorithm made its own optimal
choice, it would explain 94.9% of the variance. However, this
modest gain includes ratios with K2O which, as mentioned
above, are more difficult to interpret. Figure 3 shows the
PCA using only the selected logratios. As with Fig. 2, 95%
confidence ellipses around the means of the three groups
clearly demonstrate that S is separate from P, with P–S over-
lapping with both S and P.

From Fig. 3, it appears that the logratios of SiO2/FeO and
SiO2/Al2O3 separate the groups along dimension 1, whereas
those of SiO2/(MgO+CaO) and Na2O/(MgO+CaO) are account-
ing chiefly for differences amongst the samples along dimension
2. To demonstrate this one variable at a time and to implement a
statistical test, Fig. 4 shows 95% confidence plots for the logratio
means of the groups, using bootstrapping (see Greenacre 2016
and the associated R function CIplot_uni in supplementary
material).

As suggested by the overlapping confidence plots, Fig. 4a
(upper left) highlights that log(SiO2/(MgO +CaO)) is relative-
ly invariant across all three chronologies. The p value (p =
0.295) for testing differences between the groups suggests
strongly that the null hypothesis cannot be rejected, i.e. there
is no difference. This could suggest that the silica source and
the plant ash were added together in similar proportions over
these periods. In effect, the analysis supports that the recipe of
adding plant ash to the silica source was relatively constant.

Figure 4b (upper right) shows that log(Na2O/(MgO +
CaO)) is also relatively invariant between the Parthian and
Sasanian chronological groups (p = 0.315). This would sug-
gest that the flux used was either similar across groups (i.e.
plant ash flux) or that any changes in recipe (e.g. types of plant
used) cannot be differentiated using the major element oxides.

In Fig. 4c (lower left), the confidence intervals for P, P–S
and S overlap, and we have to rely on the statistical test to
decide on between-group significance. The p value is 0.025,
showing that log(SiO2/FeO) is statistically different across the
three chronological groups (Note: The p value is even lower if

only Parthian and Sasanian groups were compared: p =
0.009). This could suggest that either the raw materials and/
or the practice changed. As the ratio is higher in the Sasanian
than the Parthian period, this would indicate that either the
concentration of silica was higher or that the concentration
of iron oxide was lower in the Sasanian compared to the
Parthian period. In Fig. 4d (lower right), there is no overlap
between the confidence intervals of P and S for the logratio
log(SiO2/Al2O3), and the groups are statistically different (p =
0.002), suggesting that either the concentration of silica was
higher or that the concentration of alumina in the Sasanian
period was generally lower compared to the Parthian period.

A cursory examination of the raw data (Table 1) shows that
the silica levels are similar for the Parthian, Parthian–Sasanian
and Sasanian periods, suggesting that themain variation is within
the iron oxide and alumina concentrations. Furthermore, Fig. 5
presents these two logratios on one plot, which shows that there
is an increasing trend between the Parthian period and Sasanian
period for both these ratios (with the Parthian–Sasanian data
falling between the means of P and S). This indicates that
log(SiO2/FeO) and log(SiO2/Al2O3) are correlated. In fact, the
plot is similar to the LRA plot (Fig. 3), thereby demonstrating
that most of the between-group variance can be explained by
these two logratios. Essentially, the increasing trend on this
logratio plot indicates that the silica source became increasingly
pure in later periods (i.e. concomitant decreasing levels of iron
oxides and alumina), suggesting the increasing application of
quartz sand/pebbles as the silica source in the production of
glazed pottery.

Figures 2, 3, 4 and 5 also present data from glazes recov-
ered at Ain Sinu (AS). As expected, the samples identified as
Roman glazes (in italics) appear to separate on all these plots.
The remaining glazes from Ain Sinu generally lie within ei-
ther the Parthian or Sasanian ellipses or between them in Figs.
2, 3 and 5. Similarly, this separation is reflected in Fig. 4.
Applying the exact Fisher–Pitman oneway_test for the non-
Roman Ain Sinu samples and Parthian legacy data groups
(Hothorn et al. 2008) shows that log(SiO2/(MgO + CaO)) (p

Table 3 Stepwise process of analysis. The table shows the top five
ratios and the associated cumulative percentage of the total variance
explained at each step. The ratios in bold were those selected based on

expert knowledge. These four ratios account for 93.1% of the total
logratio variance

