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Summary

This thesis presents a systematic evaluation of energy dispersive hand-held X-ray
fluorescence (HH-XRF) on the semi-quantitative net peak analysis (NPA) of Late,
Ptolemaic and Roman Period (644 BC to AD 395) faience from Egypt. The study
develops a non-destructive protocol in the analysis of faience glazes using HH-XRF, a
relatively recent technological innovation in cultural heritage. The benefits (e.g.
portable, non-destructive, non-radiological source (i.e. X-ray tube)) and limitations (e.g.
depth of analysis, layered analytes (i.e. glaze on body)) of HH-XRF are examined.

Replicated faience glazes were produced as a part of the HH-XRF evaluation. Glaze
recipes were derived from the literature involving experimental archaeology and
instrumental analysis. One body and three glaze batches were produced that were
aesthetically and structurally similar to the archaeological material. The glaze batches
were fired on raw and bisque-fired bodies in a raw and prefritted state to produce 30
replicated glaze samples.

The HH-XRF parameters (e.g. voltage, current, acquisition time) were evaluated using
Corning Glass B as the known analyte. Optimum results were based on a compromise
(bivariate coefficient) between high precision (Cv) and high signal-to-noise ratio (SNR).

Multivariate statistics were explored providing the optimal methods for data preparation
and analysis using hierarchical cluster analysis, principle component analysis and K-
means analysis. The HH-XRF (NPA) measurements for high (40 kV) and low (15 kV)
voltages combined with multivariate statistics successfully discerned the three
replicated faience glaze sets.

A small case study of faience glazed sherds from Saqqara were examined and
analysed using the optimally determined settings to illustrate HH-XRF use on
archaeological material. The results categorized the faience into 5 groupings (with
subgroups) based on composition.

The project was designed to help field archaeologist and others responsible for the
study and care of faience objects by providing steps that can be utilized in the field or
in a laboratory setting using materials and tools that are readily accessible. This is
especially useful in places like Egypt where there are on-going excavations but
exportation of artefacts is difficult to impossible and importation of radiological sources
is highly regulated.
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B

Map 1: Map of modern Egypt exhibiting place names that are used in the text. Cairo is
included for reference. Partitions (A-B) indicate areas covered by additional maps after
this page.
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Map 2: Map A of modern Lower Egypt exhibiting place names that are mentioned in the text.
Blue markers are known workshops utilized at some point during the Late through Roman
Periods. The single white marker (Wadi Natrun) exhibits the best known source for natron.
The yellow markers indicate areas where sand samples were collected for analysis by various
authors. Saqqara (red marker) is the site where the case study faience sherds were
recovered.
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Map 3: Map B exhibiting Middle and Upper Egypt and place names used in the text. This
map exhibits the location of the one known faience workshop (Elephantine) utilized in Upper
Egypt sometime during the Late through Roman Periods. The other markers exhibit areas
where sand was collected for analysis by various authors.
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Introduction

Introduction

This PhD research project is a response to the heavy adoption of handheld portable X-

ray fluorescence (HH-XRF) by the cultural heritage sector including archaeologists,

conservators and others charged with the care and understanding of our past through

material science. Blue faience glazed objects from the Late, Ptolemaic and Roman

Periods of Egypt are the subject of study. The composition of the glazes has changed

as new sources for raw materials were used. Analysis of these glazes in the field and

laboratory will be useful with on-going excavation strategies and may prove beneficial

in the future for provenance studies of artefacts in making connections with specific

raw material sources or workshops (far beyond the purview of this PhD thesis). The

scope of the project is to determine what useful information HH-XRF can provide

beyond the identification of the colourant used in the glaze.

The seemingly ambiguous term �faience� has taken on three meanings in the last

century: tin-glazed delftware (English and Dutch), more commonly Italian majolica from

Faenza, and the vitreous glazed bodies of Egyptian origin which are sometimes called

frit-ware but not without controversy because of confusion with glass manufacture

(Lucas and Harris 1962:156; Nicholson and Peltenburg 2000:177; Tite 2009:2066; Tite

and Shortland 2008:21). Egyptian faience indicates ancient Egyptian vitreous glazed

ware and objects. For non-archaeological ceramicists, this term can be confused with

Egyptian paste which refers strictly to the modern efflorescence glazed material (see

Chapter 2) made in the style of Egyptian faience. For this work the term �faience� or

�Egyptian faience� refers to the glazed non-clay powdered quartz bodied ceramic of

Egyptian origin, the glazing of which can be by cementation, efflorescence or

application, or any combination of the three methods.

Blue glazes from the Late through the Roman Periods (664 BC � AD 395) are the

analytical study subjects of the research. These cultural periods have not had the

same amount of study as the earlier pharaonic periods. This period marks a time when

the position of Egypt in the ancient world changed from one of dominance in the Near

East to one of foreign domination and incorporation into a wider Mediterranean world.

Blue glazes represent the most abundant colour being produced during this period and
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have thusly been selected for investigation. Isolating the study to a single colour

removes the colourant as the variable with the highest variance, and therefore

removing the colourant as the driving force of the post-data-collection analysis.

HH-XRF is becoming ubiquitous in archaeology and museum collection studies. HH-

XRF provides museums and archaeologists with the potential of portable non-

destructive analysis and the capability to conduct several measurements within a short

period of time. Other benefits of HH-XRF include the use of an X-ray tube versus a

radiological source, minimal sample preparation and relative low cost. However, an

understanding of the limitations of HH-XRF are paramount for producing trusted

results. These limitations include depth of measurement, unsuitable surface

conditions, sample non-uniformity and detection of light elements. Benefits and

limitations are covered in greater detail in Chapter 3.

Egyptian faience is composed of a glaze layer over a ground sand or quartz body.

Depth of analysis in layered structures is a limitation with HH-XRF; the source depth of

the detected X-rays (i.e. body or glaze) is determined by the thickness of the glaze, the

voltage used during analysis and the specific elements detected. The study of faience

glazes in the field or in museums would benefit from HH-XRF analysis if the technique

reveals useful information beyond the glaze colourant used.

Field archaeology would benefit from HH-XRF analysis of faience glazes but traditional

analytical methods require the results to be in wt% or ppm. The generation of wt% and

ppm results require the analysis of 10-20 reference standards to represent the number

and compositional ranges of glaze and glass elemental components. Reference

standards are expensive and can be cost prohibitive for many users of HH-XRF.

Alternatively, net peak area (NPA) can be used for sample categorization.

Drake (2014) states that all HH-XRF information is contained within the spectra;

calibration adds no new information and is just a translation of the data into wt%. HH-

XRF NPA analysis is a semi-quantitative method which, not being bound to calibration

through reference standards, can still provide faience categorization based on ratios.

Semi-quantitative analysis is the analysis conducted when conditions for quantitative

analysis are not met (e.g. no reference standards) but qualitative analysis (spectra

comparisons) is not enough to answer the questions on hand (Bruker 2018). The NPA

results are in counts per second for each element. These results cannot be directly

compared across the literature unless the same HH-XRF unit (because of intra-

instrument detection variabilities) is used with the same analytical setup. However,

glaze categories, like those produced from cluster analysis, can be compared across
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the literature because the NPA are directly related to wt%. Thusly, although each HH-

XRF unit may produce variations in NPA and wt%, the categorizations will be similar.

In this way, HH-XRF can be useful for archaeological fieldwork with the caveat that

NPA semi-quantitative analytical results cannot be directly compared.

Evaluations of HH-XRF have occurred for archaeological materials including obsidian

(Forster and Grave 2012; Millhauser 2011; Nazaroff et al. 2010), unglazed pottery

(Forster et al. 2011; Morgenstein and Redmount 2005; Speakman et al. 2011), glazed

stoneware (Mitchell et al. 2012), and porcelain (Bezur and Casadio 2012; Domoney

2012). These have revealed HH-XRF as a valuable tool for the material-based

researcher (see Chapter 3). Success of HH-XRF with obsidian sourcing has

demonstrated the potential for faience chemical provenancing in archaeology.

However, obsidian is a homogenous material with no chemically distinct layers

(ignoring the effects of hydration). HH-XRF evaluations of layered glazed materials

such as stoneware and porcelain have been examined but not to the same extent as

obsidian. HH-XRF has been used on faience material (De Viguerie et al. 2009; Abe et

al. 2012; Toffolo et al. 2013, Whisenant 2012) but a thorough evaluation for HH-XRF

use on faience glazes is missing from the literature. This thesis is an extensive

evaluation of the HH-XRF method on the analysis of faience glazes.

Rationale

HH-XRF is a relatively new analytical tool in the cultural heritage repertoire which is

relatively cheap and easily transported across national borders but there have been

systemic issues in analysis and in understanding the limitations of HH-XRF (Shugar

and Mass 2012:19). Faience analysis would benefit from HH-XRF because of the

quick analytical acquisition times and the ease of portability, be it in museums, the field

or private collections, and across national boundaries where export of antiquities are

forbidden (e.g. Egypt). However, faience characteristics (i.e. layered, heterogeneous,

and often weathered) present a challenge for non-destructive quantitative analysis.

HH-XRF can detect sodium1 and higher Z (atomic weight) elements at various depths

in a matrix depending on the voltage used, the specific element of interest and the

density of the matrix. The quantification of HH-XRF measurements requires reliable

calibrations based on several reference standards. However, semi-quantitative NPA

could be a suitable alternative and is explored in this thesis. Appropriate HH-XRF

1 Silicon drift detection (SDD) sensors combined with the use of a vacuum or helium flush can
enable detection of sodium using the Bruker Tracer III-SD and the Spectra software (ver. 7.4)
although experience of this author found that precision (CV) is low resulting in a drop of the
element for post-measurement statistical analysis.
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parameters may provide the capability to determine faience production technology

based on specimen characteristics such as colourants and trace elements, and could

have greater consequences in the future on raw material sourcing and workshop

determination.

Compositional analysis of faience glazes has been carried out using various analytical

techniques including neutron activation analysis (NAA (e.g. Aspinall et al. 1972)),

inductively coupled plasma-mass spectrometry (ICP-MS (e.g. Mangone et al. 2011)),

scanning electron microscopy using secondary electron imagery and backscattered

imagery (SEM-EDS, -BSE (e.g. Vandiver and Kaczmarczyk 1987)), atomic absorption

spectrometry (AAS (e.g. Foster and Kaczmarczyk 1982)), and proton induced X-ray

emission (PIXE (e.g. McGovern et al. 1993)). There are no comparisons of these

techniques with HH-XRF on faience glazes2. However, a comparison of obsidian and

glass HH-XRF results with other analytical techniques reveal that both discriminate to

nearly the same level although these materials differ from faience glazes in that they

represent homogenous single-layer matrices (Craig et al. 2007; Goodale et al. 2012;

Nazaroff et al. 2009, 2010; Scott et al. 2012b; see Chapter 3). HH-XRF offers an

added benefit to these other methods; the object does not require sampling and large

objects are not subject to analyser chamber size restrictions. In other words, complete

objects of any size larger than the HH-XRF analyser window can be non-destructively

analysed but are still required to be thick enough to absorb 99% of the photon beam

for semi-quantitative and quantitative analysis to be effective.

The main issue of HH-XRF analysis on faience glazes is the depth of detection and

knowing the origin of the output information (i.e. body or glaze). The depth of

penetration is dependent on the HH-XRF voltage and the composition of the substrate.

Greater voltage will penetrate deeper into the glaze and possibly into the body and is

required to fluoresce elements with higher ionization energy. This may result in certain

elements being restricted from post-measurement glaze analysis (e.g. multivariate

statistics) because the origin of the detected photons is below the depth of the glaze

(e.g. tin and antimony with 40 kilo-volt (kV) measurements).

The capabilities of HH-XRF with the analysis of faience glazes were assessed through

the measurement of faience glaze replications produced in the Cardiff University

conservation science laboratory specifically for this project. The replicated faience

glazes on bodies simulating the archaeological material will provide a layered material

2 De Viguerie et al. (2009) found consistent results between a component XRF (C-XRF) system
and PIXE of a New Kingdom faience pendent glaze. Giumlia-Mair and Soles (2013) found
semi-consistent (� 10 wt%) results between C-XRF and AAS of a Mycenaean faience necklace.
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and substrate of known composition for analysis. HH-XRF analysis of these glazes will

determine if the analytical technique is capable of differentiating between glaze

batches (one copper and two cobalt glazes).

The results of the project will benefit the HH-XRF analysis of faience in the future

whether it reveals appropriate avenues for analysis or paths that should not be

followed in future evaluations. The analytical methodology for glazes is similar

regardless if the substrate is composed of powdered quartz or wedged clay. The point

is to analyse the glaze and not the substrate. However, most of the information

provided from HH-XRF measurements will be from the glaze even if the substrate is

detected. The methodology produced as a result of the project can be used on many

glazed materials assuming the glaze density is similar.

Aims and Summary of Methods

The aim of this study is to evaluate the Bruker Tracer III-SD HH-XRF to determine its

efficacy in the analysis of faience glazes and, if successful, to suggest a methodology

for the analysis of archaeological faience. To achieve this, the project will include the

analysis of 30 faience replicates, produced as part of this research, and 24 faience

sherds attributed to the Late/Ptolemaic Period (712-332/332-30 BC) (Dayton 1981) as

a case study using semi-quantitative HH-XRF and quantitative scanning electron

microscopy with energy dispersive spectroscopy (SEM-EDS) of sample cross-

sections. The glaze replicates were used to verify the methodology and validate the

HH-XRF technique on faience through the clustering of the known groups.

Archaeological faience glazes were analysed as a case study. Backscattered electron

imagery (BSE) determined glaze depths and faience microstructures to help

characterize the archaeological and replicated glazes.

Replications of application-glazed faience were produced to match the chemical,

microstructural and aesthetical characteristics of copper and cobalt-coloured blue

archaeological material from the end of the Late Period (Dynasties XXX-XXXI (380-

332 BC)) through the Ptolemaic (332-30 BC) and Roman (30 BC - AD 395) Periods of

Egypt. Replication experiments will enable the testing of fabrication materials versus

composition, use of a range of application methods (i.e. dipping and painting) and

firing parameters. The replicated material was used in the evaluation of HH-XRF for

analysis of faience material from the archaeological record. Corning glass standards

were used to determine optimized settings for the detection of the elements expected

in the glazes; these settings are a compromise between highest precision and greatest

signal-to-noise ratio (they often do not correspond; see Chapter 6). The faience glaze
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replicates were analysed using these optimum settings because they provide a known

layered material on a substrate and helped to examine the effects of a layered

structure on the analytical results.

The archaeological sherds were recovered from disturbed zones at Saqqara and are

associated with the 30th dynasty (Late Period) or to the early Ptolemaic Period, c. 355

BC (Dayton 1981:135). The glazes are mostly turquoise and ultra-marine blue,

however purple, yellow and green glazed archaeological glazes are analysed to

provide analytical contrast. The sherds are now a part of the Egyptian Exploration

Society collection held at Cardiff University and have been kindly provided by Dr Paul

Nicholson.

Chapter Layout

The background of faience including the technology, past compositional analysis and

use of faience replicates are further explored in Chapter 2. HH-XRF benefits,

limitations and the principles of X-ray fluorescence are discussed in Chapter 3. Case

studies involving archaeological objects are covered to provide a foundation on which

to base the current project parameters. Chapter 4 provides a methodology for the

current project and discusses the selection of investigative techniques including

instrumental and statistical analysis. The formation of replicated faience glaze batch

recipes and the results of glazing and firing are covered in Chapter 5. The HH-XRF

parameters are discussed and evaluated in Chapter 6 to determine the optimal setup

conditions for the analysis of the replicated glazes and the faience material from

Saqqara. Chapter 7 is a discussion on the macro-structures of the analogue and

archaeological material and the microstructures as determined through SEM-BSE of

object glaze profiles. Compositional profiles are generated and glaze depths are

further explored. Chapter 8 provides the background and methodology for multivariate

statistical analysis to determine faience clusters based on chemical composition of the

glazes. One faience replicate dataset is thoroughly explored to determine optimal

statistical methods for the analysis of all the replicated materials (Chapter 9) and

archaeological materials from Saqqara (Chapter 10). Chapter 11 is a review of the

findings and a proposed method for analysis of faience glazes in the field and

suggestions for further research.
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Background: Faience Materials and

Manufacture

Introduction

Faience glazes from the Late through Roman Periods (747 BC � AD 395) have not had

the same amount of analytical attention as the earlier pharaonic glazes despite having

undergone a conceptual change from association with stonework in the pharaonic periods

to association with pottery, metalwork and glass in the later periods, the periods of this

study (Nicholson 2012; 2013 148). Along with this cognitive change are the establishment

of new workshops associated with the production of faience (e.g. Memphis, Terenouthis,

Arthribis) and new sources for old colourants. Elemental analysis of the glazes will

indicate categories that may be based on specific workshops and possibly raw material

sources.

Egypt law 117 (2010 (most recent incarnation of 1983 law)) ended the practice of

exporting 10% of finds generated by international excavations and generally states that no

archaeological materials shall leave the country without the expressed written consent of

the Egyptian Council of Antiquities. As with any bureaucracy, granting of permission can

take time if given at all. This translates into difficulties with conducting analysis on recently

excavated materials unless it occurs within Egypt. Two possible resolutions are the

borrowing of pre-existing analytical equipment in-country or the importation of new

equipment. Borrowing of hands-on time on pre-existing equipment introduces problems of

scheduling, reliance on the host institution to honor that scheduling and vetting of the

international users by the host to ensure safety of equipment and efficient time

management practice. Importation of analytical equipment can be even more problematic

in securing funds for equipment and transportation, safety while in transit and use, finding

a host to house and power the equipment and potential local and international laws

affecting the transportation of equipment across international borders (e.g. radiological

sources).
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With the recent development of HH-XRF units comes a potential resolution. Many units

available today are relatively cheap compared to the cost of other equipment, contain X-

ray tubes instead of radiological sources curtailing local and international laws restricting

the transportation of radioactive sources, are small and easily handled and are battery

operated and/or can be plugged into standard AC power outlets. HH-XRF allows the in

situ analysis of recently excavated finds with immediate results.

However, HH-XRF analysis of faience has to be evaluated with the use of replicated and

archaeological glazes to determine if the results actually have archaeological meaning.

The problem does not lie with the analyte (subject of analysis) but with the analytical

technique involved in its analysis. That is not to say that the analyte does not have

characteristics that provide difficulties with some forms of analysis. Faience material is

composed of a glaze layer on a body substrate. In addition, the glaze may contain partially

or non-reacted materials resulting in a heterogeneous glaze (and body?) as the subject of

analysis when HH-XRF analysis is best conducted with homogenous materials. As a

result, the source (i.e. body or glaze) of the fluoresced X-rays is not known. Additionally,

greater density particles in the glaze/body will provide greater information output which

may not accurately reflect the network composition as a whole.

Production of replicated faience glazes for HH-XRF analysis provides a known material

(both in physical (i.e. depth of glaze) and elemental characteristics). A sample set

consisting of 30 individual samples divided between three batches (one copper colourant

and two cobalt colourant glazes on a sufficient faience body) was produced for testing.

Twenty-four archaeological faience sherds from Saqqara were also analyzed to evaluate

HH-XRF use on archaeological material.

A review of faience technology is required to assist in the production of the replicate

faience glazes and to inform on origin (intentional or inclusion) of possible elements

encountered with HH-XRF analysis of archaeological material. This chapter provides a

definition of the term �Egyptian faience� and presents a cultural background spanning the

period of interest in Egypt (Late, Ptolemaic and Roman Periods). The technological

aspects of faience are covered including chemical components typically encountered

during analysis and the forming, glazing and firing methods of Egyptian faience. The

importance of analysis of faience and potential information uncovered is explored and the

use of faience replication as a part of this analysis is discussed. The chapter following this
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provides background information and more in-depth discussion on benefits and limitations

of HH-XRF.

What is Egyptian Faience?

Egyptian Faience is a non-clay ceramic composed of a ground sand, or quartz, body with

a soda-lime-silica glaze and was produced in Egypt from the 4th millennium BC through

the end of the Roman Period (AD 395) (Kaczmarczyk and Vandiver 2008:58-60). It was

initially produced possibly to imitate lapis lazuli and turquoise (Friedman 1998:15;

Nicholson 2012; Vandiver 1983:A5) and early forms included beads and amulets. By the

end of the Roman Period the faience objects included statues, tableware and many other

forms. Faience has been described as the �first high-tech ceramic� implying that

knowledge of the properties bestowed by the various elements were known and

intentionally used by the crafters (Vandiver and Kingery 1986:19). Copper was the primary

blue and green colourant for faience but other colourants were introduced during various

periods (Kaczmarczyk and Vandiver 2008:72-73). For example, manganese was used for

purple and black glazes from the archaic to the Late Period (ibid., p.76-77). Iron oxides

(possibly Fe3O4) started replacing manganese for black glazes in the Late Period (ibid.).

Cobalt produces a dark to ultra-marine blue and was introduced three times in the form of

different ores (New Kingdom, Third Intermediate and Late Periods) (ibid., p.75). Lead

antimonate was first used for green and yellow glazes in the New Kingdom Period (ibid.,

pp.78-79).

There are three reported glazing methods practiced in antiquity used on faience which

vary by composition and process: efflorescence, cementation, and application (Vandiver

1982:168-169). All three methods were possibly used during the predynastic period but

efflorescence was dominant from the Early Dynastic through the Second Intermediate

Period (Kaczmarczyk and Vandiver 2008:58-59). By the New Kingdom the selection of

glazing technique was determined by the object themselves; cementation for small beads

and amulets, application for larger objects and efflorescence for small and large objects

requiring complete glaze coverage (Kaczmarczyk and Vandiver 2008:5; Tite and

Shortland 2008:208). The application method, used from the 4th millennium BC onward,

was the primary means of applying glaze during the Late, Ptolemaic and Roman Periods

(Nicholson 2013:19, Vandiver 1983:A4). Glass and glazes are composed of a variety of

network former, network modifier and network stabilizer elements (Freestone 1991:39-40;

Hodges 1976: 42 and 54; Kaiser and Shugar 2012:454). Elements important to glaze
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structure (formers, modifiers and stabilisers) consist of the light elements silicon, sodium,

potassium and calcium (Hodges 1976:55). Colourants are generally higher weight (Z)

elements (e.g. cobalt, copper, iron, manganese and antimony). A typical blue faience

glaze can contain between 10-20 elements including the major structural components

(e.g. sodium, calcium and silicon), the unintentional inclusions (e.g. aluminium, iron and

strontium) and the colourants (copper, cobalt) (Kaczmarczyk and Hedges 1983: Appendix

C). All of these elements are easily detected by HH-XRF with the exceptions of sodium

and magnesium which have an easily attenuated signal, the effects of which can be

reduced with a vacuum or helium flush (Jenkins 1999:179; Potts and West 2008:8).

The use of material culture and technology is dependent on the social culture in which it is

devised. The Egyptian world view before the first millennia BC held Egypt at the centre of

civilization (Schneider 2010:156). This view was rattled during the first millennia BC which

witnessed greater impact and dominance by outside forces including the Libyan (in the

Third Intermediate Period), Kushite and Persian (in the Late Period) and Greek (Ptolemaic

Period). The Libyan and Kushite dynasties could still be considered Egyptian because

they appeared to adopt Egyptian culture along with its continued placement at the centre

of their world (ibid.)1. This world view started to change in the seventh century in

conjunction with increased Hellenization. Greeks were invited to settle in the area of

Naucratis in the seventh century presumably to maintain an allied partnership with Greece

against the Persians (Dodson 1996: 194; Thomas and Villing 2013: 83). Egypt continued

to maintain its identity in the Late Period despite an influx of new ideas and a foreign

dominance by Nubia, Persia and eventually Greece (Dodson 1995:175-203). The Late

Period witnessed the last of the native rulers (ibid.) but an increasing presence in

Mediterranean affairs (Berman 1999:390). Egyptian art flourished combining an emphasis

on the past with the adoption of new techniques. Greek styles were becoming more

infused into Egyptian art and sculpture (Berman 1999:391-392; Dodson 1995:199).

Faience of this period exhibits a transition from Pharaonic to Ptolemaic in raw materials,

colours and use of colours (Kaczmarczyk and Hedges 1983:265). Faience was treated as

a pottery craft and considered less as worked malleable stone as it had been before the

1 This is not without controversy. The Libyans did introduce a foreignness into Egyptian society by
keeping their own titles, depicting Libyan functionaries with the Libyan symbolic feather and
enforcing Libyan feudal state order centered on personalities rather than institutions (Schneider
2010:156). A similar argument could be made for the Kushite Dynasty.
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Late Period (Nicholson 2012; 2013:148). This idea was certainly in place by the Ptolemaic

Period (ibid.).

Egyptian Faience Chronology

A faience chronology is included to illustrate a change in cognition and technology of

faience between the New Kingdom and the Ptolemaic Periods which will have a bearing

on faience analysis. There is evidence of various faience production sites related to the

Late through Roman Periods (see Maps 1, 2 and 3, and Table P-1 in the preface).

Analytical faience clusters based on element/oxide components could represent

workshops, the source of raw materials (e.g. sand and alkali) and processing used for

production (e.g. addition of clay to facilitate forming).

Egyptians referred to faience as �tjehnet� (alt. spelling �thnet�) and less commonly � � sb� �

(lapis lazuli), both words being related to scintillation and luminosity (Bianchi 1998:24;

Nicholson 1993:9; Nolte 1969, cited in Nicholson and Peltenburg 2000:179). Stone was

the first glazed Egyptian material (Nicholson 2012:12-13). Egyptian faience was possibly

first constructed from the debitage of soft stone bead and amulet carving (Vandiver

1983:A6). Faience was considered a malleable stone that provided quick formation

(moulding versus carving), the capability to produce large objects, and uniform production

of multiple copies; characteristics lacking in carved stone (Nicholson 2012:15-16;

Nicholson 2013:16). The production of faience was technologically conservative during

the pharaonic periods; innovations (e.g. new colourants) and changes to production

methods were slow to change in the 4,000+ years of its production (Vandiver and Kingery

1986:25, 31; see Table P-1 in preface). Faience of the Predynastic Period (prior to 3200

BC) consisted of blue and green copper coloured glazed beads and amulets

(Kaczmarczyk and Vandiver 2008:58; Vandiver 1983:A11) (Fig. 2-1). Glazing technology

could have consisted of application, cementation or efflorescence based on

experimentation (ibid.). The Early Dynastic Period (3200-2686 BC) incorporated the same

technology with an emphasis on efflorescence and with additional faience forms including

figurines and small vessels (Kaczmarczyk and Vandiver 2008:58) (see Fig. 2-1). The Old

Kingdom (2686-2160) and First Intermediate Period (2160-2055 BC) introduced turquoise

copper blue glaze, manganese black and brown glaze and white as produced from the

exposed faience body and the continued manufacture of beads, small vessels and

figurines (ibid., p.59; Vandiver 1983:A11) (see Fig. 2-1). Core forming, luting and the use

of kiln setters, calcium carbonate as a non-wetting kiln surface and all three glazing
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Fig. 2-1: This is a representative selection of Predynastic Period (prior to 3200 BC), Early Dynastic
Period (3200-2686 BC), Old Kingdom (2686-2160 BC) and First Intermediate Period (2160-2055
BC) faience. Objects A are two Predynastic Period blue-glazed non-descript faience fragments
(UC73088). The blue glazed bowl (B) is attributed to the Early Dynastic Period (Dynasty 1;
UC41282). The glassy glaze is patchy at best. These pieces were most likely glazed through
efflorescence. Most of the colour on the small bowl is likely from the upper surface of the
interaction layer (IAL). Object C is an Old Kingdom green-glazed barrel bead (Dynasty 6;
UC20506). Object D is a First Intermediate Period small blue-glazed cosmetic vessel (Dynasty 11;
UC41434) exhibiting a glassy glaze surface. The beaded collar (E; UC31716) is composed of blue
faience cylinders in original ordering and show variation in blue-glazed copper-based colours. It is
attributed to the First Intermediate Period (Dynasty 1). The large scale is associated with objects A-
D. All photographs are licensed under a CC By-NC-SA license (A-E � 2018 UCL).

A B C

D

E
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techniques is evident in the Middle Kingdom (2055-1650 BC) and Second Intermediate

Period (1650-1550 BC) (Kaczmarczyk and Vandiver 2008:59). Hippos and hedgehogs

were the dominate animal figurines produced (ibid.) (Fig. 2-2). The repertoire of colours

and objects for faience multiplied during the New Kingdom (1550-1069 BC) (Fig. 2-3) just

as Egyptian glass was introduced suggesting a close link between the crafts, possibly to

economize on resources (Friedman 1998:17; Kaczmarczyk and Vandiver 2008:59-60;

Nicholson 1993:17, 47; Vandiver 1983:A7). Red, yellow, opaque white and various

shades of blues and greens were added to the existing blues, greens, black and brown

colour palette (Petrie 1910; Tite and Shortland 2008:206; Vandiver 1983:A7).

Traditional raw material sources were no longer utilized during the Third Intermediate

Period (1069-664 BC) (Fig. 2-4) and the faience colour palette was greatly reduced from

what it was during the New Kingdom (Kaczmarczyk and Hedges 1983:260). The

chemistry of Egyptian faience changes during this period as the use of cobalt (dark blue)

and antimony (green) was greatly reduced (Kaczmarczyk and Hedges 1983:259;

Nicholson 1993:37) resulting in a loss in colour variability (e.g. yellows and ultra-marine

blues). Glass fell out of favour partly because of increased interest for glassy faience

(Kaczmarczyk and Hedges 1983:260). Plaques, chalices and shabtis were the dominant

forms.

The traditional Egyptian art genre was re-established during the Late Period (664-332 BC)

and available colours increased with the inclusion of apple green, yellow, and other

shades of green based on antimony and lead (Kaczmarczyk and Hedges 1983:265;

Nicholson 1993:39). Bowls, vases and statuettes were produced in much greater

quantities from the Late Period (Fig. 2-5) to the end of the Roman Period than in the

preceding periods (Kaczmarczyk and Vandiver 2008:60). Application glazing was

prominent but cementation and efflorescence glazing were still used and of high quality

(Nicholson 1993:39). Black faience was formed more commonly through reduced firing

conditions with iron, replacing manganese used in prior periods (Kaczmarczyk and

Hedges 1983:269).

Vandiver (1983:A124) suggested the use of the wheel during the Late Period. Nicholson

and Peltenburg (2000:185) suggest it was probably in conjunction with moulding to

smooth the interiors of vessels; the thixotropic nature of the material would not lend itself

to be free-thrown without binders (e.g. clay, resin) for which there is currently no evidence.

Griffin (2002:332-333) found high levels of calcium in a finely carved Late Period shawabti
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Fig. 2-2: This is a selection of Middle Kingdom (2055-1650 BC) and Second Intermediate Period
(1650-1550 BC) faience. The blue-glazed carinated bowl sherd (A; UC45215) with purple-black
hieroglyphic inscription is ascribed to the Middle Kingdom. The inscription is most likely imparted
with manganese which can be used to produce purple and �black� in faience glazes. The �black�
colour is actually a very deep hue of purple. The green-glazed hedgehog (B; EA22873) with
black details and base edge is associated with the 12th Dynasty. The blue-glaze faience
hedgehog (C; UC8661) with black-glazed dots in relief on body and a black-glazed base is
associated with the Late Middle Kingdom. Some of the glaze has spalled revealing the body
substrate below. The green-glazed (D; EA35004) and blue-glazed (E; EA59777) hippos both
have black lotus patterns and are ascribed to the Middle Kingdom. Object F is a Second
Intermediate Period blue-green glazed vessel (UC45068) with flared rim and rounded base.
Object G is a blue-glazed vessel basal sherd (UC8498) with exterior darker blue triangles and is
also attributed to the Second Intermediate Period. The large scale is associated with objects A-C
and F-G. No scale was provided for objects D and E. All photographs are licensed under a CC
By-NC-SA license (A, C, F-G � 2018 UCL; B, D and E � The Trustees of the British Museum).

F

G

B CA

D

E

Not to scale
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Fig. 2-3: This is a selection of New Kingdom (1550-1069 BC) faience. Object A is a blue glazed
dish (18th Dynasty; EA4790) with manganese decoration showing lotus flowers surrounding a pool.
The rim is coloured with manganese black. Object B is a faience bowl sherd (18th Dynasty;
UC6777) with white background with a red-centred yellow rosette in a depression above three
cornflowers with blue blossoms. The six faience beads (C; UC23723) of various glaze colour (red,
yellow, purple, blue and two green) represent calyxes and are associated with the 18th Dynasty.
Object D is a blue-glazed faience bowl sherd (UC38094) with face of Hathor in the interior. Object
E is a reconstructed bead necklace (18th Dynasty; UC1957) consisting of 335 beads (83 grape
bunches, 47 white petals, 57 red petals, 27 red dates, 30 yellow mandrakes, 13 yellow dates, 43
turquoise pendants, 12 green and blue corn flowers, 23 green palm leaves). Object F is a faience
breast-plate (pectoral) with central heart scarab (19th Dynasty; EA7865). The large scale is
associated with objects B-D. No scale was provided for objects A and F. E is provided with a scale.
All photographs are licensed under a CC By-NC-SA license (B-E � 2018 UCL; A and F � The
Trustees of the British Museum).

F: No Scale

A: No Scale B C

E
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Fig. 2-4: This is a selection of Third Intermediate Period (1069-664 BC) faience vessels. Object A is
a dark blue glazed faience bowl (22nd Dynasty; UC28740) decorated in black with three fish
sharing a head. Object B is a blue-glazed chalice (21st Dynasty; EA26226) with bowl in the form of
a lotus. Object C is a blue-glazed situla (21st Dynasty; EA17402) with dark blue painted registers.
The scale applies to the bowl (A). No scale was provided for objects B and C. All photographs are
licensed under a CC By-NC-SA license (A � 2018 UCL; B and C � The Trustees of the British
Museum).

A B

C

Not to scale
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Fig. 2-5: This is a selection of Late Period (664-332 BC) faience objects. Object A is a partially
reconstructed blue-glazed faience bowl (Dynasty 30; UC42841) consisting of three adhered
sherds. Object B is a blue-glazed faience vessel sherd (26th Dynasty; UC8875) with a hunting
scene in relief showing a dog attacking an oryx. Object C is a Wedjat eye amulet (26th Dynasty;
EA29222) with pale turquoise blue with yellow and black glazed details. Object D is a wide-
shouldered blue-glazed faience vessel sherd (UC45329). The scale is associated with objects
A, B and D. No scale was provided for object C. All photographs are licensed under a CC By-
NC-SA license (A, B and D � 2018 UCL; C � The Trustees of the British Museum).
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and two fine vessels. The calcium may have been intentionally added to improve the

prefired working qualities (ibid.).

Naucratis is the best known Late Period faience workshop site having first been identified

by Petrie (1886:36) as a �scarab factory� who found a great quantity of moulds and

scarabs, tiles and vases. Pottery kilns were more recently uncovered at this poorly

preserved site; two mounds, Kom Hadid and Kom Ge�if, were excavated between 1980

and 1984 (Coulson and Leonard 1981; Leonard 1998:1). Faience was recovered in small

fragments and consisted of monochrome and polychrome white, blue and yellow

tableware examples with some use of green and brown (Leonard 1998:195-201). Some

sherds appear moulded.

The Ptolemaic Period (332-30 BC) witnessed a further ingress of Greek decorative

sensibilities towards faience with appliques of satyrs, pillars and altars (Nenna and Seif el-

Din 2000:19) but sometimes with subtle homage paid to the pharaonic period in the form

of Bes appliques (Bianchi 1998:28) (Fig 2-6). Whereas in the past it was thought of as

stone, faience was now treated more as a ceramic with the introduction of pottery

techniques such as the use of saggars, high relief moulding, use of appliques and the

abundant use of application glazing (Nenna and Seif el-Din 2000:20; Shortland and Tite

2005:31,38; Vandiver 1983:A11, 124). Colour variability of the glazes increased during the

early Ptolemaic partly because of the reintroduction of cobalt and its associated blues and

violets but became less diverse again during the late Ptolemaic and into the Roman

Period (Nicholson 1993:41). The glaze colours were distinct from those use in the

pharaonic periods and moulded vessels were generally monochromatic tones of blue or

green, or two-toned polychromatic with lighter colours such as yellow on top to emphasize

relief (Mao 2000:187, 196; Mao 2001; Shortland and Tite 2005:31, 38).

Memphis represents the most studied of the faience production sites during the

Ptolemaic-Roman Periods (332 BC - AD 395). Petrie (1909;1911) was the first to

associate Memphis with faience production having found kiln remains, wasters and kiln

furniture. Further evidence was provided more recently with the recovery of additional

materials from kilns (Nicholson 2002 and 2013). Saggars may have been devoted to

biscuit or glost firings based on saggar diameter and the presence of glaze or lime

(Nicholson 2013:80-81). Memphis is actually two sites, Kom Qalama and Kom Helul. Kom

Qalama is associated with the Ptolemaic and Kom Helul was used throughout both

periods (Nenna and Nicholson 2013:133). Other furnace sites of the period include Buto
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Fig. 2-6: This is a selection of Ptolemaic Period (332-30 BC) faience objects. Object A is a blue-
glazed faience bowl (UC64937). Object B is a blue-glaze oinochoe (wine container) with decoration
in high relief (1856,1226.192). Object C is a blue-glazed faience sherd (UC2333) with decoration in
high relief. Flowers located above the figure are composed of a lighter blue glaze. Object D is a blue
and green glazed faience sherd (1910,116.17) with decoration in relief. Object E is a blue-glazed
faience sherd (2001,0429.1) and a possible effigy adorno of Ptolemy IV. Object F is a green-glazed
beaker (1888,0601.39) with decoration in low relief. The upper portion of the vessel has been
conserved/restored. The scale is associated with objects A and C. No scale was provided for
objects B and D-F. All photographs are licensed under a CC By-NC-SA license (A and C � 2018
UCL; B and D-F � The Trustees of the British Museum).
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where two kilns were revealed, one of which was similar to the kilns at Memphis and may

have been associated with faience vessel production (Charlesworth 1972:45). Wasters,

cone setters, and a crucible containing copper traces, probably used as part of the glaze

processing, were recovered (ibid.). Vessel fragments were found at the Ptolemaic site of

Arthribis and there is evidence that amulets and statuettes were produced there as well

(Mysliwiec 1996:35-36). A faience workshop is suggested by the presence of over-fired

fragments, wasters and cone setters still attached to some of the vessel fragments (Welc

2011:248). An unglazed cracked bowl with cone setters still attached (Welc 2013:724-725

(Fig. 3)) is evidence of a 2 step firing process (bisque and glost firings). The finds were

recovered in close proximity to pottery workshops and where coroplastic figures were

worked (Nenna and Nicholson 2013:133).

Utilitarian ware and figurine production expanded as faience became more standardized

during the Roman Period (30 BC � AD 395) (Nenna and Nicholson 2013: 133) (Fig. 2-7).

Faience vessels were thicker and larger, bodies were less compact and friable and

applied glazes were thicker (Nenna and Seif el-Din 2000:23, 25). Decoration, when used,

was bolder than the material from the previous period and the selection of colours and

creativity in decoration were reduced (Nicholson 1993:41; 2013:148; Shortland and Tite

2005:31). The significant use of the wheel, a production technique aligned with the pottery

industry, has been suggested for this period (Nenna and Seif el-Din 2000:22) but actual

evidence is still lacking (Nenna and Nicholson 2013:135, 138).

Terenouthis, an early Roman Period site, revealed two potential workshops (Nenna and

Seif el-Din 2000:39-40). Artefacts include saggar fragments, statuette moulds, frit blocks,

setters and clay rolls. Main products of the site are simple dishes and statuettes. Work at

Elephantine (early Roman) revealed simple glazed bowls, plates, lids and statuettes

(Rodziewicz 2005). Alexandria is mentioned by Vitruvius (Book VII, Chapter XI; see

Morgan 1914:218-219) as the site of discovery for making Egyptian blue and faience

objects have been found in the vicinity but there is no evidence of workshops to date

(Nenna and Seif el-Din 2000:32-33, 40). Another site that may eventually reveal faience

workshop evidence is Schedia, near Alexandria, where a craft quarter has been identified

(Bergmann and Heinzelmann 2004:4).
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Fig. 2-7: A selection of Roman Period (30 BC �AD 395) faience objects. Object A is a blue-glazed
faience bowl (UC33515) with floral design in high relief. Object B is a blue faience vessel sherd
(UC33452) with yellow and green details in relief. Object C is a blue-green glazed faience vase
(EA62639) with decoration in relief. Object D is a blue glazed faience vase (EA24677) with
decoration in low relief. The scale is associated with objects A and B. No scale was provided for
objects C and D. All photographs are licensed under a CC By-NC-SA license (A and B � 2018
UCL; C and D � The Trustees of the British Museum).

A B

DC
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scale
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Manufacture of Faience

In the simplest terms, the manufacture of faience is the production of a glaze-covered

quartz body composed of an agglomeration of raw materials collected from various

sources, formed, glazed and fired. It is important to understand the process and the

materials used in the construction of faience. The process of making faience (Fig. 2-8) can

be expanded to include choices in material for kiln production and the fuels that fire it, or

on the series of various plants that can be used to determine an appropriate source of

potash.

Materials present in a faience glaze can provide information regarding source and

production method. Knowledge of the elements of composition in a glaze is important

when correlations occur between some elements. These correlations can indicate alkali,

colourant and material source (e.g. ores) choices made by the craftsmen. The elements

typically encountered with faience glazes and bodies represent the network former

(silicon), network modifier (e.g. sodium and potassium), network stabilizer (calcium),

colourant (e.g. copper and/or cobalt) and unintended inclusions (Table 2-1).

Glass and glaze are amorphous vitreous materials; they lack recurring structures that can

be found in crystalline materials such as quartz or metal (Henderson 2000:24; 2013: 2).

Silicon oxide (SiO2) is the network former and, in a pure crystalline structure, the silicon

combines with four oxygen atoms to form a tetrahedron ((SiO4) +4) (Henderson 2013:2).

Soda is a network modifier and will ionically bond with network oxygen disrupting the

bridging atoms and the crystalline network (Henderson 2000: 25; 2013: 3; Pollard and

Heron 2008:150-1). Calcium oxide (CaO) is a network stabilizer, with a bonding strength

much greater than sodium, which strengthens the glaze structure and reduces dissolution

in water (Freestone 1991:40; Henderson 2013:3, 5). The colour is imparted by either

transition metal ions or particulates that absorb and reflect specific frequencies of light

providing the glaze with colour (Doremus 1994, cited in Henderson 2013:65).
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Fig. 2-8: The process of faience production exhibiting the three glazing techniques. The process can involve a single glazing technique or any
combination. The glaze mixture is added directly to the wet body paste for efflorescence glazing. The unglazed dried body is immersed in a glaze
mixture for cementation glazing. The application glazing mixture can be added to an unfired body or to a bisque ware body in either a raw state or
as a prefritted glaze powder. Modification of the faience object occurs during initial forming of the body and after firing a bisque ware object or a
fully glazed object such as a single fired glazed object or one that was produced through bisque and glost firings. Thick solid black arrows show
the progress of the body through the production process. The thin black lines indicate glazing processes. The thin dashed lines indicate choices in
the glazing process. The Egyptian scene, from the tomb of Aba (26th Dynasty; Davies 1902, Plate XXV), may show two craftsmen making faience.
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Table 2-1: Elements and their possible sources detected in Egyptian faience from the
New Kingdom and later periods.
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The glaze colourant represents the widest variety of elements for a single purpose

found in faience. Metal ions produce transparent glazes and particulates form opaque

glazes (Vandiver 2008:43) (Table 2-2). Metal ions will chemically bond with other

cations to form silicates or oxides in a glaze; the colour being dependant on the

frequencies absorbed and those allowed to be reflected or to pass through a glaze.

Particulates do not chemically bond with other cations but are held in suspension

within the glaze and cause the light to be reflected and scattered. The majority of

colours encountered as a part of this research are turquoise blue and ultra-marine

blue, however purple, yellow and green glazed archaeological glazes were analysed to

provide analytical contrast. Some information is provided for black, brown and red

glazes but this work does not represent a comprehensive colourant treatise across all

periods. Vandiver (2008) and Kaczmarczyk and Hedges (1983) provide discussion

concerning all colours.

The colour characteristics of glaze depend on several factors: the glass batch,

occurrence of colourants, kiln atmosphere, kiln heating cycle and peak temperature

(Henderson 2013:66). The transition metal ions responsible for colour interact with

several oxide ions forming either tetrahedral (acting as a network former) or octahedral

(acting as network modifier) arrangements (Kaczmarczyk and Hedges 1983:140;

Pollard and Heron 2008:159-162). The introduction of many other cations renders the

Table 2-2: Faience colours and associated colourants
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structure amorphous and influences the chemical environment changing the field

strength of the colourant which affects the final colour (Kaczmarczyk and Hedges

1983:140; Henderson 2013:67; Pollard and Heron 2008:161). The energy shells of the

transition metal colourants are partially filled allowing interaction with other ions (e.g.