Step 1 Step 2 Step 3 Step 4

Ratio % Ratio % Ratio % Ratio %

SiO2/FeO 38.5 Al2O3/(MgO + CaO) 71.8 K2O/(MgO + CaO) 84.0 FeO/Na2O 93.1

FeO/Na2O 38.2 SiO2/Al2O3 70.7 FeO/(MgO + CaO) 83.5 SiO2/Na2O 93.1

FeO/(MgO + CaO) 37.5 Al2O3/FeO 70.7 SiO2/(MgO + CaO) 83.5 Na2O/(MgO + CaO) 93.1

Al2O3/FeO 35.4 Al2O3/K2O 67.4 Al2O3/(MgO + CaO) 83.5 Al2O3/Na2O 93.1

FeO/K2O 34.8 Al2O3/Na2O 67.0 Na2O/(MgO + CaO) 83.3 K2O/Na2O 92.7
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= 0.35), log(Na2O/(MgO + CaO)) (p = 0.40) and log(SiO2/
FeO) (p = 0.48) ratios for the five Ain Sinu samples are not
significantly higher than the Parthian group. However,
log(SiO2/Al2O3) ratios are much closer to significance (p =
0.07). In fact, samples 1988-410-157 and 1988-410-169 have
lower levels of alumina than the other Ain Sinu samples
(Table 2) which could suggest that the glazed pottery recov-
ered at Ain Sinu followedmore than one tradition. This would
be consistent with a region which was using recycled Roman
glass to glaze pottery and with their early 3rd century CE
chronology, i.e. the Parthian–Sasanian transition.

Discussion

The motivation for an archaeologist to use a method based on
ratios of components is that this makes compositional data, and
thus the results of the statistical analysis, invariant to the partic-
ular choice of components. This choice depends on the availabil-
ity of data. In this study, there were seven components in the
form of oxides. Extending or reducing the number of compo-
nents (if greater or fewer oxides had been available) changes the
compositional data, which are normalised to sum to 1, but the
ratios between components remain unchanged. As we have
shown, it is possible to select a few ratios (always on a logarith-
mic scale) to adequately account for the variance in the

compositional data set and provide sound archaeological inter-
pretation by incorporating the expert knowledge of the archaeo-
logical scientist during, rather than after, the selection process.

Restricting the logratio analysis (LRA) of the glaze com-
positional legacy data set (Table 1) to three chronological
periods shows that glazes from Parthian and Sasanian periods
lie in statistically different groups, with the more nebulous
Parthian–Sasanian group falling between the means of these
groups (Fig. 2). As expected, the confidence ellipse for
Sasanian glazes is smaller than that of the nebulous
Parthian–Sasanian group. It is, however, also smaller than
the Parthian group. This is due to both the lower inherent
variance of the Sasanian sample and its higher sample size.
In effect, the lower variation for the Sasanian glazes suggests
strongly that recipes or practices were becoming more
standardised in the later periods.

This patterning is perhaps not so surprising as technological
processes would be expected to improve over time. However,
interrogating the LRA shows that a change in the silica source
used could reflect standardisation through the deliberate selection
of higher purity sources (Fig. 4c, d). The expert-assisted selection
of the logratios (Fig. 3) shows that four meaningful logratios can
explain a high proportion of the variance of the legacy data set.
Although the ratios which relate to plant ash (i.e. SiO2/(MgO +
CaO) and Na2O/(MgO + CaO) ) do not exhibit any statistically
significant differences over the time periods under investigation,

Fig. 5 Scatterplot of the two
logratios log(SiO2/Al2O3) and
log(SiO2/FeO) for the data set in
Table 1 using the same
bootstrapping approach to obtain
95% confidence ellipses around
the means (large symbols: P, P–S
and S) of the three groups. The
additional samples from Table 2
are also plotted
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the logratios of (SiO2/Al2O3) and (SiO2/FeO) could suggest that
later glaze producers deliberately sought quartz sand or quartz
pebbles. Thiswould be in linewith glazes fromSeleucia andVeh
Ardasir which suggest that different types of sandmay have been
used for glazes during the Parthian and Sasanian periods (Mirti
et al. 2008).