SiO+4) that distort the chemical environment. In the presence of energy (i.e. light), the

lower shell electrons absorb different wavelengths (i.e. energy) to fill the unoccupied

higher energy shells thereby changing the frequency and thus the colour observed

(Henderson 2013:67). Elevated temperatures favour formation of tetrahedrons and

longer wave-lengths (Kaczmarczyk and Hedges 1983:141). Greater kiln temperatures

and longer firings at high temperature allow gases to escape resulting in less porous

glazes which will absorb light differently than porous glazes (Henderson 2013:68).

Silica forms the bulk of the body of faience and is derived from sands or ground quartz

pebbles as indicated by its purity (i.e. pebbles tend to have less inclusions) (Shortland

and Tite 2005:35; Vandiver 2008:37-38). The parent material of sand is stone and it is

conceivable that, at some point in its history, some faience material was derived from

the debitage of worked stone (Vandiver 1983:A6). Quartz-� is the main crystalline form

of silica at room temperature but at 570� C transforms to its � form and increases in

volume by 2% (Henderson 2000:133; 2013:56). Tridymite is a polymorph of silica that

forms at temperatures between 870� C and 1470� C, and cristobalite is another

polymorph of silica that forms above 1470� C (ibid.). The presence of various

polymorphs can be used to determine temperatures obtained during the firing process.

Toffolo et al. (2013:3631) determined that faience was fired to a temperature between

870� C and 1100� C due to the presence of tridymite and the lack of cristobalite as

determined through Raman micro-spectrometry.

Silica procured from ground quartz pebbles exhibit greater purity than that from ground

sand. The presence of iron, alumina, magnesia, potash, lime and titanium oxides in

measurable amounts characterize the impurity of silica sands (Vandiver 2008:37; Brill

1999; Hatton 2005; Nicholson et al 2007; Turner 1956; Tite et al. 2008) (Tables 2-3

and 2-4). However, sands can be sifted and washed to remove the impurities

(Kaczmarczyk and Hedges 1983:123). The colour of the body material is not a good

indicator of the source material for this reason and because impurities can be

introduced through other means (e.g. potash, grinding tools, moulds). Particle shape is

not an indicator of pebble or sand origin as both would have to be ground to reach a

fine particle size required for some of the faience encountered (Vandiver 2008:38).
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Table 2-3: Chemical composition of Egyptian sands and pebbles (Parodi 1908:25-27 (cited in Lucas 1962:481); Brill 1999:474; Hatton 2005 (cited in
Vandiver 2008:38); Shortland et al. 2007a:186; Turner 1956:281, 300 (cited in Lucas 1962:481 and Vandiver 2008:38). Totals are a mixture of
normalized and raw data.

Chemical Composition of Egyptian Sands and Pebbles
Location Code Na2O MgO SiO2 Al 2O3 P2O5 SO3 Cl K2O CaO TiO2 V2O5 MnO FeO CuO ZnO SrO ZrO2 Ag2O BaO PbO Fe-Al Totals
Sands
Alexandria Parodi 6 2.20 32.00 35.00 0.70 69.90
Amarna AM43** 0.81 0.61 76.64 2.37 0.45 17.26 0.32 1.36 99.82

AM44** 0.26 0.21 93.55 1.23 0.29 3.68 0.15 0.57 99.94
Turner-1 0.30 0.80 60.50 2.30 0.10 0.10 0.70 18.90 0.40 tr 1.70 85.80

Aswan Parodi 5 tr 93.80 0.70 3.60 98.10
Turner-3(V) bd bd 95.65 3.66 na 0.68 na na 99.99

Bacchias Brill-321 0.51 0.45 84.10 3.15 0.01 0.03 0.72 4.81 0.40 0.01 0.03 1.68 0.00 0.01 0.01 0.05 0.00 0.01 0.01 95.97
Dakhia H7* 0.02 0.06 98.11 0.39 0.08 1.01 0.03 0.30 100.00
Eshmunein Parodi 3 0.60 96.70 1.90 0.60 99.80
Fayum Parodi 2 0.10 95.20 1.90 1.90 99.10

Turner-4 0.10 97.80 1.00 0.40 0.20 tr 0.30 99.80
Giza Parodi 4 tr 82.40 0.20 8.40 1.50 92.50

Turner-1(V) 0.21 bd 89.13 1.57 9.09 100.00
Karnak Parodi 1 1.20 83.60 12.00 1.30 98.10

Turner-2(V) bd 1.25 85.17 1.34 na 12.23 99.99
Kharga H8* 0.08 0.08 97.78 0.55 0.17 1.15 0.02 0.17 100.00
Luxor Turner-2 1.20 2.40 72.70 8.20 0.10 0.10 1.10 4.90 1.20 0.10 5.60 0.20 97.80
Maadi Turner-3 97.90 1.40 0.20 0.20 99.70
Sinai 9* 0.13 0.36 93.93 1.25 0.25 3.00 0.20 0.87 99.99

11* 0.02 0.02 95.80 3.75 0.01 0.25 0.09 0.06 100.00
14* bd 0.06 97.80 0.42 0.02 1.38 0.03 0.29 100.00
15s3* 0.01 0.01 99.77 0.13 0.01 0.02 0.01 0.04 100.00
Turner-5 99.20 0.50 0.30 0.10 100.10

Wadi Natrun WN31* 0.04 0.03 99.34 0.27 0.11 0.10 0.01 0.10 100.00
WN38* 0.09 0.04 99.12 0.35 0.14 0.13 0.02 0.11 100.00

Pebbles 0.00
Amarna Brill-1298 0.05 0.01 99.83 0.05 bd 0.05 0.01 0.01 100.01

Brill-1299 0.05 0.01 99.79 0.05 0.00 0.05 0.01 0.05 100.01
Sinai H13* bd bd 99.90 0.03 0.01 0.04 bd 0.02 100.00
Note: Brill (1991), Parodi (1908), Turner (1952) as indicated. All others are Hatton (2005) as cited in *Vandiver 2008:37 and **Shortland 2007:186.
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Sodium and potassium are alkali metals and the most common alkali components in a

glaze. The alkali component acts as a flux to lower the melting point of silica (1710� C)

resulting in sintered silica edges that melt together providing the body with

cohesiveness after firing. The source of the alkali is natron, a natural evaporate

composed of NaHCO3 and Na2CO3, and/or soda-rich plant ashes (Salicornia or

Salsola) (Kaczmarczyk and Hedges 1983:22; Rehren 2008; Shortland 2004; Tite et al.

2006). Both alkali sources introduce sodium as the major component (Vandiver

2008:38-41) and include potassium, calcium, magnesium, phosphorus, sulphur,

chloride, silicon, aluminium and iron in various quantities (Table 2-5). Like sand, this is

a source for trace elements in faience. Potassium is usually introduced into the glaze

melt through alkali selection but it can be an impurity in the sand.

Calcium is a stabilizer and cements the prefired faience body so that it is easier to

work and handle (Nicholson 1998:51). Griffin (2002: 332) found two Late Period

faience objects of exquisite detail with calcium-rich consistencies (~6% compared to

typical ~2%) in the body components indicating a possible intentional addition to

increase workability. Ptolemaic glazes have greater concentrations of calcium and a

narrower gap between mean and median indicating a controlled intentional addition of

calcium (Kaczmarczyk and Hedges 1983:24). Replication performed by Griffin

(2002:333) determined that the addition of 5 wt% quicklime to the body material

resulted in a dried body that could be carved like steatite, and 10 wt% resulted in a

dried faience body that could be handled with considerable force. Quicklime (CaO) is

formed by burning lime (CaCO3) thereby reducing the calcium carbonate to form

calcium oxide and carbon dioxide.

Copper has been used as a blue-green colourant for Egyptian faience since the fourth

millennia BC and provides a green hue when combined with greater amounts of

potassium and chlorine, and blue when used alone (Kaczmarczyk and Hedges

1983:56-57; Vandiver 2008:44). Copper as a translucent green colourant exhibits a

Stone and Thomas (1956) Optical Emission Spectroscopy Results for Egyptian Sands
Sample Location Na K Li Ca Sr Pb Cu Mg Fe Mn Al Si Ti Ni Sb

68 Amarna 3 4 3 4 5 4 3 5 4 1 4
67 Cairo 4 4 5 1 3 5 4 3 3 4 2 1 3 5 5
69 Luxor 4 4 4 3 4 5 5 4 3 4 2 1 3 4
70 Aswan 5 4 3 4 5 4 3 5 4 1 5 4 5

Key:
1 = 100-10 wt%;      2 = 10-1 wt%;      3 = 1-0.1 wt%;      4 = 0.1-0.01 wt%;      5 = 0.01-0.001 wt%

Table 2-4: Stone and Thomas (1956: Table III, p.65) Optical Emission Spectroscopy Results for
Egyptian Sands.
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steady decline after the 18th dynasty; it is replaced by lead antimonate to produce an

opaque green glaze (ibid.). Copper before the 19th dynasty came from local Egyptian

copper ores which contained zinc, lead, arsenic, tin and antimony that can be used as

markers to provenance the source. Copper is found in Egyptian sands at trace levels

(Kaczmarczyk and Hedges 1983:56; Stone and Thomas 1956:65). Vitruvius states in

Book VII of the Ten Books on Architecture (Morgan 1914:219) that copper was

scraped from copper cores by using coarse files. El Goresy (2000) conducted analysis

of pigments collected from well-dated provenances and found that arsenical copper

scrap was used as a source of colourant between the 5th and early 18th dynasty,

replaced for a short period with bronze scrap in the 19th dynasty which was replaced

by leaded bronze scrap at the end of the 19th dynasty. Shortland and Tite (2005:35-

36) conducted analysis of monochrome Ptolemaic/Roman faience and found low

levels of tin (0.2-0.4% SnO2) and lead (0.2-0.4% PbO) in ratios that matched the ratio

of tin and lead used in contemporary leaded bronze objects supporting the hypothesis

that scrap material was used as a source of colourant. Pliny the Elder in Natural

History (34:26) (Bostock 1855) describes suspending copper over vinegar in a sealed

cask and leaving it for several days. The scale that formed on the surface was scraped

off and used as a colourant.

Chemically, the copper ions (Cu+2) occupy octahedral sites which produce a turquoise

blue (Vandiver 2008:44). A greener hue will result from the addition of potash and
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Table 2-5: Chemical composition of selected alkali fluxes from natron recovered from tombs
and plant material (species italicized) (from Brill 1999; Tite et al. 2006).
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chlorine, or the inclusion of ~1wt% of iron (ibid.). An increase in the copper content will

shift the colour towards green (ibid.). Weathering can change the copper blue colour to

green through the deposition of copper chloride or copper carbonate on the surface

(ibid.). Schiegl et al. (1989:395) found copper carbonates on the surface of devitrified

faience glaze of tiles from Saqqara which caused a loss in transparency and a shift

from blue to green.

Cobalt is the strongest transition metal colourant (Henderson 2013:69). It is known as

a blue, indigo and violet colourant starting in the New Kingdom Period (Kaczmarczyk

and Hedges 1983:42). Cobalt is found in pre-New Kingdom Period glazes in small

quantities but is assumed to be an impurity in copper ores (ibid., pp.42-43). A new

cobalt source dominated by cobalterferous alum (CoAl2O4) associated with

manganese, zinc, and nickel from the Western Desert was utilized during the New

Kingdom Period (Kaczmarczyk 1986). The use of cobalt mostly disappears during the

Third Intermediate Period but is reintroduced in the Late Period. However, the cobalt

appears to be from a different source, possibly the Caucasus in present-day Iran, as

the ore is less associated with aluminium and manganese, and more strongly

associated with iron (Kaczmarczyk and Hedges 1983:47, 53, 267-8; Tite and Shortland

2008:206).

The occurrence of lead in faience glazes prior to the New Kingdom Period is sporadic.

It is sourced from local galena (PbS) which contains sphalerite (ZnS) inclusions that

can be used as a marker (Kaczmarczyk and Hedges 1983:110, 112). However, the

presence of zinc is greatly reduced after the New Kingdom Period indicating a change

in source for the ore (Kaczmarczyk and Hedges 1983:117-118). Lead was commonly

added to faience glaze from the New Kingdom onward in the form of lead antimonate

which gave the glaze a yellow to yellowish-green colour, or without antimonate which

produced a red colour commonly used during the Roman Period (Kaczmarczyk and

Hedges 1983:112, 115; Tite et al. 1998:114). Lead could enter the melt of blue and

green glazes through the use of leaded bronze as the source of the copper colourant.

Kaczmarczyk and Hedges (1983:117) state that the levels of lead found in faience

glazes for all periods are well below the quantities required to affect the mechanical

properties of the glaze and they are insistent that lead was not introduced for this

purpose. Mao (2000) found high quantities of lead in 20 Ptolemaic faience glazes that

was not introduced as a colourant. Most of the consistencies are <5 wt% but much

greater than the 0.05% figure indicated for post New Kingdom faience where the lead

was incidental. Two glazes contained ~8 and 11 wt% lead coupled with low antimony.

The antimony content in these were ~0.3%, much lower than the average 1.35% found
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for Ptolemaic yellow glazes (Kaczmarczyk and Hedges 1983:97) indicating that the

lead was not introduced as a typical colourant for these specific objects. Mao

acknowledges that weathering depleted the alkali component leaving an artificially lead

enriched glaze but the lead consistencies were too high for weathering to be fully

responsible. Mao suggests the lead was intentionally added to the glaze to create a

lead-alkaline glaze. The first recognized lead glazes in the Mediterranean region occur

during the first century BC (Greene 2007:653-654). If these Ptolemaic glazes are lead-

alkaline, they are the first reported lead glazes having occurred a few centuries before

what is commonly accepted.

Antimony was an impurity in pre-New Kingdom faience that was probably introduced

with copper. Its deliberate use in association with lead first occurs during the 18th

dynasty (Kaczmarczyk and Hedges 1983:98). Use of antimony during the Third

Intermediate Period greatly declined or was absent in the production of faience but

reappears for use in yellows and greens during the Late Period (ibid., p.101).

Tin is considered an impurity associated with lead and sometimes copper in pre-New

Kingdom Period glazes where it is rarely encountered (Kaczmarczyk and Hedges

1983:83). It was an intentional component in glazes after the New Kingdom Period

where it appears in greater quantities associated with lead in yellows and greens, and

copper in blues and greens (ibid., pp.84-94). The lead associations are probably due

to a tin impurity in the lead source. The copper association is based on the use of

bronze scrap as a colourant. For the blue and green glazes, a tin/copper ratio of 1-

10% equates to bronze as being the source; tin >15% received a supplementary dose

from some source, 10-15% and the precise origin of tin is unknown (Kaczmarczyk and

Hedges 1983:91).

Manganese ions in an oxidized state (Mn+3) produced a purple coloured glaze

(Vandiver 2008:44). Manganese is found in sand at 0.1% levels and less, and should

not be considered intentional unless >0.1% (Kaczmarczyk and Hedges 1983:30).

Manganese was associated with cobalt blue prior to the Third intermediate Period but

was not a specific colourant until after the 20th dynasty. Manganese (0.06% - 0.42%)

provides a reddish purple colour during the Ptolemaic and contains less than 0.02%

cobalt oxide (ibid., pp. 31, 34).

Iron could be used as a colourant producing green-brown (Fe+3) or blue-green (Fe+2)

as an ion or red and black as a particulate (Vandiver 2008:45). Iron-rich rock deposits

in Egypt are extensive and its occurrence in sand derived from these rocks is

understandable (Kaczmarczyk and Hedges 1983:35). It could also enter into the
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faience glaze as an impurity in the sand or from the potash (ibid.). Iron impurities could

produce changes to the colour of the glaze (e.g. blue to green) and it was in the

interest of the faience worker to filter the iron out or use sources of purer silica when

working with the susceptible colours (ibid.). Strong colourants such as cobalt will

overpower the effects of iron.

Barium is associated with sand, limestone, Egyptian clays and alluvium, and

manganese ores (Kaczmarczyk and Hedges 1983:106-107). The presence of barium

in faience glazes can be attributed to sand impurities or contact with clay moulds.

Detection of barium in faience glazes is uncommon but closely correlated with

manganese. Therefore, glazes that contain manganese as a colourant are expected to

have higher barium content. This is actually not the case with purple and violet glazes

that incorporate cobalt and manganese indicating that these were added as a single

ore and not as individual components (Kaczmarczyk and Hedges 1983:109).

There are other elements that play a minor role in the glaze structure but can still

provide useful information. Titanium, in the form of rutile (TiO2) and ilmenite (FeTiO3),

and vanadium are introduced into the glaze as sand inclusions (Kaczmarczyk and

Hedges 1983:25). Ptolemaic Period glazes contained the most titanium and the least

vanadium but this is probably because of the sand source and not technical

considerations (ibid.). Chromium is one of the most abundant trace elements in

Egyptian clay and chromite is a common mineral in steatite (Kaczmarczyk and Hedges

1983:29).The presence of chromium in faience glazes could be due to contamination

with clay or steatite moulds in antiquity (ibid., p.29). Kaczmarczyk and Hedges (ibid.)

suggest that any result >0.05% should be reanalysed, or considered a foreign import

or fake. Nickel is uncommon in faience glazes unless associated with New Kingdom

Period cobalt ore (Kaczmarczyk and Hedges 1983:55). Zinc can be an inclusion in

sand at very low quantities (0.004%) but is more usually associated with copper ores

of the eastern desert and lead ores of Egyptian or foreign sources which fell out of

favour by the 20th dynasty having been replaced by low-zinc lead sources

(Kaczmarczyk and Hedges 1983:64, 67). Strontium composes a very low percentage

(~0.023%) as a sand inclusion. It is usually more associated with calcium in limestone

deposits, calcareous sands and plant ash (Kaczmarczyk and Hedges 1983:75).

Chloride and sulfur are major components of natron and potash and sulfur is found in

galena (PbS) (Kaczmarczyk and Hedges 1983:125, 128). Aluminium and magnesium

are impurities in the sand (Kaczmarczyk and Hedges 1983:136). Alumina quantities

can be used to indicate source of quartz: <1% alumina suggests quartz pebbles

whereas 1-2% suggest sand for body material (Shortland and Tite 2005:35). High
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magnesia will indicate plant ash alkali source (Nicholson and Peltenburg 2000:187).

Phosphorus is a common component of plant ash (Kaczmarczyk and Hedges

1983:137).

Sometimes other elements are detected that indicate possible usage and have little to

do with the production of the faience. Silver has been found on faience seals that were

probably mounted in silver, and the detection of gold on faience glazes is probably due

to the object being partly covered in gold leaf (Kaczmarczyk and Hedges 1983:137).

The body of faience is composed of ground quartz sand or pebbles with a small

amount of alkali flux and calcium to provide strength (Vandiver 1983:A18). Sometimes

glazing mixture was added to the body to increase the amount of interparticle glass

formed during firing (Griffin 2002:334; Vandiver 1983:A19). The particle size of the

ground matrix has a direct influence on the paste during shaping and the final product

(Griffin 2002:332); bodies with a fine paste will facilitate the imparting of more intricate

details. The body particles of Roman faience are more course and less compact than

Ptolemaic examples (Nenna and Seif el-Din 2000:17). An alkali is used as a flux to

lower the melting point (1710 �C) of the silica particles. The body only requires enough

alkali to sinter the edges of the quartz grains so that they fuse together. The alkali is

composed mostly of sodium with some potassium and other elements depending on

source (see Section 2.4.4). It was introduced from evaporates such a natron or

halophytic plant ash. Calcium stabilizes and increases the strength of the body after it

has been fired. Some calcium is introduced with the sand but it is possible that calcium

is intentionally introduced through other sources (e.g. limestone, crushed shell) (Griffin

2002:327, 332). The ingredients for the faience body were mixed together with water

to form a paste. The amount of water is critical; too much water and the paste will

slump, not enough and it will crack when pressure is applied (Vandiver 1983:A21).

Vandiver (1982:167; 1983:A18) determined the average post-fired faience body to

consist of 92-99% silica, 1-5% lime and 0.5-3% soda with small quantities of copper,

aluminium, iron, magnesium, titanium and potassium oxides introduced as impurities.

The body was first worked while wet but could be re-worked in a partially dried state

after the free water had evaporated. The shaping technology of faience evolved from

scraping, grinding and modelling of the predynastic and Old Kingdom (2613-2181 BC),

simple moulding and core forming of the Middle Kingdom (2040-1782 BC), to the use

of complex moulds and possibly the potter’s wheel during the Ptolemaic and Roman

Periods (Vandiver 1983; Mao 2000, 2001; Nenna and Seif El-Din 2000:18-19). The
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primary means of shaping in Memphis is free-hand forming and moulding (open and

complex), sometimes in conjunction with luting individually moulded parts (Nicholson

2013:136). It has been suggested that clay or gum resin was added to the faience

body to facilitate throwing on the potter�s wheel, but there has yet to be archaeological

evidence of the use of clays or other organic binders (i.e. gum arabic, resin) for this

purpose (Griffin 2002:335; Kiefer and Allibert 1971:110-1; Mao 2001:20; Nicholson

2013:135; Tite et al. 1998:112; Vandiver 1983:A124). Throwing on a wheel without a

binder is very difficult to impossible because of the thixotropic nature of unfired faience

paste; it can be thick when static but becomes less viscous when agitated and can

easily slump depending on the amount of water (Vandiver 1983:A21). The use of the

potter’s wheel is not unreasonable although its use would have probably been limited

to delineating areas of decoration, creating simple lines or facilitating exterior moulding

and allowing the jollying/smoothing of the interiors of open forms (Nicholson 1998:62;

Nenna and Seif El-Din 2000:20).

There are three main techniques for the glazing of faience: application, cementation,

and efflorescence. Application glazing was used for the glazing of stone during the

predynastic era (Beck 1932, cited in Vandiver 1983:A27). It is the assumed technique

for all faience until efflorescence and cementation were proposed. Application glazing

is used throughout all the periods and was the prominent method of glazing during the

Late-Roman Periods although efflorescence was relatively common as well (Vandiver

1983:A4).The glazing material consists of the same material used in the production of

the faience body but in different quantities and with a colourant added. For example, a

typical post-fired blue copper glaze will contain 60-70% silica, 3-7% calcium oxide, and

1-5% copper oxide combined with 16-20% alkali (Shortland and Tite 2005:37; Stocks

1997:180). The glazing material can be raw or prefritted and applied as a powder or a

powder/water suspension with which the object is dipped or painted (Vandiver

1983:A27). The colours of faience can be manipulated by the addition of minerals and

pigments in various quantities in the glaze mixture (Kaczmarczyk and Hedges 1983;

Tite el al. 1983; Shortland and Tite 2005; Tite et al. 2007).

The application technique is good for objects of all sizes and it offers more control over

coverage than the other two methods. Application glazed objects may exhibit drip runs

and distinct glaze lines form where it may have been dipped into the glaze suspension

(Vandiver 1983:A27). These objects generally reveal little interparticle glass in the

body and an ill-defined interaction layer.
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The cementation process, also known as the Qom process, from whence it was first

recorded by Wulff et al. (1968) in Iran, works best with smaller objects. Once formed

and dried, the unglazed objects are embedded in the glazing mixture composed of

silica, alkali, colourant, calcium and charcoal, and are fired beyond 900� C (Vandiver

1983:A34). During firing the alkalis melt relatively quickly, compared to the calcium and

charcoal, and are drawn to the body surface and form a glaze (Kiefer and Allibert

1971:115-116; Vandiver 1983:A33-34). After firing unreacted glazing material will flake

away from the glazed-coated object.

The advantage of cementation is the ability to conduct mass production of small

objects, and the complete glaze coverage of each faience object (Vandiver 1983:A34;

2008:47). However, the objects have to be small (e.g. beads, amulets, rings) as

slightly larger objects may have a thicker glaze on the bottom (as oriented during

firing) and may have marks where the object came to rest in the mixture (Vandiver

1983:A35). Some of the unreacted glazing mixture may be embedded in the glaze.

The cross section of a cementation-glazed object will exhibit a thick and well-defined

interface between glaze and body, and the body will have little interparticle glass

(Vandiver 1983:A38-39).

Binns et al. (1932) proposed efflorescence glazing after comparing contemporary

faience beads with fragmented Egyptian rings and noting the similarities. Efflorescence

glazing is compatible with objects 20-30 cm across (Vandiver 2008:54). The glazing

material is mixed into the body paste before forming. The soluble alkaline salts,

carbonates, sulphates and chlorides migrate through capillary action to precipitate on

the surface of the object while drying (Vandiver 1983:A31-32). The copper ions also

migrate to the surface where they interact with the other materials and melt to form the

glaze during firing.

Efflorescence glazing is dependent on evaporation as a function of glaze deposition,

therefore, where there is little to no evaporation, there is little to no glaze. The glaze

will be thinner in areas where it was handled before firing and dry marks may still be

evident (Vandiver 1983:A32-33). Internally there will be extensive interparticle glass

compared to the other glazing methods. The body-glaze interaction zone

characteristics are dependent on rate of drying, temperature and the amount of flux in

the mixture (ibid.).

Macro and microscopic characteristics for each glazing technique are provided (see

Tite 1987; Tite and Bimson 1986; Tite, Freestone and Bimson 1983; Tite et al. 1998;

Vandiver 1983) but do not irrevocably determine the glazing technique as these can be
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created through various means with the other glazing techniques as Vandiver (1998)

has shown. It is possible that objects have been glazed using a combination of

methods making more difficult still to differentiate glazing method.

Vandiver (1983:A10) states that most pharaonic faience was fired between 800 and

1000 � C1 in a single step after it was formed and glazed. The two-step firing process

comprising a biscuit and glost firing is common with glazed pottery but was not a

technique commonly used with faience prior to the Ptolemaic Period (Nicholson

2013:149).

The presence of saggars, cones and other kiln furniture at faience workshops suggest

that a two-step firing process (i.e. biscuit and glost) may have been used in the

production of the faience (Nicholson 1993:40; 1998:62; 2013:93; Nenna and Seif El-

Din 2000:26). Saggars are vessel in which other vessels are fired to protect them

within the kiln. Saggars are stacked into a kiln in columns known as bungs. The

saggars are separated from each other in a bung with a clay joiner. Clay rods are used

to secure each bung to the kiln wall. Cones are clay wedges that separate individual

vessels within a single saggar. Three pointed clay stands may have been used to lift

the bottom saggar of each bung from the kiln floor to allow heated gases underneath

the initial bung saggar (Nicholson 2013:100). Kiln furniture assemblages have been

recovered from Memphis (Kom Helul and Kom Qalama) and Terenouthis (Petrie

1909:14-15; 1911; Nicholson 2013; Nenna and Seif El-Din 2000:39-40).

Two different size groups of saggars have been identified at Memphis in addition to

cone setters, clay saggar joiners, clay rods and three pointed stands in the vicinity of

faience kilns (Nicholson 2013:80, 100-104). The larger of the saggars (>40cm in

diameter) are plain but have evidence of a lime powder layer in the bottom and the

smaller (<40cm in diameter) are usually covered with glaze on the inner surface and

the outer base but lack the lime powder residue (ibid., pp.81-82). These saggars are

stacked in a kiln to form a bung, the base of the upper saggar acting as a lid for the

lower saggar.

1 Morey (1964: L133-L134, Fig. 20, Table 13) shows a eutectic point (or invariant point) of
725� C for a mixture of 21.9 wt% of soda, 5 wt% of calcium and 73.1 wt% of silicon which is very
close the what is found with faience. Temperatures higher than 725� C will cause the glaze melt
to become less viscous but the glaze melt may become too liquefied beyond 1000� C.
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The larger saggars are hypothesized to be for the biscuit firing of faience bodies based

on lack of glaze and presence of lime residue (Nicholson 2013:93, 104). Several

unglazed vessels separated by cone setters would be placed into the saggar, the

bottom-most resting in a bed of lime.

The small saggars are hypothesised to be for the glost firings of multiple vessels

separated by cones (Nicholson 2013:101, 104). The glaze in the smaller saggars is not

an intentional aspect of the saggar but is a result of small glaze particles coating the

interior surfaces during firing. This would explain why it covers the interiors and only

the bases of the exterior (base of upper saggar acted as a lid for lower saggar). Three

pointed stands have been recovered and may represent supports for the bottom-most

vessel in a saggar or used to separate saggars and allow hot gases to circulate

through the bung (ibid.).

An application glaze could be applied to bisque ware as a slurry of raw materials or a

slurry of ground prefritted raw material. Prefritting is the process of firing the glaze

mixture to 700-800� C to remove carbon dioxide and other gases through the

fractionation of carbonates, sulphates and hydroxides from the glaze melt before glaze

application (Henderson 2000:88). The effect is a reduction in the porosity of the glaze

caused by evolving gases. The kiln must reach at least 800� C to meet the minimum

temperature for the calcium carbonate to fractionate to calcium oxide and carbon

dioxide (Vandiver 1998:132). Sodium carbonate will fractionate at ~700� C to form

sodium oxide and carbon dioxide. The prefritted glaze does not have to completely

fuse into a glassy glaze for the gases to evolve and exit. The prefritted glaze is ground

after firing and applied to the bisque ware as a powder or suspension to be fired again.

Past Analysis of Egyptian Faience

Egyptian faience has been a subject of interest since the late 19th century. Lucas

(Lucas and Harris 1962:474-475) cited several early elemental compositional analyses

of faience bodies and glazes (Boccolari 1954, Burton 1912, Le Chatelier 1889,

Franchet 1907, Hayes 1930, Hofmann 1885, and Lucas 1908). Results from the

analyses of bodies were congruent with the average values (92-99% SiO2, 1-5% CaO

and 0.5-3% NaO) indicated by Vandiver (1982:167) based on work conducted by

Lucas and Harris (1962), Kiefer and Allibert (1971), Noble (1969), Kuhne (1969) and

Kaczmarczyk (1981). Stone and Thomas (1956) conducted optical emission

spectrometry (OES) on faience from around the Mediterranean and Europe, and

attempted to differentiate between faience of different periods based on trace
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elements. In 1983 Kaczmarczyk and Hedges published their tome on the X-ray

fluorescence (XRF) analysis of over 1100 faience glazes from Egypt in an attempt to

find characteristics diagnostic of the various time periods. Since then there have been

many published articles and books on the subject covering specific periods and sites.

Lucas devised a series of categories (Table 2-6) to describe the various faience

characteristics in the objects investigated (Lucas and Harris 1962:157-167). The

criteria were not systematically based on stylistic or technological characteristics and

can potentially obscure some variable relationships (Vandiver 1983:A20). Vandiver

(2008:55) describes how the classification system can be misleading from a

technological perspective. Variates B, C and D are based on colour of glaze or body

but do not consider that black faience can be produced through the addition of

manganese oxide or reduced iron oxides whereas the blue colour can be the result of

either copper or cobalt. Vandiver (ibid.) states that all potential colour variability in

faience is not included resulting in a classification system that lacks applicability and

technological relevancy.

Vandiver (ibid.) recognizes that variates A and E do have technological relevancy and

are generally applicable. Variate F is technological but is erroneous; lead was not

being used in faience to enhance faience glazes other than as a yellow/green

colourant in the form of lead antimonate or as a part of the leaded bronze used as a

blue colourant.

The focus of classification techniques evolved from Lucas and Harris variants to the

glazing methodology used on the faience objects (Tite 1987; Tite and Bimson 1986;
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Table 2-6: Faience classification devised by Lucas and Harris

(1962).
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Tite et al. 1983; Vandiver 1983:A26-42). Vandiver (1998) argued against this and

stated that glazing technologies were not useful for technological chronologies (ibid.,

p.137). Classifications of faience are now more commonly conducted through

composition (e.g. colourants) (Vandiver 2008; Kaczmarczyk and Vandiver 2008),

morphology (Nenna 2013; Nenna and Sief el-Din 2000, 2014) and styles (Berman and

Bohac 1999; Friedman 1998; Nenna 2014).

Table 2-7 provides information pertaining to articles covering glazes of the Late �

Roman Periods. Manti (2013) and Shortland and Tite (2005) conducted analyses on

Memphis faience. The remainder of the analyses in this table were conducted on

museum collection pieces with no reported archaeological provenance. The

provenance listed for vessels and sherds in Griffin�s (2002) analyses are Thebes,

Luxor, Cairo, Mit Rahina, Tuna el Gebel or just Egypt. These are all pieces donated

around 1912 to the Cleveland Museum of Art and probably represent towns and cities

in which the pieces were bought.

SEM-EDS has been used for compositional analyses of Egyptian faience (Tite et al.

1983; Tite and Bimson 1986; Shortland 2000; Tite and Shortland 2003; Shortland and

Tite 2005; and Tite et al. 2007). BSE imagery, in particular, has been used to

determine thickness of the glaze and interaction layers, to characterize the transition

between the layers and the body and to determine the amount of interparticle glass

within the body (Tite and Bimson 1986; Tite et al. 1983; 1987; 2007:1570).

Vandiver�s (1983) appendix in Kaczmarczyk and Hedges (1983) outlined production

methods of different periods in Egypt using XRF. This production chronology

addressed again in Vandiver and Kingery (1986) and in Nicholson and Peltenburg

(2000), the latter updating earlier information and providing site specific evidence of

faience production. Tite and Shortland (2008) along with other contributing authors

provide information concerning many aspects of faience from around the

Mediterranean.

A review of the literature (see Table 2-7) revealed the analysis of 67 blue (234 total

measurements) faience glazed sherds from the Late to Roman periods (Abe et al.

2012; Griffin 2002; Kaczmarczyk and Hedges 1983; Manti 2013; Shortland and Tite

2005; Tite and Shortland 2003 and Tite et al 1983). The analyses were conducted

using a variety of techniques including SEM-EDS, wave-dispersion spectroscopy

(WDS), XRF and HH-XRF. Elements were divided into categories (i.e. major, minor

and trace) based on reported mass fractions (wt%) (Table 2-8). All the elements

typically found in blue faience glazes are discussed in detail in section 2.4.4.
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Table 2-7: List of selected published results for elemental compositional analysis on faience of
the Late Period and after. The total represents the number of analyses conducted on 67
sherds. Some published results are omitted because of lack of detail (e.g. Dayton 1981).

Analyses of Late, Ptolemaic and Roman Period Faience Application Glazes
Reference Analytical Technique Period Color Total
Abe et al. 2012 pXRF Late Blue 5

Ptolemaic/Roman Blue 1
Subtotal 6

Griffin 2002 3rd Intermediate - Late Blue 6
Other 5

Late Other 33
Ptolemaic Dark Blue 1

Other 13
Roman Blue 4

Other 4
Subtotal 66

Manti 2013 SEM-BSE, EDS Ptolemaic/Roman Light Blue 14
Mao 2000 SEM-BSE, EDS, WDS; XRF Ptolemaic Other 21
Shortland Ptolemaic/Roman Blue 7
and Tite 2005 Blue-Green 2

Other 5
Subtotal 14

Tite et al 1983 SEM-BSE, EDS Late Blue 1
Tite et al. 1998 SEM-BSE, EDS, WDS Late Other 1
Kaczmarczyk XRF; AAS Late Blue 9
and Hedges 1983 Blue-Grey 1

Blue-Deep Blue 1
Blue-Green 2
Dark Blue 2
Violet Blue 1
Violet Blue to Blue 2
Violet Blue to Blue-Green 1
Other 43

Ptolemaic Blue 3
Blue-Green 2
Blue-Grey 1
Blue to Violet Blue 1
Blue Grey to Pale Blue 1
Blue Green to Dark Blue 1
Dark Blue 3
Dark Blue to Green 1
Pale Blue 1
Violet Blue 1
Other 13

Ptolemaic/Roman Blue 8
Blue-Green 1
Blue to Pale Blue 1
Dark Blue 2
Pale Blue 1
Other 5

Roman Other 2
Subtotal 111

Grand Total 234

SEM-BSE, EDS; XRF

SEM-BSE, EDS, WDS
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The presence/absence or concentration of certain elements is useful to determine

temporal placement in a chronology (e.g. cobalt and associated ore), presence of

binders (e.g. clay (high concentration of aluminium), lime, alkali), and colourants (e.g.

copper, cobalt, lead, antimony). These results can be used to identify raw material

sources thereby providing information on trade and technology (far beyond the scope

of this project). The element ratios can be used to identify groups that may belong to

different regions and/or workshops and the type of alkali used (e.g. natron and plant

ash) (Kaczmarczyk and Hedge 1983:280; Shortland and Tite 2005:66; Kaczmarczyk

and Vandiver 2008:66-67). Compositional profiles of glaze can help to determine type

of glazing. Tite (1991) writes of isotope analysis of metals to explain the metal trade

(p.144), isotope analysis of bones in relation to past diets (p.148), and mentions the

development of new isotope applications in geochemistry but does not go into detail.

Since his writing, strontium, neodymium, oxygen and lead isotope analysis has been

conducted on glass to determine source for silica, plant ashes and lime, and to

determine possible workshops (Degryse et al. 2009; Freestone 2005; Freestone et al.

2003; Foster and Jackson 2009; Henderson et al. 2005; 2010). The success with glass

prompted Hammerle (2012) to conduct partial thesis research on strontium isotope

analysis of Egyptian faience. This project aims to add to these analyses and offer more

understanding of the presence of elements, ratios of elements and where within the

objects the elements can be detected.

j~¨­° j§¬­° q°~¡£
`=[=NM=µ²B`=Z=NJNM=µ²B`=Y=N=µ²B
p§ª§¡­¬̂ ª³«§¬§³«j~¥¬£±§³«
p­¢§³« m­²~±±§³«j~¬¥~¬£±£

`~ª¡§³«̀¦°­«§³«
f°­¬ k§¡©£ª
`­®®£°m¦­±®¦­°³±
q§¬ o³ §¢§³«
`­ ~ª²p²°­¬²§³«
i£~¢ q§²~¬§³«
_~°§³«s~¬~¢§³«
^¬²§«­¬·w§¬¡
p³ª¤³°w§°¡­¬§³«

_ª³£=c~§£¬¡£=dª~¸£=bª£«£¬²
^ ³¬¢~¬¡£=`ª~±±§¤§¡~²§­¬

Table 2-8: Literature survey found 67 Late to Roman Period faience objects with blue
glazes. The elements identified and quantified were categorized into major, minor and trace
consistencies based on mass fractions (C).
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Macroscopic and microscopic characteristics of glazes used to identify glazing method

can be conflated by other production parameters (e.g. peak firing temperature and

time). Compositional profiles of cross-sectioned samples can be used to further

ascertain the glazing method. Copper, along with sodium, is known to migrate through

the silica matrix (Kaczmarczyk and Hedges 1983:56, 61-62). Application glazes

typically exhibit an even distribution through the glaze (Vandiver 1998:136) whereas

self-glazing techniques tend to exhibit variation in distribution of these elements (Tite

et al. 2007: 1571-2; Vandiver 2008:51).

In efflorescence glazed materials there is an increase in sodium and a decrease in

potassium, magnesium and copper from the body to the glaze surface resulting in a

sodium-rich glaze surface (Tite et al. 2007:1572; Vandiver 2008:51). This is because

of the lower solubility of sodium carbonate in water compared to potassium carbonate

which is hygroscopic and has higher solubility (Vandiver 1998:128; 2008:51). Insoluble

particles are pulled to the surface through tension as the water evaporates. The extent

of movement is dependent on the particle size and density (Vandiver 2008:51).

Cementation glazed faience exhibits an increase of sodium and copper colourant from

the body to the glaze surface (Tite et al 2007:1572; Vandiver 2008:53). The results for

the copper component in the glaze profile offers another way of discerning between

efflorescence and cementation glazing (Vandiver 1998:132).

Cementation and efflorescence glazing rely on migration to occur during the firing

cycle. Application glaze relies more on the initial application of the glaze to the body

but smaller scale migration of alkali will occur as the water content evaporates. The

copper colourant of application glazes are expected to remain constant throughout the

glaze profile (Vandiver 1998:136). Sodium may be slightly higher because it is

precipitated out during evaporation. Weathered glazes, however, will exhibit changes

in profile with perhaps the extreme concerning sodium and potassium as they are

leached from the system. This will result in low sodium/potassium totals during

analysis.

Kaczmarczyk (1986) demonstrated a connection between cobalt and alumina in cobalt

coloured glazes during the New Kingdom. These glazes are characterized by high

alumina and magnesia with minor to trace amounts of manganese, zinc and nickel

(Kaczmarczyk and Vandiver 2008:75). Cobalt was not used immediately after the New

Kingdom but reappeared later during the Third Intermediate Period and is associated
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with high manganese (~0.70%) and medium iron (~0.85%) (ibid.). This was replaced

by iron-rich cobalt ores during the Late Period (Kaczmarczyk and Hedges 1983:42-43,

47, 53, 267-8) and is characterized by high iron content (~1.9-7.0%) and low

manganese (<0.05%) (Kaczmarczyk and Vandiver 2008:75). These associations with

cobalt can be used to infer period of manufacture of the faience glaze. This is an

important aspect that has been investigated further in other published materials (Abe

et al. 2012; Shortland et al. 2006b; Tite and Shortland 2008:206).

More relevant to the project and the period of interest is the potential use of clay in the

body as a binder. Lucas and Harris (1962:175) explored the possibility of clay being

added to the body to facilitate forming and state that the amount of alumina detected

during analysis (averaging 1.2 wt%) is too low for added clay and is probably the result

of impurities in the sand, alkali or some other source. Burton (1912, cited in Lucas and

Harris 1962:175) tried to replicate faience by adding clay in quantities of ~1.2 wt% and

determined that there was not enough to allow the use of pottery forming methods on

the faience body, the assumption being made those methods at least partly refer to

throwing. Griffin (2002:335-336) conducted investigations into the use of clay as a

binder and found that a 3% addition facilitated moulding and 12% enabled free-

throwing based on replication experiments. Kaczmarczyk and Hedges (1983:198)

state that if clay were added, their analysis failed to reveal a significant change to

alumina and magnesia levels when compared to those typically found in Egyptian

sands (see Table 2-3). Nenna and Nicholson (2013:135) argue that clay was not

required for forming during the previous 3000 years and that the addition of

appropriate quantities for throwing would significantly change the colour of the faience

core which has not been noted. Despite lack of evidence indicated by Vandiver

(1983:A125), this idea is continually perpetuated without evidence. For instance,

Kaczmarczyk and Vandiver (2008:60) suggest that clay �may� have been added to the

faience body to facilitate throwing during the Ptolemaic/Roman Periods.

Potassium and magnesium are inclusions in sand but can potentially inform on the

general source of the alkali component: natron or plant ash (see Table 2-4). Natron is

an evaporate that is composed of NaHCO3 and Na2CO3. Plant ash is another source of

sodium and is associated with phosphorus and contains higher levels of magnesium,

potassium and calcium than natron. The ability to differentiate between alkali sources

can help to determine a chronological and/or regional origin of faience. Natron was the

preferred flux for glass and faience from the Third Intermediate Period and afterwards

(Freestone 1991:40; Kaczmarczyk and Hedges 1983:280; Kaczmarczyk and Vandiver
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2008:67), however Kaczmarczyk and Hedges (ibid.) suggest plant ash (derived from

halophytic plants) was seemingly preferred in Memphis during the Ptolemaic Period

based on potassium levels ~1.6 wt%. This is possibly because of the abundance of

grasses in the area and the cost of importing natron (Nenna and Nicholson 2013:134).

Contrary to this, Shortland and Tite (2005:66, Table 4.1) conducted analysis of faience

vessels from Memphis that reveal potassium quantities ~0.45 wt% and Na2O/K2O

ratios ~35 indicating natron as the alkali source.

Sodium/potassium ratios may indicate the alkali flux source of a glaze; a ratio of ~2-6

suggests plant ash whereas a ratio >10 suggests natron based on compositional

analysis of glazes from different periods containing the two oxides (Kaczmarczyk and

Vandiver 2008:66-67, 71; Shortland and Tite 2005:35). High magnesia is an indicator

of plant ash. Lilyquist and Brill (1993:56, Fig. 51) found that >2% MgO and K2O

indicates plant ash whereas <1.5% indicates natron for Egyptian glass. Kaczmarczyk

and Vandiver�s tables 4.1a-e (2008:66-67) do exhibit Memphis faience vessels

containing ~0.5 wt% K2O and ~1 wt% MgO whereas previous periods exhibit much

greater K2O and mixed MgO suggesting use of natron at Memphis; potassium is the

better indicator for this data set. Unfortunately, Kaczmarczyk and Hedges (1983) did

not have the capability to accurately detect sodium because they were conducting

XRF analysis and no ratios can be provided from their data.