The data we have reanalysed appear to show that changes
in sources of silica occurred around the time of the Parthian–
Sasanian transition. We are not claiming, however, that
Parthian potters never sought out purer silica sources or that
change in practice was abrupt. In fact, the early 3rd century
CE glazes fromAin Sinu suggest that purer silica sources were
already being used in the late Parthian period. Nonetheless, it
appears that the practice of seeking out purer silica sources for
glazes was much more prevalent under the Sasanians.

The acquisition and application of purer silica sources in
later periods could suggest that during Parthian times, individ-
ual potters made their own glazes (thereby explaining the
higher variation in the silica sources), whereas in Sasanian
times, glass-making became more centralised, perhaps pro-
ducing glass ingots (similar to the sixth–eighth century CE
primary glass production sites in the Levant) which were sub-
sequently broken up into cullet, procured by potters and used
for making glazed wares. Since potters at Ain Sinu were mak-
ing use of local glass (in their case, recycled Roman glass), it
would appear that there was sufficient know-how to glaze
pottery but insufficient glass to carry it out. Glazed pottery,
however, is common at Ain Sinu in contrast to the ornate but
unglazed wares generally recovered in northern Mesopotamia
(Oates 1968). The fact that northern Mesopotamia does not
appear to have a tradition of producing glazed wares could
suggest a southern Mesopotamian provenance for the non-
Roman glass glazed sherds at Ain Sinu or the movement of
glass into this contested region to glaze pottery (Table 2).

This would suggest that people travelled from the south to
the contested area of this Roman frontier post in northern
Mesopotamia around the time of the Parthian–Sasanian tran-
sition, perhaps bringing glass or glazed wares with them— a
movement which included those with the skills to glaze pot-
tery using acquired glass frit such as recycled Roman glass.
Essentially, it is proposed that standardisation potentially be-
gan in the south from the late Parthian period or earlier, which
is consistent with the notion of centralised glass production in
a region where most glazed wares from these periods have
been recovered.

Concluding remarks

The aim of compositional analyses in archaeology is to find
patterns in compositional data which can be used to understand
the behaviour of people in the past. These analyses, however,
often solely focus on explaining variance, which can lead to the

archaeological scientific practice of group finding becoming too
abstract to investigate the recipes and practices conducted to
produce ancient artefacts. Here, were have shown that the appli-
cation of statistical operations based on logratios to a composi-
tional data set comprising the major element oxides of Parthian
and Sasanian glazes can provide useful archaeological informa-
tion, particularly when the analyses utilise the knowledge of the
archaeological scientist during their application. The workflow
(and the associated R code) assists in the identification and inter-
rogation of meaningful patterns in compositional data. We con-
sider that it is applicable tomany areas of archaeology in addition
to the case study on Mesopotamian glass and glaze technology
investigated here.

To some extent, the findings of this study are not contro-
versial: there appears to have been standardisation in the prac-
tice of producing glazes. However, better control over the
purity of the components to produce these glazes also suggests
centralisation of production in later periods. This may also not
seem to be a controversial claim, as there was increased ur-
banisation throughout the Parthian and Sasanian periods
(Daryaee 2009). This glass seems to be of a typical type for
the region: soda–lime–silicate glass fluxed using plant ash but
with less compositional variation and significantly lower
levels of alumina and iron oxides in later periods. This sug-
gests purer silica sources were deliberately sought after (i.e.
quartz sand or pebbles), especially in the Sasanian period,
which in turn suggests that glass began to be made indepen-
dently of craft workers who glazed the pottery. In fact, since it
is known that potters from the early 3rd century CE utilised
recycled glass at Ain Sinu in northern Mesopotamia, this
could suggest that indigenous glass was generally acquired
by potters to glaze their wares at this time rather than the
potters making glass themselves. Furthermore, since it is un-
likely that Parthian or Sasanian glass production would have
been instigated in contested territory, the know-how to glaze
pottery using glass and the glass itself potentially moved from
southern to northern Mesopotamia into this contested region.
Themechanism of this movement is unclear. Nonetheless, this
could suggest that there are, as yet, undiscovered glass pro-
duction sites in southern Mesopotamia from around the time
of the Parthian–Sasanian transition.
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