The source of the blue colourant in glazes was established as arsenical copper ore

during the early Egyptian periods but the presence of lead in blue glazes was

significantly increased during the New Kingdom (Kaczmarczyk and Hedges 1983: 56-

57; El Goresy 2000). Lead was intentionally added as a colourant for yellows and

greens in the form of lead antimonate during the New Kingdom and after

(Kaczmarczyk and Hedges 1983:115), but the presence of lead in blue glazes

represented a mystery and its usefulness as a flux, glaze modifier or unintentional

inclusion was questioned. Kaczmarczyk and Hedges (1983:117) state that lead

quantities in blue glazes across all periods in Egypt are too low to noticeably affect the

faience glaze qualities indicating that the additional lead was not a function of glaze

technology, but more probably the result of an inclusion. Brill (1970:120-123) noted the

use of leaded bronze during the Late through Roman Periods as a colourant for

contemporary glasses. Shortland and Tite (2005:35-36) found lead in copper blue

glazes that were comparable to lead found in leaded bronze (5-10%). A Cu/Pb ratio of

5 to <10 could indicate leaded bronze as being the copper colourant, and therefore, a

connection with metalworkers.
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Part of the scope of the project is identifying colourants and designating faience

groups based on the occurrence of trace elements. Trace element analysis is typically

used to differentiate between production regions and raw material sources. Stone and

Thomas (1956:68) used OES for trace element analysis to determine if faience beads

found in Britain were locally produced or imported by comparing results of beads from

Egypt, Europe and Syria. This initial analysis was equivocal because of highly

correlated variables and a lack of statistical methods to handle such data without loss

of information. Newton and Renfrew (1970) re-examined the Stone and Thomas�

(1956) OES results and applied multiple regression analysis to handle the highly

correlated data (Newton and Renfrew 1970: 200-201). They determined that

magnesium, aluminium and tin were the best discriminators but the application of NAA,

with a lower detection limit, could reveal additional elemental discriminators (ibid., pp.

201-202). Aspinall et al. (1972) used NAA to reanalyse most of the samples originally

analysed by Stone and Thomas (1956). NAA did reveal additional minor and trace

elements. Results for magnesium and aluminium could not be obtained because of the

analytical setup. Tin was confirmed as the best discriminator to determine that British

faience beads were produced in the Britain and not imported (Aspinal et al. 1972:36,

38). The copper/tin ratio is 3:1, not 10:1 as would be expected when using bronze

shavings as a colourant in the manufacture of the beads (ibid., p.38).

Trace elements (e.g. manganese, iron, nickel, copper, zinc, arsenic, antimony, lead)

have assisted in the sourcing of cobalt used as a deep blue colourant in faience glazes

(Kaczmarczyk 1986; Shortland et al. 2006). Traces of arsenic in the presence of lead

antimonate can be used to source antimony (Shortland 2002). Traces of lead naturally

associated with copper (lead <1.5% in copper is usually indicative of ore; lead between

5-10% is indicative of intentional leaded bronze; see section 2.5.4) can be used in

conjunction with lead isotope analysis to identify the source of the copper ore (Gale

and Stos-Gale 1982:13).

Non-volatile refractory elements are the most instructive for trace element analysis.

Titanium, zirconium, yttrium, niobium, lanthanum, nickel and chromium are commonly

used as compositional discriminants in igneous geochemistry because they are robust

to low temperature alteration (i.e. temperatures lower than those associated with

magma) and weathering. Strontium and barium can be useful but are more susceptible

to alteration (Pearce and Cann 1973:294). These elements can enter the system as

inclusions in sand and/or in the alkali source (Nicholson and Jackson 2013:98).
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Differing ratios of non-fractionated elements indicate separate sources (Shortland et al.

2007b:787). Distinctiveness can be enhanced by combined ratio plotting (e.g.

chromium/lanthanum and zirconium/titanium). Absolute differences should not be used

because they are less indicative and suggest that elements were added in different

ratios to the glaze batch (ibid.).

The presence of iron, alumina, magnesia, potash, lime and titanium oxides in

measurable amounts characterize the impurity of silica processed from desert sands

(Vandiver 2008:37). Analysis of the sands of Egypt (Brill 1999; Hatton 2005; Lucas and

Harris 1962; Nicholson 2007; Vandiver 2008) exhibit local variation in these

characteristics. This suggests that faience produced in different regions may exhibit a

variation in trace elements. Provenancing using trace element analysis requires a

robust identification of specific sources, geochemical correlations between elements

and an understanding of how the elements react to processing (Rehren 2008:1346).

Currently source material analysis may not have the robustness to define a production

area but trace element variances in faience glazes should be adequate to define

faience groups based on these differences. Provenancing of raw faience material is a

possible future direction of HH-XRF but is currently outside of the scope of this project.

The Use of Faience Analogues

Replication is a tool that should be coupled with compositional and microscopic

analysis to help interpret technology and manufacturing processes (Griffin 2002:326;

Vandiver 2008:47). Published faience replication studies have previously been

conducted to test composition, morphology, microstructure and firing temperatures.

Cementation and efflorescence glazing techniques have been the subject of most

studies with minor attention on application glazing (Table 2-9).

Binns (et al. 1932) tested efflorescent glazing techniques after examining a

contemporarily produced faience bead and comparing it to fragmented archaeological

Egyptian faience finger rings. The efflorescent glazing failed to produce the desired

glaze but results were improved after applying a glaze mixture to the surface of a wet

body. The �self-glazing� mixture contained mostly alkali and colourant, and required the

surface quartz of the objects to form a glaze. Although the publication is known for the

self-glazing of faience, it represents one of the earliest published replication recipes in

the modern era for an applied faience glaze.
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Table 2-9: Published replication studies of faience based on body and glaze experiments.

Published Faience Replication Experimetation
Glazing Technique Layer Reference Rationale (To test�)
Application Body _§¬¬±=£²=~ªK=NVPOComposition

b¡¡ª£±²­¬=OMMUFiring Conditions
d°§¤¤§¬=OMMOComposition, Forming, Morphology
q§²£=~¬¢=_§«±­¬=NVUSMicrostructure

Glaze _§¬¬±=£²=~ªK=NVPOComposition
b¡¡ª£±²­¬=OMMUFiring Conditions
d°§¤¤§¬=OMMOComposition, Forming, Morphology
q§²£=~¬¢=_§«±­¬=NVUSMicrostructure
Vandiver 1998 Composition, Microstructure and Morphology

Cementation Body d°§¤¤§¬=OMMOComposition, Forming, Morphology
h§£¤£°=~¬¢=^ªª§ £°²=NVTNComposition
i~=a£ª¤~=£²=~ªK=OMMUPractical and Chemical Aspects
j~²§¬=£²=~ªK=OMNOComposition
j£± ~¦§¬§~=£²=~ªK=OMNQComposition, Microstructure, Morphology
Tite et al. 1983* Composition and Microstructure
q§²£=£²=~ªK=OMMTComposition and Microstructure

Glaze d°§¤¤§¬=OMMOComposition, Forming, Morphology
h§£¤£°=~¬¢=^ªª§ £°²=NVTNComposition
i~=a£ª¤~=£²=~ªK=OMMUComposition and Process
j~¬²§=OMMQ Composition and Microstructure
j~²§¬=£²=~ªK=OMNOComposition
j£± ~¦§¬§~=£²=~ªK=OMNQComposition, Microstructure, Morphology
q§²£=£²=~ªK=OMMTComposition and Microstructure
Vandiver 1998 Composition, Microstructure and Morphology

Effluorescence Body _§¬¬±=£²=~ªK=NVPOComposition
h§£¤£°=~¬¢=^ªª§ £°²=NVTNComposition

Glaze _§¬¬±=£²=~ªK=NVPOComposition
b¡¡ª£±²­¬=OMMUFiring Conditions
Griffin 2002 Composition, Forming, Morphology
i~=a£ª¤~=£²=~ªK=OMMUComposition and Process
j~¬²§=OMMQ Composition and Microstructure
k­ ª£=NVSVComposition
o§¡¡~°¢£ªª§=£²=~ªK=OMMOInlaying Techniques
q§²£=£²=~ªK=NVUPComposition and Microstructure
q§²£=£²=~ªK=OMMTComposition and Microstructure
Vandiver 1998 Composition, Microstructure and Morphology

*Glazing mixture used but composition not provided
Body composition not provided

Note: Vandiver (1982) writes of producing faience replicates of the three glazing methods but did not provide
compositions. The rationale was composition, microstructure and morphology.
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Kiefer and Allibert (1971) tested glazing compositions using efflorescence,

cementation and a combination of both. They also used a process that can loosely be

considered application but is better described as a wet cementation process where the

object is immersed in the �pulp� (Kiefer and Allibert descriptor, p. 116) prior to firing.

The object had to be freed of unreacted surrounding material after firing similar to the

dry cementation process. The application techniques were similar to the �self-glazing�

methods tested by Binns. Microstructural characteristics of the three glazing

techniques were examined by Tite and Bimson (1986) who expanded on previous

work conducted by Vandiver (1983) and Tite (et al. 1983). They examined the

microstructure of raw and prefritted application-glazed replications as part of the study.

The replicated glazes contained SiO2 and did not require the upper layers of quartz

from the body to form a quartz-based glaze, thus departing from glazes replicated by

Binns (1932) and Kiefer and Allibert (1971).

Vandiver (1998) used replicated glazes of the three glazing methods to illustrate that

microstructural characteristics previously attributed to certain glazing techniques could

be duplicated by changing the firing parameters. Vandiver indicated that the glaze

mixtures contained SiO2 but the recipes were vague and generalized and cannot be

reproduced unless further information is provided. Griffin (2002) used a multi-faceted

approach to characterize the faience collection of the Cleveland Museum of Art.

Replications of the three glazing methods were conducted on various faience bodies to

explain the technological complexity of production. One finding is the calcium

component which Griffin conjectures is an intentional additive. It was tested and found

to improve dry carving of the paste at higher concentrations before firing (ibid., p. 332).

Griffin conducted investigations into the use of clay as a binder and found that a 3%

addition facilitated moulding and 12% enabled free-throwing based on replication

experiments (ibid., pp.335-336). Eccleston (2008) produced faience objects using

efflorescence and application methods within a small bread oven kiln on the site of

Amarna. The kiln reached temperatures in excess of 800 �C and was successful in

producing fully glazed faience.

Many of the replication experiments were concerned with microstructural

characteristics for the identification of glazing methods (Tite 1987; Tite and Bimson

1986; Tite et al. 1983; Vandiver 1983:A26-42). Vandiver (1998) argued, however, that

microstructural characteristics could be influenced by several factors. This is covered

in greater detail in the glazing methods section (see Section 2.4.3).

Fractionation (or decomposition) is the division of a mixture during a phase transition

such as partial dissolution in a liquid or in a glass melt (Rehren 2008:1353). In regards
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to glass and glaze, fractionation commonly occurs as carbon dioxide is evolved from

carbonates or water from hydroxides. An accurate measure of evolved gases requires

a gas bench with attached mass spectrometer for isotope analysis (Sharp et al.

2003:88). A less reliable method that will still provide a rough estimation uses a known

input and output to determine values. Archaeological glazes do not provide a specific

input and are impossible to calculate using this method but faience replicates are

suitable for this calculation if starting values are recorded.

The compounds used for the replication of faience in this study include sodium

carbonate, calcium carbonate, aluminium hydroxide, potassium carbonate and

magnesium carbonate. The general reaction to produce an oxide from a carbonate

through the application of heat is

H ( 2-1 )

where M = metal (i.e. alkali metals, alkali earth metals, transition metals, basic metals

and semimetals found on the periodic table). For aluminium hydroxide the reaction is

O E FP O PHOEO F ( 2-2 )

The temperature of fractionation varies depending on the chemical environment. For

example, any carbonate will require greater temperatures in a carbon dioxide-rich

environment (e.g. kiln) for the CO2 equilibrium pressure to exceed the atmospheric

CO2 pressure to off-gas. The decomposition of calcium carbonate occurs above 600� C

(Escardino et al. 2010:1989, 1991; Vandiver 1998:132) although mass loss continues

above 800� C and presumably at a faster rate unless capped by the CO2 equilibrium

pressure. Sodium carbonate will decompose above 700� C (Motzzfeldt 1955:142;

Vandiver 1998:132). Aluminium hydroxide will start to decompose between 180-200� C

(Hollingbery and Hull 2010:1, 8) and magnesium carbonate at 515 � 640� C (ibid., p.8).

The evolution of gas and incomplete off-gassing of the glaze is evident by the

formation of bubbles or pores with the glaze.

Discussion

The replication of faience glazes was used as part of the evaluation of HH-XRF. It was

important that the replicated blue faience glazes resemble the archaeological blue

faience glazes as closely as reasonable (e.g. travel to Egypt to produce replicates is

cost prohibitive) to have a greater understanding of HH-XRF analysis of archaeological
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faience glazes. Several aspects of faience production were examined based on a

review of the literature in this chapter.

Excavations and research into the production of faience during the Late to Roman

Periods in Egypt shows evidence of a 2-phase (i.e. biscuit and glost) firing process

across several sites. These were evinced by the presence of glazed and unglazed

wasters, and two different sized saggars dedicated to biscuit and glost firings (see

section 2.4.4). Pharaonic faience is believed to have been fired in a single step thus

representing another change with greater Hellenization of Egypt during the Late and

Ptolemaic Periods. The glaze could have been applied as a raw or prefritted powder or

a water suspension. Additionally, Roman glazes were found to be thicker than

Ptolemaic and earlier faience glazes. As a result, glaze replication experiments

involved application of a raw and prefritted powder and water suspensions in different

thicknesses to dried but unfired and fired bodies (see Chapter 5).

A firing temperature of between 800 and 1000�C is required to form the oxides of

calcium, silicon and sodium from the raw materials introduced to the glaze and body

batches (Vandiver 1983:A10). The final colour and porosity, which influences colour, of

the glaze is affected by the kiln temperature, atmosphere and heating cycle

(Henderson 2013:66). Faience replications, as a single phase or glost phase, were

fired at 800, 850 and 970�C using heating cycles that produced the desired

temperature at faster or slower rates to find the kiln parameters that resulted in a

replicated analogue of the archaeological glazes (see Chapter 5).

Replicated and archaeological glazes were analyzed using HH-XRF (NPA), SEM-EDS

(wt%) and BSE. The presence/absence and ratio of elements can be used as

diagnostic for technology and chronology. This information can inform of possible

binders, colourants and the alkali (i.e. natron or potash) used in the production of a

faience body/glaze. In addition, compositional profiles provide evidence of type of

glazing method.

Colourants are easily determined by colour of the glaze and qualitative HH-XRF

analysis where presence/absence of peaks indicate the colorant. A clay binder in the

body would be indicated by the presence of relatively high peaks for alumina and

magnesia in a body spectra. Smaller peaks may still be visible for glaze spectra if

using a higher kV setting for bulk analysis but it is not decisive and may only indicate a

need for further investigation such as a measurement of the body.
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Determining the type of alkali involves the ratio of sodium to potassium, a

sodium/potassium ratio of ~2-6 indicating potash while >10 indicates natron. To

produce these potential results, the ratio requires that the two variables be measured

on the same scale negating the use of NPA. SEM-EDS wt% results were used for this

determination due on the lack of required standards for HH-XRF wt% results.

Element associations with copper are diagnostic of Egyptian chronology. Arsenical

copper was used as a pigment between the 5th and 18th Dynasty. The copper ore

used to smelt copper during this period is associated with zinc, lead, arsenic, tin and

antimony. Leaded bronze scrap was used after the 19th Dynasty. A copper/lead ratio

of 5 to <10 indicated use of contemporary bronze scrap as a colourant and show a

relationship between the crafts of faience and metalworking. Correlations of copper

with zinc, lead, arsenic, tin and antimony would have indicated the faience was

produced earlier than the 20th Dynasty but this was not the case (see Chapter 7).

Cobalt associations with elements are also diagnostic of chronology and raw material

sourcing. Cobalt used during the New Kingdom is associated with high levels of

alumina and magnesia and traces of manganese, zinc and nickel. Cobalt used during

the late Third Intermediate Period is associated with high magnesia and moderate iron

components. Cobalt used during the Late Period and later are associated with high

iron and low manganese. These associations possibly represent three different raw

material sources. HH-XRF and SEM-EDS were used to examine the cobalt

relationships of the archaeological glazes and determine if they confirmed a Late or

Ptolemaic Period association for the archaeological glazes.

The firing temperatures of the archaeological glazes are presumably between 800 and

1000�C which is required for certain reactions to occur. The presence of tridymite

(forming between 870-1100�C) and/or cristobalite (forming above 1470�C) crystals,

polymorphs of silicon oxide, help to refine the firing temperature of archaeological

faience glazes. Their presence can first be detected using SEM-BSE and identified

using RAMAN. Although Cardiff University School of History, Archaeology and

Religion do have a RAMAN, it was not setup until after the initial submission of this

thesis and, therefore, was not accessible for use.

The archaeological faience sherds are almost undoubtable glazed through application.

This project provided an opportunity to look at compositional profiles to see if they

confirm expectations for the type of glazing. Compositional profiles were examined

using SEM-EDS (wt%) to determine if they confirm application glazing for the sherds

(see Chapter 7). This could have been conducted using NPA but use of wt% facilitated
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the individual element results positioning on a single graph while also providing a scale

(i.e. 1-100%). NPA does not lend itself as easily where counts may be in the order of

1k for sodium, 600k for calcium and 2.5M for copper.

MVS of HH-XRF NPA results will provide clusters that may represent workshops or

raw material selection. All elements associated with faience are detectable with HH-

XRF in ideal circumstances (e.g. no weathering or surface deposits). Sodium and

magnesium may be difficult to detect in non-ideal circumstances due to limitations of

HH-XRF and possible weathering having depleted the sodium content. Decisions on

their use in MVS was conducted in Chapters 9 and 10.

In conclusion, this chapter covered the production of archaeological faience and

contemporary faience reproductions. There was a brief overview of the history of

analysis on faience glazes revealing some of the questions that can be answered

regarding intentional clay inclusions, copper and cobalt colourant sources, natron and

potash alkali sources, indication for type of glazing and potential use for workshop and

raw material sourcing. The following chapter is a continuation of background for the

project and examines the use of HH-XRF, its benefits and limitations and provides

case studies of glass and glaze analytical studies.
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Background: Hand Held X-Ray

Fluorescence

The previous chapter covered Egyptian faience and the materials and technology used

in its construction. The following chapter provides a basic introduction to HH-XRF and

the principles of how it works, benefits and limitations of its general use and its use

with vitreous materials. Published analyses are investigated to determine methodology

and how HH-XRF limitations were addressed. A Bruker Tracer III-SD co-owned by the

National Museum of Wales and Cardiff University is used for this study.

Hand Held X-Ray Fluorescence: The Growing Phenomena

The Department of Earth and Planetary Sciences and Anthropology at the University

of California, Berkeley, spearheaded the application of XRF in archaeology with the

1960 analysis of Roman coins (Hall 1960, cited in Shackley 2011:11) and were the

leaders in XRF archaeological research throughout most of the rest of the century

(ibid.). Advances in computers and other technologies (e.g. X-ray tubes) led to

miniaturization of components (e.g. detectors) and to the development of small

compact portable XRF systems for quick tests in mining and metal recycling (Shugar

2013:173; Speakman et al. 2011:3483). Field geologists and archaeologists adopted

the technology for in situ analysis and by 2005 there were 200 units estimated to be

supporting archaeologists, curators and conservators worldwide (Homqvist 2016:363;

Speakman et al. 2011:3483).

Development of X-ray tubes and miniaturization of detectors probably contributed most

to the HH-XRF analyser evolution. X-ray tubes provided a source of X-rays that can be

turned off when required unlike sealed radioactive sources which requires registering

as a �mobile radioactive apparatus� and of which transportation is more controlled

through legislation (Radioactive Substances Act 1993; Ionizing Radiation Regulations

1999; Potts et al. 2008:6). Lithium drifted silicon (Si(Li)) detectors were commonly

used for XRF analysis and were good for energies between 1 and 50 kV but could only

process 40,000 counts/second (cps) and required liquid nitrogen to reduce

temperatures below 250 kelvin which was not conducive for portable hand held

instruments (Hall 2016:348; Janssen 2013:95). Si-PIN (silicon-p-type semiconductors)

detectors were smaller and could be cooled using thermoelectric coolers (i.e. Peltier-
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cooled), instead of liquid nitrogen, facilitating HH-XRF innovation and portability. The

detectors could process up to 40,000 cps in laboratory-based XRF units but less in the

portable units (e.g. the Bruker Tracer III-V can process ~10,000-15,000 cps (Kaiser

and Wright 2008:8, 45)). Si-PIN detectors were being adopted by the early 2000�s and

many instruments with them are still being used at the time of this writing (e.g. Bruker

Tracer III-V HH-XRF) (Hall 2016:348).The silicon drift detector (SSD) was the next

great innovation in HH-XRF technology allowing processing of in excess of 100,000

cps with lower electronic noise (ibid.). The Bruker Tracer III-SD used in this project

contains a SDD.

Principles of X-Ray Fluorescence

Taking measurements with HH-XRF is possible with little training but an understanding

of the principles of X-ray spectrometry are required to select appropriate settings and

interpret the data. XRF works on the principle that X-rays displace inner shell (K, L, M)

electrons in the surface atoms of a sample forcing higher shell elections to fill the

vacancy to maintain atom stability (Fig. 3-1) (Kaiser and Wright 2008:4; Pollard et al.

2007:101; Shackley 2011:16). Outer shell electrons have higher potential energy and

are less bound to the nucleus. When transitioning to inner shells they de-excite by

releasing low energy emission X-rays (i.e. characteristic energy) which are equal to the

difference in energy required to hold them in the two shells. Some of the released

energy escapes the sample and is detected by the analyser detection unit. The

characteristic emission energies (fluorescing energies) for all elements are known,

fixed and unique allowing identification of elements that are fluoresced within a

sample. An atom will only fluoresce if the primary energy (incident radiation from the

Fig. 3-1: Fluorescence of an atom (after Bruker 2016). Green emission line is for K�X-rays (L
shell to K shell); blue is for K�X-rays (M shell to K shell).
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unit or characteristic energy from another element) exceeds the binding energy of the

electrons.

X-Ray Fluorescence Parameter Settings

Parameter settings allow the analytical optimization of the HH-XRF unit for selected

regions or elements of interest. Voltage (incident beam energy) effectively determines

the elements that will appear in the spectrum, and the peak energy of the X-rays.

Voltage is set through the X-Ray Ops program with Bruker systems. An individual X-

ray�s energy can be between 0 and the highest voltage selected for the measurement.

The most abundant energy of all the X-rays combined is at half of the voltage selected

as a result. Therefore, voltage should be 1.5-2x the absorption edge of the element of

interest, or the highest energy element of a series in the acquisition, for optimal

detection (Shackley 2011:28-29). Fifteen kV is optimal for elements lighter than iron

whereas 40 kV will reveal all the elements the unit is capable of detecting, depending

on beam filtering and target (target used in this project is rhodium but other elements

can be used including copper, silver or tungsten). A single setup condition can be used

for an element of interest by choosing a voltage that is slightly higher than the

absorption edge energy for the element. Two or three conditions are required to

characterize low, medium and high Z elements in an unknown sample. For example,

two conditions have been selected for most analyses, 1) voltage of 40 kV good for all

elements but is required for detection of the heavier elements (Z27-94; cobalt to

plutonium) and 2) voltage of 15 kV which is optimal to reveal the lower Z elements

(Z12-26; magnesium to iron) (Kaiser and Wright 2008:45-48).

The Bruker Tracer III-SD contains a 4 watt bulb. It is recommended that settings never

exceed 1.5 w or the lifetime of the X-ray tube will be significantly shortened (Pers.

Comm. Lee Drake and Rebecca Scott). Wattage determines the upper limits of the

voltage/current combination and is calculated by the following equation:ZMKMMNE F ( 3-1 )

Current (�A ) selection affects the number of fluoresced X-ray photons (counts) that

reach the detector. Current is set through the X-Ray Ops program. The Tracer III-SD is

capable of detecting 200,000 cps. The ideal count rate for processing is 100,000 cps

for optimal dead time (50%) (Drake 2015), or the time the detector is unable to detect

after interaction with a photon (Fitton 2014:102-103; Shackley 2011:29). A range

between 1000 and 100,000 cps is sufficient for quantitative analysis. Valid counts

outside of this range are not optimal and may misrepresent the sample composition.
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Filters are commonly used in HH-XRF analysis and are placed between the X-ray tube

and the sample to absorb X-rays immediately above the filter absorption edge

although transmitting those below. The effect is a low background area 2 FWHM (full

width - half maximum of peak) widths above the absorption edge of the filter (Shackley

2011:28; Wobrauschek 2010:7). Characteristic peaks in this area have an increased

signal-to-noise ratio (SNR) and limit of detection (LOD). Filters can consist of metal

foils, plastic and neutral absorbers such as aluminium and cellulose (Shackley

2011:28). The Bruker Tracer III-SD HH-XRF unit comes supplied with four filters

composed of copper, aluminium and titanium at differing ratios (Table 3-1).

Acquisition time controls the quantity of photons hitting the detector throughout the

measurement duration (not to be confused with cps rate which is controlled by

current). Acquisition time is set through the S1PXRF software. Greater acquisition time

provides greater resolution of the spectra. Acquisition time is generally determined by

type of analysis (i.e. qualitative vs quantitative), precision and convenience (Shackley

2011:31). Quantitative analysis will always require a longer acquisition time than

qualitative analysis because of the benefits of increased precision and SNR.

The use of the supplied vacuum to remove the air column in the HH-XRF unit is

important for low Z elements (e.g. sodium, magnesium, etc.) whose signal might

otherwise be attenuated. Vacuum use for higher Z elements is not suggested because

the lower Z elements will cause a dead-time bottle-neck at the detector and resulting in

Table 3-1: Filters and filter designations provided with the Bruker Tracer III-SD HH-XRF unit.
The table contains the filter designation, colour designation, filter components and
thicknesses, the keV optimized transmission range (keV Trans.), the elements optimization
and the recommended use for the filters.
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an under-estimation of higher Z elements. Restricting the use of a vacuum for these

measurements allows the air column to act as a filter for lower Z elements therefore

reducing deadtime and allowing greater sensitivity for higher Z elements (Shackley

2011:30). The system can be modified to accept helium flushing to remove heavier

elements in the air that may attenuate the signal of lower Z elements.

Spectral Interpretation

Several phenomena may occur simultaneously within the detector and the sample

during a live HH-XRF measurement. Most of these manifest on the spectra and can be

misinterpreted as characteristic emission lines of the sample. An understanding of

these phenomena are required to reduce confusion, misidentification and erroneous

results.

Photoelectric absorption is the excitement and ionization of an atom due to incident

radiation. Two outcomes can occur when an electron is emitted from the sample

material (i.e. ionization): X-ray emission and the auger process (Pollard 2007:96). X-

ray emission is the result of an electron being emitted from the inner shell of a sample

atom and being replaced by an outer-shell electron as discussed in section 3.2 (Fig. 3-

2, see Fig. 3-1). The target is bombarded with electrons to produce X-rays which, in

turn, bombard the sample producing characteristic energy lines and other phenomena.

Many of the electrons excite but do not ionize the target atoms. These atoms

immediately de-excite releasing a photon of the same energy which form the

continuum and can vary from the infrared to the X-ray region of the electromagnetic

spectrum depending on which electrons are excited within the atom (Pollard et al.

2007:99). Bremsstrahlung, German for �braking radiation� ( because of transition of

decelerated kinetic energy to X-ray energy), is the portion of the continuum upon which

the target characteristic emission lines are found (also known as background

radiation).

The same change to the electronic structure occurs with the Auger process but instead

of a release of energy, an upper-shell electron of the same energy is released and

stability of the atom is maintained with no characteristic energy released (Fig. 3-3).

Auger electrons are primarily produced during K shell ionization of light elements

(Z 20) (Janssens 2013:82). Heavier elements have a propensity to release

characteristic emission energy rather than auger electrons (ibid.).

Rayleigh scattering is the result of target (anode) X-rays that have been deflected

without loss of energy, some of which enter the detector to produce characteristic
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Fig. 3-3: Orbital transmissions and emission lines in schematic view (A; from Shackley
2011:17) and Siegbahn notation (B; from Jenkins 1999:55).

a

b

Fig. 3-2: Ejection of a k-shell electron (a) resulting in the release of an auger electron (b).

a b
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peaks of all target lines within the spectrum (Pollard et al. 2007:101). Compton

scattering is directly related to Rayleigh scattering and is produced when the target

(anode) X-rays are partially absorbed (not enough to cause fluorescence), lose energy

and are deflected back into the detector (ibid.). The amount of energy lost is not fixed

resulting in the broad peaks just below the emission lines of the target material in the

spectrum. Compton peaks can provide qualitative comparative information on object

density; greater density is represented by lower Compton peaks and vice versa

(Shackley 2011:23).

Bragg scattering is the diffraction and interference of two incidental X-ray photons

resulting in narrow peaks that will migrate on the kilo-electron volt (kV) axis of the

spectrum as the object orientation (i.e. crystal face) is changed. It is encountered when

analysing crystalline materials such as metals, minerals, gemstones and pigments

(Shugar and Mass 2012:32-33) and is not expected with the analysis of faience

glazes.

Sum peaks and escape peaks are phenomena that occur in the detector (Kaiser and

Wright 2008:11-12; Shugar and Mass 2012:32-33) and are represented on the

spectra. Sum peaks result when two emission X-rays strike the detector at the same

time. The detector records this as a single pulse the value of which is equal to the sum

of the two emission energies. The accumulation of these will result in a peak on the

spectrum. Sum peaks can be a combination of any characteristic energies (Kaiser and

Wright 2008:11) but are usually visible when derived from elements in high

concentrations. Escape peaks occur when characteristic X-rays from the sample strike

the silicon detector causing it to fluoresce. The remaining characteristic energy, minus

the energy used to fluoresce the silicon detector, is recorded and a peak will be

present in the spectrum 1.74 kV (Si-K absorption edge) below the fluoresced element.

There are also usually visible when derived from elements in high concentrations.

Artificial enhancement and reduction of emission intensity will occur because of mass

absorption effects (Pollard et al. 2007:107-108; Shackley 2011:19). Emission X-rays

may be absorbed by coexisting elements reducing intensity, or secondary and tertiary

fluorescence (or even greater depending on emission energy and elements involved)

may occur producing artificially reduced intensities for higher Z elements, and higher

intensities for lower Z elements (Shackley 2011:19; Shugar and Sirios 2012:324). For

example, the manganese absorption edge is slightly lower (6.53 kV) than the

characteristic energy of Fe (K� 1 line = 7.06 kV), therefore manganese will be excited

by the iron emission X-rays that encounter it (not just the incident X-rays).
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Some elemental characteristic lines in a complex material can overlap making

distinction between the lines more challenging. One common overlap is arsenic (K� 1 =

10.54 kV) and lead (L� 1 = 10.55 kV). The lead L� 1 line (12.61 kV) is approximately

70% intensity compared to the lead K� 1 line and can be used for detection and

quantification in the presence of arsenic (Pollard et al. 2007:96, 108). Arsenic is more

challenging to determine; the only way to determine presence of arsenic in a matrix

with lead is the detection of the K� 1 line (11.73 kV). The K� 1 line is approximately 10%

intensity of the K� 1 line, thusly, arsenic is less sensitive during quantification in the

presence of lead (ibid.). A review of the X-ray emission lines may indicate additional

overlaps and provide solutions as in the case of lead and arsenic.

Sample Characteristics

Samples will have characteristics that affect HH-XRF. The ideal sample characteristics

are addressed in section 3.4. The homogenous glassy matrix of obsidian is ideal for

HH-XRF analysis assuming the thickness is appropriate. Pottery glazes are not ideal

because the origin (i.e. glaze or clay body) of the fluoresced photons is unknown. The

glaze layer may contain unreacted components and weathered surfaces. Faience

glazes may prove more difficult because the body and glaze are generally composed

of the same materials but differing in ratios (e.g. less alkali in applied glaze bodies than

in the applied glaze itself).

Depth of measurement is important when working with layered samples. The

secondary X-ray signal is attenuated as it passes through matter. Attenuation is

greater for lower energy emission X-rays from light elements (e.g. sodium,

magnesium) resulting in shallow depth of analysis (a few microns). Higher emission X-

rays from heavier elements will be less attenuated and can be detected at greater

depths in a sample (a few hundred microns). The consequence of this characteristic is

that elements are detected from different depths within a sample (Table 3-2). The

depth of measurement for each element is defined by the thickness of the sample, its

density and its absorption coefficient:Z EEóLFF ( 3-2 )

where I is beam intensity, I0 is beam intensity without attenuation, � is density of

material, �/ � is mass attenuation coefficient for a given material and X-ray energy, and

x is mass thickness (Kaiser and Shugar 2012:456; Shugar and Mass 2012:26).

Determination of the depth of detection for specific elements in a matrix is based on

the following equation: Z ELFLEEóLFF ( 3-3 )
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where t= thickness (cm), I is beam intensity, I0 is beam intensity without attenuation, �

is density of material and �/ � is mass attenuation coefficient for a given material and

X-ray energy. The natural log of .01 is 4.61. The term 4.61 can be used in place of �

LN(I/I0) which assumes that all but 1.0% of X-rays have been fully attenuated before

reaching the detector when determining detection depth (Kaiser and Shugar

2012:456). The critical penetration depth (dcrit(measured in cm)) is the depth in which

99% of the signal from an element is attenuated by the surrounding sample matrix and

1% of the signal is available for detection (Markowicz 2008:18):Z ZQKSNLE ) ( 3-4 )

where � is density of material and 4.61 results from a sample thickness/signal

attenuation ratio that assumes that all but 1.0% of X-rays have been fully attenuated.

� tot is sum of mass attenuation coefficients of the primary and characteristic radiations

multiplied by the cosecant of the incident and take-off angles:Z E F H E F ( 3-5 )

where E Fis the mass attenuation of the primary radiation, is the incident angle of

the beam, E Fis the mass attenuation of the characteristic radiation and is the

take-off angle of the beam. Mass attenuations can be found at the NIST website (NIST

2016).

The data from Table 3-2 reveal that the detection of lighter elements (Na-Co) is

restricted to a depth of 60 �m because of attenuation of the secondary signal in the

matrix. Heavier elements will be detected at greater depths (e.g. barium and bismuth

detected to 500 �m). This presents a problem for thin or layered samples where

characteristic peaks will be detected but the origin cannot be confidently sourced to a

particular layer (e.g. glaze, body and interaction zone).

Surface conditions such as dealkalization and surface deposits will affect

measurement accuracy. Table 3-2 reveals the shallow depths to which light elements

can be measured in a typical glass. These emission signals are easily attenuated and

surface deposits could completely mask the presence of these elements.

Dealkalization changes the chemistry of the glaze replacing sodium and potassium

with hydrogen in leached areas (Davison 2003:175). The leaching can extend to a

depth of 500 �m in glass (Koob 2006:14) and will result in lower detection of a lkali,

enhancement of silicon, and reduction in the accuracy of HH-XRF results (Shugar and

Mass 2012:29). Any affect to surface chemistry including crizzling, dealkalization, dirt,

or other deposits will affect the analytical results unless the surface is removed to
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Table 3-2: Depth of analysis (based on Eq. 3.3) for specific elements found in Corning Glass
B and commonly found in blue faience glazes. Mass attenuations are found on the NIST
website (Berger et al. 2010). The numbers on the right indicate the depths from which that
percent of the photons have emerged. Results are individually based on the minimum
primary energy (keV) required to excite each specific element (Absorption Edge). The
numbers have been calculated with the incident angle as 52� and the take-off angle as 63�.
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reveal a chemically unaltered area below (Kaiser and Shugar 2012:458) negating the

non-destructive benefit of HH-XRF.

Net peak analysis is affected by the presence of surface deposits. Dealkalization (i.e.

loss of sodium and potassium) of the surface will have less of an affect if the elements

of interest exclude those that have been leached. Sodium and potassium have

emission lines that are not near the absorption lines of other elements and will not

directly affect the characteristic line intensity of other elements. The replacement of

sodium and potassium with hydrogen may decrease attenuation of the secondary X-

rays of the remaining elements resulting in an artificial intensity increase. Therefore, in

the presence of dealkalization, the ratios of any two detected elements (excluding

sodium and potassium) should be nearly the same as ratios from a pristine glaze.

Samples should be homogenous and uniform so that a few measurements will

accurately represent the whole. Uniform particle size ensures that particle size effects

resulting in misrepresentation of abundance does not occur (Shugar and Mass

2012:28). Homogeneity requires that the sample be composed of one element or that

the components are evenly dispersed throughout the matrix so that an analysis in one

area is equivalent to another on the same sample. Heterogeneous samples will require

several measurements so that differences can be averaged out. The presence of

object layers, another form of heterogeneity, has been addressed in section 3.4.

Results of quantitative analysis without sample uniformity must be wrong (Kaiser and

Shugar 2012:451). Traditionally, destructive sampling (i.e. powdering) in XRF negated

this problem by ensuring sample uniformity.

Light elements (Z 20 (calcium)) are more difficult to detect than heavier elements but

are important for bulk characterization of glass and glaze (Kaiser and Shugar

2012:455). X-ray emissions are exponentially lower for low Z elements (sodium-

calcium) than for heavier elements (e.g. lead and bismuth) and are easily attenuated

and scattered by air and overlying matter before reaching the detector (Kaiser and

Shugar 2012:454; Shugar and Mass 2012:27; Potts 2008:8). They have a propensity

to produce auger electrons over characteristic emission lines. For instance, the peaks

for lighter elements will be lower in a sample that contains equal portions of light and

heavy elements because of attenuation of the low Z signal. To the untrained observer,

it might appear that there is less of the low Z and more of the high Z elements. The

secondary X-ray signal from light elements are restricted to the first few microns of the

sample surface making analysis more challenging when there are surface deposits or

alkali depletion because of attenuation.
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Compositional Data, Net Peak Area or Net Peak Height

Data has to be collected in specific ways; analysts interested in conducting

compositional analysis have to decide the units of measurement (e.g. wt%, ppm)

before any work occurs. From a statistical point of reference, compositional data is just

one of many outputs of compositional analysis. Compositional data sums to a constant

(e.g. 100%) (Atchison 1986) and is what many have come to expect from

compositional analysis. It is very useful for providing an immediate understanding of

relative elemental abundance in HH-XRF analysis. They can be compared across

different instruments and to results from literature (i.e. across temporal spans)

assuming they have been collected and calibrated correctly. That, therein, lies a

potential problem for an analyst and/or institution. Compositional data (e.g. wt%, ppm)

of glass and glazes requires several glass reference standards (18 to 20 have been

suggested (Scott pers. Com.)) to cover the potential ranges of all the variables in the

sample. These references are generally fairly expensive and cost prohibitive for many

users of HH-XRF. Johnson (2014:584) has shown that quantification using

S1CalProcess (Bruker macros) with limited reference standards produced inaccurate

results. The work load for calibrations can be hefty requiring linear regression analysis

to determine individual results to include and omit. The process with the Bruker system

S1CalProcess macros for Microsoft� Excel amplifies the complexity for beginners

because of a lack of visual graphs for confirmation although Bruker will be remedying

this in the near future with a new version of the Spectra software which includes visual

graphs and a direct live link to acquire Tracer HH-XRF analyses (Lee Drake, Pers.

Con.).

Net peak height of an element is proportional to concentration of that given element

but does not take mass absorption effects into consideration when comparing different

element concentrations and ratios. X-ray emissions of lower Z elements are

exponentially lower than higher Z elements resulting in lower characteristic peaks in

the spectra (Kaiser and Shugar 2012:455). Artificial enhancement and reduction of

emission intensity will occur because of mass absorption effects (Pollard et al.

2007:107-108; Shackley 2011:19). Therefore, using net peak height to determine

concentration of an element can be misleading.

Essentially, wt% is a translation of Net peak area (NPA) into a 1-100% range based on

standard reference materials and linear regression. In this sense, NPA is proportional

to concentration and provides lower statistical uncertainty than net peak height for

small peaks (Janssens 2013:104). Semi-quantitative net peak intensity analysis is

used in obsidian sourcing (De Francesco et al. 2008; 2011; Shackley 1988). Ternary
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graphs (Shackley 1988) and biplots (De Francesco et al. 2008; 2011) were used to

plot net intensity counts to characterize various obsidian sources and debitage. There

are two potential problems with this method: inconsistency in net intensity versus

quantitative results, and overlapping plotted graphs of distinct materials (Hughes

1984:2, 13; Shackley 1988:763; Shackley 2010:19-20). Inconsistencies between net

intensity and quantitative analysis may be a moot issue. Shackley (1988:763) states

that the inconsistency was mostly a result of having to manually strip the overlapping

k� peaks from the k� peaks, a deconvolution process that i s currently handled by

software. The remaining margin of error could be from inter-instrument comparison.

Net peak values are dependent on the sample and the instrument, and should not be

compared to other data unless the same instrument and parameters were used.

Quantitative results (wt% and ppm) allow for inter-instrument comparisons but are not

used because of cost and the number of reference samples required.

Overlapping plotted results is an issue of similar chemical make-up between various

obsidian sources. Multiple examples of overlapped plotted sources have been

demonstrated (Hughes 1984: Fig. 3; Shackley 2010:19-20; Shackley 2011:19).

Shackley (1988:763) suggests adding additional incompatible elements to the plots to

further differentiate between sources. Faience material sourcing consists of sand

origin, alkali source (natron and/or pot ash) and whether calcium was intentionally

added or is an inclusion associated with other components. Faience workshop

sourcing can be a combination of material sourcing, working parameters (e.g. firing

temperature), colourants and workmanship. The chances of plot overlapping

incorporating all of these variables, even if isolated to material sourcing, is less of a

concern because of the greater number of variables involved with faience.

Benefits of HH-XRF

HH-XRF has provided archaeologists and conservators with greater flexibility and

accessibility when working with objects through benefits that include portability,

minimal sample preparation, non-destructive analysis, quick results and relative low-

cost (Kaiser and Shugar 2012:450; Shackley 2011:8-9; Shugar and Mass 2012:17,

20). Portability of the HH-XRF reduces the potential of damage, theft or loss to objects

subject to analysis which can happen when loaned to a laboratory. The unit can be

battery operated allowing in situ chemical analysis of objects, soil matrices, sculptures

and structures where mains or power outlets are not accessible (Shugar and Mass

2012:17). The units use miniature tube technology (versus a radiological source)

allowing easier transportation across national boundaries (Potts et al. 2008:6; Nazaroff
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et al. 2010:887) which is beneficial for international researchers of Egyptian materials

in particular. Egypt forbids the export of antiquities (Law 117) forcing analysis of

excavated materials to be conducted within the country.

Analysis can be conducted directly onto the object or a fractured edge of an object

allowing non-destructive analysis as sampling is not required. Object preparation is

minimal (e.g. requiring light cleaning) if weathering, corrosion, or other surface

deposits are absent (Kaiser and Shugar 2012:454). Non-destructive analysis is

beneficial for sensitive materials prohibited from methods requiring sampling (e.g.

NAA, ICP-MS). Analysis can consist of several measurements across a specimen, an

aspect not afforded by destructive sampling of sensitive materials (Shugar and Mass

2012:20). Qualitative results are almost immediate. Quantitative results are possible if

suitable standards required for calibration are available but the process is more

challenging and time consuming (Kaiser and Shugar 2012:454). Semi-quantitative

results (NPA) fall somewhere in between. HH-XRF is relatively more affordable when

compared to the expense of other forms of analyses such as NAA or SEM-EDS

(Nazaroff et al. 2010:887). These benefits have led to greater collections-based

material research in cultural institutions lacking scientific staff and it is estimated that

1500 HH-XRF units were being used by 2012 in the cultural heritage sector (Shugar

and Mass 2012:17).

Limitations of HH-XRF

Major industrial applications including geology, environmental remediation and

recycling have driven the production and progression of HH-XRF (Shugar 2013:174;

Shugar and Mass 2012:24). Archaeologists, conservators and other members of the

cultural heritage sector are atypical users of HH-XRF from the manufacturer�s

perspective and require greater demands from the HH-XRF analysis; for example,

non-destructive analysis of non-ideal objects (e.g. thin or layered materials) is often the

goal. The non-destructive quality is the source of critical suspicion of the technique. In

traditional laboratory-based XRF, samples are pulverized and pressed into pellets to

homogenize them before being analysed under a vacuum. HH-XRF lacks proper

vacuum facilities and, when used in a non-destructive capacity, the range of elements

detectable and quantifiable are reduced. For this reason, low Z detection and

quantification is problematic but HH-XRF has been shown to work well with a range of

high Z elements. Although having proven to discern identical compositional groups as

NAA, WD-XRF, ED-XRF and ICP-MS, the individual element quantifications were

different (Craig et al. 2007; Goodale et al. 2012; Nazaroff et al. 2009, 2010; Scott et al.
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2012b). Johnson (2014:564) states that based on these outcomes, HH-XRF �produces

inaccurate elemental concentrations which pattern in accurate ways�. Francesco et al.

(2011) has demonstrated that photon intensities (NPA) could distinguish between

groupings in the same way as quantitative analysis (ppm and wt%). NPA were used in

the current project because they dispense with the complications of calibration

required for wt% concentrations along with potential erroneous results although

retaining a similar capacity for categorization.

Like with all methods, it is important to know HH-XRF limitations (covered in more

detail in other sections): measurement depth, unsuitable surface conditions, sample

non-uniformity and light elements. Individual elements will be detected at different

depths within the object making it imperative to know the elements of interest

beforehand and the theoretical depth from which they will contribute to the spectra. For

this reason, analysis of glazed ceramics is considered bulk analysis which includes

glaze and body. For the current project, theoretical detection depths for individual

elements are determined and used to produce a suitable variable set facilitating

analysis restricted mostly to the glaze.

For successful data collection, the glaze should be infinitely thick with regards to HH-

XRF measurement (i.e. critical thickness is 99% of depth of measurement (see section

3.2.3)). Surface conditions such as weathering/corrosion or deposition of dirt will

contribute to the analyses. Corrosion and dirt should be removed through cleaning if

accurate analysis is required. Weathered surfaces can be removed but this negates

the non-destructive quality of HH-XRF.

Homogenous samples are ideal; heterogeneous characteristics (e.g. non-uniformity;

different particle sizes or particle compositions) will affect the analysis by exhibiting

greater quantities for larger particles within the area of measurement. These

differences can be reduced by increasing the number of measurements across the

surface of an object. Light elements such as sodium and magnesium are difficult to

detect and to accurately quantify. They will only be detected within the first few �m of

the object depth and surface coatings and air columns between object and detector

easily attenuate their signals.

HH-XRF Considerations and Issues with Faience Glazes

Faience is a less than ideal material for HH-XRF analysis but given the importance of

faience and the need for field analysis, it is worth investigating if and how the

technique can be applied. Faience is a layered structure consisting of a soda-lime-

silica glaze on a ground quartz or sand body. The major components of the glaze and
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body are light elements (sodium, silica, potassium and calcium). The glaze is neither

homogenous in composition nor particle size and is commonly found to have

weathered surfaces (Fig. 3-4). Archaeological glasses and glazes have been

subjected to chemical changes during deposition resulting in porous and/or layered

microstructures. These materials are unsuitable for non-destructive compositional

(wt%) analysis (Shugar and Mass 2012:18). Without surface preparation quantitative

analysis will be wrong but the level of accuracy depends on the specific characteristics

for each sampling site and each sample. Cluster analysis remains a possibility but care

must be taken in which variables to include in the analysis; alkalis, being particularly

susceptible to weathering, could produce erroneous NPA results.

HH-XRF Evaluations and Related Case Studies

Selected case studies reveal HH-XRF evaluations and use of HH-XRF with related

material types to assist in determining a suitable methodology for the current project.

Of interest are the areas of concern and how the authors dealt with them. HH-XRF and

its use with obsidian provenancing is seen as a success (e.g. Drake et al. 2009; Frahm

Fig. 3-4: SEM photomicrograph of green-glazed faience. The glaze layer is weathered with
cracks and alkali depletion (revealed by changes in contrast along the cracks; Darker areas
representing depletion). Bright specks in the glaze are lead antimonate (confirmed through
SEM-EDS) used as a colourant. Dark grey solid structures are ground quartz. The interaction
layer (IAL) between glaze and body is negligible to non-existent.
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2013; Frahm et al. 2014a and 2014b; Forster et al. 2011, 2012; Gooddale et al. 2012;

Milic 2014; Millhauser et al. 2011; Nazaroff et al. 2010; Nazaroff and Shackly 2009;

and Phillips and Speakman 2009). Its use with other vitreous materials is less well

documented in the archaeological literature. The case-study materials are divided into

two categories: layered vitreous materials and homogenous vitreous materials.

Layered vitreous category more closely resembles the characteristics of the faience

material in the current study where substrate may add to the glaze spectra. The

homogenous vitreous category includes glass, both manufactured and natural (i.e.

obsidian). These disperse with the substrate issue and show capacity of HH-XRF for

cluster analysis.

Layered vitreous materials consist of ceramic and faience glazes (Table 3-3). Depth of

measurement, weathered surfaces, light elements and heterogeneity are a concern

with these materials. Because they are so few, a detailed description of the faience

analyses is provided first.

A total of four articles (Abe et al. 2012; De Viguerie et al. 2009; Giumlia-Mair and Soles

2013; Toffolo et al 2013) and one honours thesis were identified involving the analysis

of Egyptian or similar faience with pXRF. Whisenant (2012) wrote an honours thesis

on the HH-XRF analysis on faience tiles. It is included in Table 3-3 specfically because

of the sample material, the provision of HH-XRF parameters which were borrowed

from Speakman et al (2011) analysis of ceramic fabrics and the paucity of articles

relating HH-XRF and faience material.

An Ourstex 100FA-IV portable XRF (weighing 15 kg) was used on cobalt coloured

glass and faience glazes to determine the compositional characteristics of the cobalt

colourant (Abe et al. 2012). Calibration of the analytical results for 19 elements

required 32 standard glass samples. Corning glass A was used for verification of the

calibrations. Their �preliminary� findings indicate a new distinct cobalt source was used

between the New Kingdom and Late Period but indicate that surface weathering

affected the results through alkali and calcium depletion, and aluminium enrichment.

A small rounded yellow faience pendant was analysed by de Viguerie (et al. 2009)

using two custom built component pXRF systems constructed in the C2RMF

laboratory located at the Louvre. They used thin film and thick element samples to

calibrate the X-ray tube and fundamental parameters to produce compositional results.

They failed to address the layered structure of faience, depth of analysis, potential
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Table 3-3: HH-XRF parameters from the literature for the analysis of layered vitreous materials. C-pXRF are component systems
built to custom specifications. They are portable but are too large to be considered handheld. Missing information was not reported.
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surface deposits and dealkalized glaze layers, but did, however, recognize that the

geometry of the pendant had a detrimental effect on their analytical results.

Giumlia-Mair and Soles (2013) analysed suspected Egyptian glassy faience beads

from a necklace recovered from a Mycenaean tomb in the Limenaria cemetery at

Mochlos, Crete. They do not describe the pXRF instrument other than it was

transportable and used software specifically designed for the analysis of metal.

Instrument parameters were not indicated. The lack of quantitative tables and spectra,

and their expressed interest in identifying elements in the glaze and specifically the

colourants used, suggests that qualitative analysis was conducted.

A Bruker Tracer III-V was used in conjunction with Fourier transform infrared

spectroscopy (FTIR) and SEM-EDS for the analysis of faience beads from Ashkelon,

Israel, to characterize the mineralogical composition of the glazes (Toffolo et al. 2013).

They found that filtered HH-XRF measurements provided better results for z>18

(argon) and unfiltered measurements for z>12 (magnesium). The HH-XRF analysis

was qualitative and based on element presence/absence.

Toffolo et al (2013) and Giumlia and Soles (2013) conducted qualitative analysis on

glassy faience beads and had no concern about depth of analysis because of the

material type (glassy faience has no layers). Abe et al. (2012) and De Viguirie (2009)

were investigating faience systems that would have contained a distinct glaze and

body. Although not specifically stated, these analyses were conducted on the bulk

composition based on the voltage used which would result in elements being detected

below the glaze layer. They recognized issues with weathering (Abe et al. 2009) and

sample geometry (De Viguirie 2009) but failed to take measures to compensate.

Pappalardo et al. (2004), Gianoncelli et al. (2006) and Sendova et al. (2009) used

pXRF and HH-XRF systems on 16th century Della Robbia glazed terracotta to confirm

attribution of the works based on the glaze chemical characteristics. Pappalardo et al.

(2004) used pure element standards (n=4) to calibrate their custom system to produce

compositional (wt%, ppm) results for mid and high Z elements. Light elements were

not measured. They recognized that glazes tend to be heterogeneous because of

unreacted components. The heterogeneity was addressed by using a spot size of 1

cm2 to average out discrepancies in the results.

Gianoncelli et al. (2006) used a similar system and fundamental parameters to

produce compositional results for light and heavy elements. Light element detection

was increased with the use of a helium flush to remove the air column that would
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otherwise attenuate the signal. They recognized that these glazes were typically 100-

200 � m thick but failed to further address the depth of detection.

Sendova et al. (2009) used HH-XRF qualitative analysis and compared the spectra

with a spectrum of reference lazurite. The conditions affecting the depth of

measurement (i.e. voltage, element of interest) are mentioned but the discussion does

not proceed any further. The analysis most likely includes elements from the body and

glaze based on the voltage used although lighter elements may only have been

detected from the glaze.

Domoney (2012) conducted thorough evaluations of HH-XRF before analysing 18th

century to modern Meissen and Vincennes-S�vres porcelain. A description of the

parameters used is too verbose to be restricted to Table 3-3. The analyser unit

consisted of the Oxford Instrument X-Met 5100 HH-XRF using two fundamental

parameter programs for soil: 1) soil FP � 45 kV, 15 �A, 25 �m Fe filter, and 2) soil LE �

alternating conditions 15/45 kV, 45/15 �A, 500 �m Al / 25 �m Fe filter. The

experiments were used to test acquisition time (15, 30, 60 120 and 240 seconds)

precision, accuracy, sample geometry (0�, 22.5� and 45� to the window), window

coverage (25, 50 75 and 100%) and source-to-sample distance (1-5 and 10 mm).

Reference materials consisted of Corning C and D and soil standard 3a2. Domoney

(ibid., p.99) determined that acquisition times between 30 and 120 seconds were

analytically consistent with 240 seconds. Thirty seconds was chosen for live-time

counts for the remainder of the experiments. The relative standard deviation (%RSD �

precision) was 7 to 18% for Corning C and 3 to 18% for 3a2 excluding single outliers.

Corning D %RSD was between 2 and 15% with no excluded outliers. The relative

accuracy errors (RAE%) of the FP programs were high (3a2 � 48%; Corning C �

3466%, Corning D � 743%), and this was decisive in determining that the FP programs

were not going to be used for the analysis of the greater study on porcelain (ibid.,

p.104). Tests of the sample geometries indicate that ratios of potassium and higher Z

elements could be determined for samples with irregular geometrical surfaces,

however, concentrations (wt%) could not be determined because of the analyser unit

and the parameters chosen for the study (ibid., p.109). Ratios and concentrations for

lower Z elements could not be determined. HH-XRF window coverage of 50% or

greater was consistent with data quantification only if the area was in the direction of

the beam path (the beam exits the device at ~45� angle) (ibid ., p.114). The source-to-

sample distance experiment demonstrated that consistent ratios and concentrations

were obtained at 3 mm or less although flat, intimate contact against the window is

optimal (ibid., p.115). Depth of analysis was acknowledged but not addressed.
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Fischer and Hsieh (2017) conducted compositional analysis on 16th -17th century

export Chinese porcelain to determine in which of two folk-kiln workshops they were

produced. They conducted analyses of the body and the glaze but admit the glaze

measurements included body components in the spectra. They used the Niton system

which has internal software that allows the user to select from predetermined settings.

�Mining� and �soil� modes were used with acquisition times of 120 and 90 seconds,

respectively.

Table 3-4 exhibits the HH-XRF parameters for articles involving the analysis of man-

made and volcanic glass. The list of articles is too extensive to provide a description of

each so only those of addressing the issues in section 3.4 are included.

Scott et al. (2012a) conducted an evaluation of HH-XRF on experimental Roman glass

to determine appropriate HH-XRF parameter settings (i.e. current and acquisition time)

using the Bruker Tracer III-SD analyser at 40 kV with a vacuum to maximize element

detection. The current varied between 5 and 50 �A at 5 �A increments. The

signal/background ratio for each element at each current was plotted against time (10

to 180 seconds live-time count at various intervals and 300 and 900). Thirteen

elements (aluminium, silicon, potassium, calcium, titanium, chromium, manganese,

iron, nickel, copper, rubidium, strontium and zirconium) were the focus of the

investigation. The signal/background ratio stabilized with greater acquisition times but

Scott admitted that the experimental setup could have masked fluctuations at specific

live-time counts. Scott demonstrated that individual elements are affected

independently by HH-XRF parameter settings (Fig. 3-5) emphasizing the need to know

elements of interest before analysis which are dictated by the questions being asked

and the detection characteristics of those elements (e.g. precision, limit of detection).

Tantrakarn et al. (2009) used an Ourstex 100FA-IV C-pXRF system to analyse 109

Roman soda-lime-silica glass objects from Croatia. A total of 11 glass standards were

used to calibrate the results. Sodium and magnesium analysis was facilitated by being

measured within a vacuum chamber. Measurements were taken in areas that

exhibited reduced or no corrosion layer on the glass surface.

Kato et al. (2010) used a similar C-pXRF system to analyse 231 9th to 11th century

Islamic soda-lime-silica glass objects from Sinai. They used 21 glass reference

standards and synthetic glasses (measured with inductively coupled plasma atomic
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Table 3-4: HH-XRF parameters from the literature for the analysis of layered vitreous materials. C-pXRF are component systems built to
custom specifications and are portable but are too large to be considered handheld. Missing information was not reported. Trinomial sets
under Live Time represent internal software parameter changes during live analysis; the length of analysis is the sum of the figures.
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emission spectroscopy (ICP-AES)) to produce calibrations. They recognized that the

margin of error was be greater for sodium but still found it useful in the analysis.

Adlington and Freestone (2017) conducted HH-XRF and electron probe micro-analysis

(EPMA) analysis of 30 medieval glass shards from the Great East Window of York

Minister. Results exhibited similar clustering capacity between HH-XRF and EMPA but

HH-XRF failed to reproduce the EPMA glass compositions within each cluster. This is

similar to the results for Scott (2012b) with Roman glass. This was especially true for

the lower Z elements which exhibited poor precision. Corroded glass surfaces were

Fig. 3-5: (a) Iron signal/background ratio and (b) aluminium signal/background ratio
measured against acquisition time and current. (Scott et al. 2012, Figs 6 and 3). These
figures reveal that optimal HH-XRF parameters will vary depending on element.
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determined to be the cause and the results were improved when using higher Z

elements which are detected below the corrosion layers.

Millhauser et al. (2011) conducted HH-XRF analysis on 103 obsidian objects from

Mexico to determine raw material provenance and compared the results to

instrumental nuclear activation analysis (INAA) and laboratory-based XRF. They were

able to source 100 of the 103 objects using HH-XRF results and published

measurements of the obsidian outcrops. The HH-XRF results were a 97%

correspondence with XRF and INAA; two objects remained unattributed with HH-XRF

but could be attributed with the higher dimensional laboratory based methods. An

increase in acquisition time to 120 seconds permitted the consistent measuring of four

additional elements (barium, calcium, chromium and lead).They determined that

sample measurements were accurate with 33% of the detector window covered by the

sample. Concave sample surfaces introduced an air column that attenuated the lower

Z X-ray signal (ibid., pp.3141, 3149).

Many of the articles indicate an HH-XRF analytical consistency with XRF, EPMA, NAA,

ICP-MS and ICP-OES in identifying groupings and outliers based on geochemical

sources using smaller dimensional datasets for glazes (Forster and Grave 2013;),

glass (Adlington and Freestone 2017; Scott 2012b) and obsidian (Craig et al. 2007;

Forster and Grave 2012; Millhauser et al. 2011; Nazaroff et al. 2010; Phillips and

Speakman 2009); many of these same articles indicate that compositional results are

not comparable despite similar clustering with the higher dimensional techniques.

HH-XRF elemental detection is improved assuming proper protocols are followed; the

surface of the object should be flat or convex and placed directly on the detector

window oriented to minimize the introduction of an air column between sample and

detector. Avoid conducting analyses on concave surfaces for the same reasons just

given. The analytical surface should, at the very least, be cleaned although surface

removal of weathering/corrosion effects will provide greater accuracy. The detector

windows do not require full coverage to produce accurate results although it is still

desirable. The effects of sample heterogeneity can be minimized by multiple analyses.

Highest available HH-XRF current is not recommended because it increases the

background along with the characteristic peaks and does not produce the greatest

peak/background ratio. Finally, elements of interest are individually affected by the HH-

XRF parameters. This last point might require testing of individual HH-XRF analysers

as there are intra-instrument differences even among the same models (Brand and

Brand 2014:135).
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Research Objectives

The potential of HH-XRF analysis with faience glazes were highlighted in the previous

sections. The objectives outlined here serve to form and test a protocol for extracting

useful information with the HH-XRF. The objectives are as follows:

1) An assessment of portable X-ray fluorescence analytical parameters (e.g.

acquisition time, voltage and current). Analytical parameters will be assessed using

Corning Glass B to determine a suitable setup for HH-XRF with glass and glazes (see

Chapter 6). Net peak areas will be used in place of wt% and ppm.

2) The production of a suitable replicate material that resembles blue faience glazes of

the Late through Roman Periods. A review of literature concerning faience composition

and replication was used to determine potential faience body and glaze recipes. The

production of faience based on these recipes was conducted and glazes most

resembling the blue faience glazes from antiquity were selected for continued tests

(see Chapter 5).

3) An assessment of the effect of replicate faience glaze characteristics (e.g.

composition and glaze thickness) on HH-XRF analysis. The faience replications were

analysed using HH-XRF to determine if the glaze batches could be discerned and how

this relates to the composition. Other glaze characteristics such as glaze thickness and

porosity may have affected the analysis (see Chapter 9).

4) A comparison of scanning electron microscopy and portable X-ray fluorescence

analysis of applied faience glaze replicates and archaeological material. Multivariate

analysis of the archaeological and replicate glazes SEM-EDS and HH-XRF results will

be conducted to determine if both techniques discern the same clusters (see Chapter

9).

5) Minor and trace element analysis using portable X-ray fluorescence will be

conducted on archaeological material to determine if groupings can be discerned.

Multivariate analysis of the HH-XRF results will be conducted as a case study to see if

group clusters can be formed. If so, this may represent differences in raw material

sources or workshop-specific processing (see Chapter 10).
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Methodology

Introduction

The purpose of this research project is to conduct an evaluation of HH-XRF use on

blue application-glazed faience from the Late Period to Roman Period and to provide a

protocol for glaze analysis to archaeologists and other users in the field or laboratory

space. Methods and materials that are accessible to archaeologists (e.g. use of

accessible blanks, open source software for statistics) are investigated to facilitate the

development of the protocol. As discussed in Chapter 2, Egyptian faience is a soda-

lime-silica glaze on a ground sand and/or quartz body formed into various shapes and

glazed through various methods. The period of interest has been selected because

relatively little research has been conducted; most research is concerned with

pharaonic period faience. Investigating the elemental composition of faience glazes

will exhibit clustering of samples which may be indicative of individual faience

workshops and/or raw material sources, locations of which are beyond the purview of

this study.

HH-XRF is a relatively new and cheap alternative to other traditional means of

elemental analysis (e.g. SEM-EDS, NAA, Benchtop XRF) whose use has grown

dramatically in the last 15 years (Shugar and Mass 2012:17; Speakman et al.

2011:3483) and has possibly outpaced the dissemination of knowledge required for a

complete understanding of its use. HH-XRF qualitative analysis is excellent for

revealing colourants used in the glaze. The current analysis is looking beyond the

glaze colourants to determine if other relationships can be discerned based on minor

and trace elements. The study assemblage is restricted to blue replicated glazes and a

case study composed mostly of blue archaeological glazes to reduce the added

convolution of looking at several different colourants. Semi-quantitative analysis will

provide measurable units (cps) that can be used to determine glaze clusters that are

potentially based on source materials or workshops However, faience is not an ideal

analyte because of its layered structure (glaze/body), inclusion of light elements,

heterogeneous nature and a glaze surface possibly affected by deposits and/or

corrosion. HH-XRF parameters (e.g. voltage, current, acquisition time) need to be

tested to find optimal settings that balance a high signal-to-noise ratio coupled with

high precision to tease out the details in data that is potentially restricted to the glaze
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layer. Replicated faience glazes provide a known material for analysis after optimal

parameters are determined. SEM provides a ground test/comparison method to HH-

XRF and provides compositional data (EDS) as well as visualized microstructural

details (BSE). HH-XRF analysis of archaeological faience from Saqqara will provide a

case study on the capabilities of HH-XRF on archaeological glazed materials.

Experiments

The thesis aims to offer a systematic evaluation of the use of HH-XRF on Late through

Roman Period blue faience through the analysis of replicated faience and a case study

on faience material from Saqqara (Fig. 4-1). The evaluation consists of several

experiments and tests to establish optimal HH-XRF parameter settings (Chapter 6) for

the analysis of glass and glazes. The Bruker Tracer III-SD analyser allows the end-

user to manipulate the parameters (e.g. current, voltage, filters) forming a multitude of

combinations whereas in some other units this is controlled or restricted. This provides

Fig. 4-1: Methodological diagram of the research project scope. HH-XRF parameter testing
will determine parameters for use with analysis of replicated and archaeological material,
hence the �y� connections.
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a large range of variables that can be manipulated to produce optimal settings for

element signal-to-noise ratio, precision and detection. The methodology for each

individual parameter experimentation is covered in detail in each relevant section of

Chapter 5.

The faience analogues and archaeological faience sherds were examined visually and

optically to determine the condition of the glaze, presence of surface deposits and the

paste substrates. The colours were recorded and both sets of faience glazes were

analysed with HH-XRF and SEM-EDS (analogue faience � Chapter 9, archaeological

faience � Chapter 10) with the SEM results used as a comparative control. These

methods are covered in greater detail in section 4.4.

Replicate faience bodies and glazes were produced to provide a known layered/coated

material to test the capabilities of HH-XRF. The characteristics of the faience

analogues were determined as a result of production and many batches were

produced to obtain a material that was similar to archaeological faience. Methodology

is covered in detail in Chapter 5.

Multivariate analysis is used to reveal relationships in high dimensional data. There is

some conjecture about the proper way to prepare data before the use of multivariate

analysis. Chapter 8 presents a background for multivariate analysis and tests three

common transformation methods in data preparation to determine the most suitable

procedure for glass and glazes.

Experimental Sample Set

There are three types of sample sets in use for this research: glass reference

standards, replicated faience glazes and archaeological faience sherds. Corning Glass

B standard is used for evaluation of HH-XRF parameter setup and for SEM-EDS beam

optimization. The replicated faience glazes provide a known material with similar

characteristics to archaeological sherds that were used for continued evaluation of the

HH-XRF. The archaeological sherds were used as a case study to validate the

effective use of HH-XRF and to examine HH-XRF potential for minor and trace

element analysis.

Corning Glass A and B were produced to emulate Egyptian glass (Brill 1971:93) (Table

4-1). Corning Glass B will be used to determine accuracy and precision of SEM-EDS

and will be used for HH-XRF parameters setup evaluations. The glass is used with the

parameter setup evaluations because it contains all the elements expected in Egyptian
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Table 4-1: Corning Glass Reference Compositions. Wagner (2012) provides updated
figures for some elements using LA-ICP-MS.
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faience whereas an individual faience glaze may not necessarily contain the full range

of elements. The upper and lower limits of elements typically found in blue faience are

interspersed between the two Corning Glass standards based on analysis of blue

faience glazes (Abe et al. 2012, Griffin 2002, Hatcher et al. (forthcoming as cited in

Tite and Shortland 2003), Kaczmarczyk and Hedges 1983, Kaczmarczyk and Vandiver

2008, Manti 2013, McGovern 1993, Shortland 2000, Shortland and Tite 2005, Tite et

al. 1983 and 2007, Vandiver 1983, and Vandiver and Kingery 1987). Corning Glass B

has lower wt% for several trace elements found in Egyptian faience (e.g. rubidium,

strontium, and barium) and the difficulty in detecting these may reflect the same

difficulty in archaeological faience which has been subjected to deposition and

weathering. Corning Glass A was not subject to the same treatment as Corning Glass

B but is checked against the suggested parameters to determine capability of

detecting the lower wt% constituent elements found in Corning Glass A (i.e. vanadium,

chromium, nickel, zinc and zirconium). These elements are generally reported less in

faience from the Late through Roman Periods.

Faience analogues were produced (see Appendix A) to have standard structures to

evaluate the usefulness of HH-XRF for the non-destructive analysis of faience and its

ability to produce minor and trace element groupings of faience glazes. Application

glazed faience replications were produced from recipes based on a literature review of

archaeological faience sherd compositions and replication experiments (see Chapter

5). The aim of the faience replication study is to determine a suitable recipe, glaze

application process and firing methodology to replicate faience body and blue

application glaze that matches the chemical, microstructural and aesthetic

characteristics of copper and cobalt-coloured blue archaeological material from similar

faience of the Late, Ptolemaic and Roman Periods. Faience analogues provide a

heterogeneous material (e.g. glass, partially melted silica grains, inclusions introduced

from sand) and a layered structure that closely resembles faience from the

archaeological record. Replication glazes lack surface deposits and weathering

commonly found on the archaeological material which can affect the analysis. The

replicate glazes facilitate multiple samplings not usually granted for archaeological

materials if required for SEM or other analyses.

A total of 24 archaeological faience sherds were selected for HH-XRF analysis as part

of a case study validating the effectiveness of HH-XRF on real archaeological material
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which are characterized by authentic faience microstructures, weathered layers and

surface deposits (Fig. 4-2; see Appendix B). The sherds were recovered from

disturbed zones and on the surface in the south and west dumps of sector 7 at

Saqqara (Dayton 1981:135). Dayton describes the sherds as belonging to the 30th

dynasty (Late Period) or to the early Ptolemaic Period, c. 355 BC. The sherds are now

a part of the Egyptian Exploration Society collection held at Cardiff University and have

been kindly provided by Dr Paul Nicholson. Several of these sherds have been

previously analysed (Dayton 1981); Dayton conducted qualitative X-ray emission

spectrometry on an unknown number of sherds representing various colours from the

collection (Table 4-2) and Manti (unpublished) conducted energy dispersive

spectroscopy on four of the sherds. The small size of the archaeological sample set

was deemed acceptable as it was not used for evaluating HH-XRF parameter settings,

batch discernment nor depth of analysis. Instead it was an opportunity to use selected

HH-XRF parameters with real-world materials which could be expanded with future

projects.

Twenty of the 24 sherds were a hue of blue. These were selected based on presence

of a covering glaze and absence of soil or other surface deposits as detected with the

stereomicroscope. The other four sherds, representing purple, green, apple green and

yellowish-green, were included to provide analytical contrast to the blue glazes.

Selection of Investigation Methods

The main scope of the research is the evaluation of the HH-XRF technique on blue

faience material, the provision of parameters suitable for the material and a suggested

workflow for application of the parameters on the faience material. To this end visual

examination and optical microscopy were combined with scanning electron microscopy

(SEM) and HH-XRF.

Archaeological sherds and replicate faience bodies were empirically examined

macroscopically to determine friability and durability. Body colours help to indicate the

presence of silica filtering/quartz usage and instances when glaze was added

providing strength to the body. Glazes were examined to assess colour, texture,

opacity, presence of pinholes and general coverage of the body (e.g. presence of

glaze creep) (see Appendices A and B). The presence of drips, finger and brush

marks can indicate the glazing technique as application (Nicholson 2009:5; Vandiver

2008:49). These qualities reflect technology such as firing conditions and colourants.

Visual examination detected other indicators of firing processes such as kiln setters
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Table 4-2: Partial compositions by colour of faience recovered from Saqqara as reported by
Dayton (1981:136) in text.

s42

s45

s21

s20

s72

s78

s87

s12

Fig. 4-2: A selection of archaeological sherds representing all colours used in the study (s12
pale turquoise; s20 green; s21 purple; s42 apple green; s45 yellowish green; s72 and s78
ultramarine blue; s87 blue) Note the kiln setter on the foot ring of s78.
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and setter remnants on the interior of vessels indicating they were stacked during

firing.

Glazes were examined under a Nikon SMZ1000 research microscope (magnification

x4, x10, x20 and x40) using GX imaging software to determine glaze quality, presence

of bubbles and erupting bubbles undetected during visual examination(see

Appendices A and B). It can be used to identify tool marks, seams, gaps and

misalignments related to forming and porosity in the body (Griffin 2002). The software

was calibrated using a stage micrometer before analysis.

The Munsell colour determination system defines colours by degree of hue, value and

chroma to form a trinomial designation (Nickerson 1976:121). Hue is a colour in its

relation to red, yellow, blue, green and purple (Munsell Color 1994: 1) and is indicated

by the initial letters of the perceived colour (e.g. R for red, Y-R for yellow-red) (Fig. 4-3)

cb

a

Va
lu

e

Chroma

Fig. 4-3: a) The Munsell colour space (Munsell Color 2017), b) the relationship of hue, value
and chroma (Cooper 1929: 14, fig. 2 (modified))and c) the relationship between hue and
intermediate hue notations (the 100 hue circuit) (ibid., p. 20, fig. 26 (modified)).
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(Cooper 1929:9). Value1 is the strength of light between pure white (value of 10) and

pure black (value of 0), light colours being nearer to white and dark colours to black

(ibid., p. 10). Halfway between these two values is neutral grey designated by N (ibid.).

All chroma designations that fall directly on the value axis are designated as neutrals

(N). Chroma is the designation for colour strength or �its departure from a neutral of

the same lightness� (Munsell Color 1994:1). As a final step, each hue can have up to

10 intermediate hue numbers, �5� representing the principle hue (Cooper 1929:19-21).

Combining all the criteria provides the quad-nominal colour designation where hue

intermediate designation is presented first followed by hue and value over chroma. For

example, a red colour with a value halfway between white and black and three steps

out in chroma will be designated as 5R 5/3.

The Munsell Book of Color, Matte Edition, (2010) was used to collect Munsell

designations for the archaeological sherds and the faience replicate glazes to provide

an international standard to convey the colour information. The book contains 1600

coloured chips corresponding to various colour designations organized by hue

notations. The book and the glazes were placed ~30 cm under a 60 W 240 V daylight

bulb producing ~700 lumen. Hue was judged first. The value and chroma were

determined by comparing the glazes to the chips, first going beyond the possible

colour range then narrowing the selection until only one chip remained. This resulted

in a colour designation for each glaze.

SEM-EDS is used to determine glaze composition profiles and are compared to HH-

XRF surface analysis. Replicate and archaeological samples were examined using a

CamScan 2040 Scanning Electron Microscope with the Oxford Link Pentafet 5518

Energy Dispersive X-ray spectrometer operating at 20 kV for compositional analysis.

The spectrometer�s window (ATW2) allows X-ray detection of light elements down to

boron (Z>4). The SEM is maintained at the Department of Archaeology and

Conservation, Cardiff University.

The SEM consists of a gun that produces electrons from a tungsten filament within 0.1

� 30 kV. The electrons are sent through the microscope column in a vacuum where

they are filtered and focused through the use of collimators to produce a fine beam

spot (<10 nm) that interacts with the sample surface to a depth of ~1 � m (Fig. 4-4)

1 Cooper (1929:12) states that black (value = 0) and white (value =10) can never be designated
as colours. The human eye perceives black and white as values in the colour space of 1 and 9
respectively.
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SEM Electron Beam

Energy Dispersion

Incident Beam 6.2 � m Spot
SEM Electron Beam Path Interaction

a

b

Fig. 4-4: SEM electron beam / sample matrix interaction simulation based on 1000 electrons
at 20 keV incident beam energy with a 6.2 beam spot size. The sample matrix is similar to
faience replicate copper colourant glaze 03. The sample density is set for 2.24 g/cm3. Red
paths (a) indicate electrons (a total of 21) that escaped the sample and were available for
detection. An increase in the angle of interception will increase the escape volume of
electrons. Note that 50% of the energy is dispersed at ~1 �m (1000 nm) depth (b). HH-XRF
photon sample interaction is similar to this except the spot size is measured in millimetres
and the depths from 60 to 4000 �m. The image was produced using Casino (ver. 2.48)
software (Demers et al. 2011).
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(Goldstein et al. 2003:22). The electron beam is focused to a particular plane and

glides across the analytical surface as a raster through the use of scan coils producing

secondary electrons (SE), backscattered electrons (BSE), characteristic X-rays and a

variety of lessor signals (Goldstein 2003:1; Henderson 2000:18). The resultant

electrons and photons strike detectors surrounding the sample stage producing SE

images, BSE images and energy dispersive X-ray spectra depending on the detector

being used. The process occurs within a vacuum to reduce electron scatter and

photon attenuation that would otherwise occur in an air column. BSE are electrons that

have entered into the sample matrix as part of the incident radiation and exited

through elastic scattering to become available for detection. Elastic scattering is a

limited interaction with sample matrix atoms that cause a change in trajectory

(Goodhew 2001:30). The angle of the trajectory change is dependent on the atomic

number of the atoms encountered. The detected electrons can be used to create a

BSE image revealing compositional contrast based on atomic weight of the elements

encountered, higher Z showing brighter in the image. In essence, BSE are electrons

that enter and escape a sample matrix carrying information regarding the sample

subsurface to the detector (Goldstein 2003:86).

BSE imaging was used on archaeological and replicated faience to reveal the glaze,

interaction layer between glaze and body, silica grains in the body, interparticle glass

between the silica grains, and inclusions in the various layers. The images were

analysed using Fiji (Schindelin et al. 2012), an open source image analysis program,

to determine thicknesses of the glaze, the interaction layer between glaze and body,

and particle size.

A variety of signals (e.g. BSE, SE) are released upon interaction between electron

beam and sample. A portion of the signals is composed of X-rays produced when a

primary electron dislodges an inner electron from a sample matrix atom. The ejected

electron leaves the atom unstable and to equilibrate, an upper electron drops down to

the inner shell to replace the ejected electron. The result is a release of X-ray energy

equal to the loss of energy of the replacement electron when changing shells

(Goodhew et al. 2001:171). This release of energy is called fluorescence. The energy

released (measured as frequency) is specific to each shell of each element and can be

identified. The released X-ray photons can be absorbed back into the matrix or escape

it to become available for detection. The detection and identification of shell and

element origin is called energy dispersive spectroscopy (EDS). Figure 4-4 reveals

beam penetration depth of ~4 � m but most of the photons available for detection are

from within 0.5 � m (500 nm) of the impacted surface.
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The EDS limit of detection is in the range of 0.1-0.3 wt% (1000-3000 ppm) depending

on element and current (Goldstein et al. 2003:20). It is typically used to determine

major and minor elements (ibid., p.12). EDS and XRF are very similar except for the

equipment and the exciting energy used in the analysis. The detection of photons in

both analyses can cause several of the same phenomena to occur. These are covered

in detail under section 3.2.2.

Only a few of the electrons impinging on the sample will cause the interactions that are

useful for SEM analysis. The remainder of the electrons collect on the surface of the

sample causing it to have a negative electrical charge which will eventually have a

repelling effect on the incident beam causing an obscured image on the SEM monitor

(Goodhew 2001:164). A solution is to coat the sample surface with an electrically

conducting material (i.e. gold or carbon) that, in effect, grounds it. Alternatively, the

instrument can be setup as an environmental SEM when the column contains a

vacuum (~10-6 torr) and the sample chamber contains a reduced-pressure atmosphere

(1-10 torr) which is useful when an object can potentially be damaged within a vacuum

or cannot be coated for grounding purposes (Goodhew et al. 2001:166).

Samples for the project were removed from archaeological and replicated faience and

mounted on cross-section in Struers Epofix� epoxy resin. Four to six samples were

placed in each mount to reduce the exchange period and keep chamber door opening

to a minimum. A segment of cobalt wire was included in the resin for optimization

measurements. The resulting resin blocks were ground and polished using Struers

Labopol-5� polishing machine with progressively finer grit silicon carbide papers (180,

320, 1200, 1600, 2500, and 4000) and lapping oil as a lubricant. The polishing

produces a smooth sample surface that will reduce electron scatter and facilitate

expedient analysis by reducing changes in sample depths of field. Use of oil as a

lubricant in the place of water reduces potential alkali depletion during polishing of the

replicate and archaeological samples. The resin blocks were carbon coated using the

Emitech K450� Carbon Coater before analysis in the SEM.

The SEM was provided with a 30 minute warm-up and stabilization period before any

measurements. Corning glass reference standard B was used to determine precision

and verify accuracy for each SEM session. Analytical totals between 98% and 102%

were considered adequate for the analysis of the samples as suggested by Goldstein

et al. (2003:421). The standard was measured at the start and end of each session

and every time the SEM chamber door was opened (see Appendix C). Cobalt wire

optimization measurements were conducted at the beginning of each session and

every three analytical sample measurements thereafter. Generally optimization
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measurements were within 0.5% of the previous measurement. If optimization

measurements revealed >2% difference, the beam was recalibrated and the Corning

glass reference was measured again for precision and accuracy.

SEM has to be calibrated to provide accurate wt% calculations. Pure elements and

mineral standards (No. 4629, Micro-Analysis Consultants Ltd) were used for calibration

of the SEM. EDS analysis of the glaze was conducted at 20 kV and a live time of 100

seconds. Spot beam size was x1000 magnification and the detection limit is 2 sigma

unless otherwise stated. Nine measurements were conducted on a cross-section of

the sample with three measurements near the glaze surface, three in the centre of the

glaze layer and three near the interaction zone between body and glaze. Results of

the glaze analysis are presented as normalized compound wt% with raw (not

normalized) wt% analytical totals. Measurements near the surface may reflect

weathering whereas measurements near the glaze middle should reveal nominal

compositions. All the measurements were used to reveal the compositional profile and

may exhibit element migration within and even through the glaze (e.g. sodium and

copper).

Fiji (ImageJ vers. 1.51n; Schindelin et al. 2012), an open source image analysis

program, allows calibration with scaled images and was used to determine thicknesses

of the faience glazes, the interaction layer between glaze and body, and particle sizes

(Chapter 7). Ten equidistant measurements were taken across each glaze BSE image

to record the glaze surface to the upper interaction-layer (IAL (glaze layer between

glassy glaze and body)) plane (glaze) and the upper IAL plane to the lower IAL plane

(IAL). The upper IAL plane is demarcated by a level of unreacted silica. The lower IAL

plane exhibits an extension of the unreacted silica into the body and the cessation of

heavy interparticle glass/glaze. The distance between each measurement was

dependant on the length of the sample within the BSE image.

Selection of body silica particles for measurement were determined by placing a point

grid (plug-in developed by Wayne Rasband at NIH.Gov) across the surface of a back

scattered image of the body cross section (Fig. 4-5). The point distribution was set to

16k � m2 resulting in 72 points each being separated by 126.5 � m. The longest axis of

each silica particle on which a grid point fell was measured and entered into the

database. Subsequent points that fell on a particle already measured were ignored as

were points that fell into interparticle space.
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The HH-XRF is being evaluated to determine the type of useful information it can

provide in the non-destructive analysis of faience glazes in the field or in museum

environments. The parameters required for setup include voltage, current, use of filter,

use of vacuum and acquisition time. Experiments are required to fine tune these

parameters for optimal detection capability with glass and glaze. Some object

geometries may form a signal attenuating air column between sample and detector.

Experimentation will reveal the amount of distance that is available before the analysis

is detrimentally affected. Section 3.2 provides greater detail into these issues.

A Bruker Tracer III-SD HH-XRF analyser was used for each parameter evaluation

experiment (Chapter 6) and for the analysis of faience replicates and archaeological

sherds as part of the main study. The system uses a rhodium tube and silicon drift

detector. It has a resolution of 150V, 150 HWFM, and a beam spot size of 3 x 4 mm.

The sample was placed directly on the unit window for all analyses unless indicated.

Ten areas across the sample were measured for each setting unless otherwise stated.

X-ray Ops 2.2.31 was used to optimize X-ray voltage and current. Data acquisition was

obtained using S1PXRF v3.8.30. Artax Spectra 7.4 is used for processing including

peak deconvolution and net peak area (NPA) calculations.

Fig. 4-5: SEM-BSE image of replicated faience sample R429 body silica particles. Red grid
points overlying the image determine which particles were included in the particle size
determination for each sample.
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All measurements were taken within a benchtop X-ray cabinet for safety and

dosimeters were used to identify presence of radiation exposure (see Appendices D

(risk assessment) and E (local rules regarding HH-XRF use)). Ungridded Prolene end

windows (Window B) were used for all tests unless specifically stated. Variables are

addressed specifically for each experiment (Fig. 4-6; Table 4-3). All references to

elements on the HH-XRF spectra are associated with the K� line unless otherwise

stated. Settings A and B (see Table 4-3) are based on recommendations by Kaiser

and Wright (2008:45-48) and all other test settings are based on these two but with

different variables.

Data Exploration: Basic Statistics

This section covers basic statistics used in the project. The aim of using basic

statistical analysis in this study is to determine if HH-XRF is suitable for the analysis of

faience glazes. Basic statistics are the foundation of the project and are required for

the initial evaluation of HH-XRF setup procedures. The various basic statistics and

how they were implemented are defined and explained in this section. The

instrumental analysis of faience glazes produces a large quantity of numerical data.

Some of the data may share relationships that indicate a greater data structure,

thereby generating potentially useful archaeological information. Basic statistics can

provide a quick summary of the data. Multivariate methods are required to provide a

deeper interpretation of the data by reducing the number of dimensions, facilitating the

grouping of faience data sets, and modelling the relationships that may exist between

variables associated with the samples (Cordella 2012:1; Josse and Husson 2016:1-2).

Multivariate methods will be covered in Chapter 8.

Basic descriptive statistics are commonly used in the archeaometric literature to gain

insight into data sets. Basic statistics used for this project include mean (� F, median

(M), standard deviation of a population (� ), coefficient of variance (Cv), signal-to-noise

ratio (SNR), and limit of determination of a method (LDM). These are measures of

central tendency, dispersion, precision and detection. �Standard deviation of a

population� is used instead of �standard deviation of a sample�, which uses predictive

measures, because the sample size is relatively small and easily handled.
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Fig. 4-6: Flowchart
exhibiting the variables in
this report and the
parameters at which they
were tested.
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Computing the statistical investigation on the quantity of data generated by the

instrumental analyses requires appropriate software. Microsoft � Excel 2013 (ver.

15.0.4903.1002) is an electronic spreadsheet software with limited statistical

capabilities. Excel was used to determine basic descriptive statistics including mean

(� F, median (M), standard deviation (� ), coefficient of variance (Cv), signal-to-noise

ratio (SNR), and limit of determination of a method (LDM). The INCA (SEM) and Artax

Spectra (HH-XRF) software export analytical results directly into Excel allowing the

generation of quick basic statistics. All generated instrument analytical data is stored in

the excel format (.xls) for this reason but can be easily exported in various formats for

use with other software. The software used for multivariate analysis is covered in

section 8.3.3.

Basic statistics were used to provide a general description of individual specimens or

datasets. This data can be useful when examining analytical results of individual

sherds to determine the spread of the mean, precision, detection limits and bivariate

correlations. Accuracy (quantitative) was not measured because of the required use of

~18 material reference standards with glass/glazes and HH-XRF analysis.

eeJuoc=b´~ª³~²§­¬==m~°~«£²£°=p£²²§¬¥±
p£²²§¬¥s­ª²~¥£

E©sF
`³°°£¬²
Eó^Fc§ª²£°

^¡¯³§±§²§­¬
Ep£¡­¬¢±Fs~¡³³«

^ NR RR O NUM v£±
_ QM PM P NUM k­
` QM PM O NUM k­
a NR RR s~°§~ ª£NUM v£±
b QM PM s~°§~ ª£NUM k­
c s~°§~ ª£RR O NUM v£±
d s~°§~ ª£PM P NUM k­
e NR s~°§~ ª£O NUM v£±
f QM s~°§~ ª£P NUM v£±
g NR RR O s~°§~ ª£v£±
h QM PM P s~°§~ ª£k­

Table 4-3: Parameter settings used during the evaluation of the HH-XRF.
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A few basic statistics were used as part of the HH-XRF evaluation. Standard deviation

(�) is the quantified dispersion of a dataset (Eq. 4-1). Coefficient of variance (CV), also

known as relative standard deviation (RSD%), is a measure of precision (Eq. 4-2). CV

is adopted in this study because it is becoming more prevalent than RSD% in the

literature.

В=
E óF

( 4-1 )

CV = 100 X ó ( 4-2 )

Cv provides a precision of measurement for each method. Lower results for � and C v

indicate greater precision of the respective measured data. The relative absolute

percent error (RAE%) is a measure of accuracy (Eq.4-3)

RAE% = 100 X ( 4-3 )

where y is the known value and the first part of the numerator is the average,

multiplying the result of which provides the percent.

Limit of determination of a method (LDM) (Eq. 4-4) is the level of uncertainly attributed

to a set of measurements with a 95.4% confidence level (Rousseau 2001:41).

LDM = 2
E F̓

( 4-4 )

LDM is the uncertainty number (�) provided aside an analytical result and indicates

that 95.4% of the measurement results of a given setting will be contained within the

range. Quantitatively, LDM is ~2� of a set of results (n=10) of the same representativ e

sample. The equation for %difference (Eq. 4-5) is applied with the analysis of

instrument drift (section 6.3.3). Negative signs of the results are dropped to provide

absolute %difference between two measurements taken at separate times.

%difference = 100 X
E F

( 4-5 )

Net peak analysis was conducted partly by determining the signal-to-noise ratio (SNR)

using deconvoluted data provided by the Artax Spectra software. The ratio represents

the height of the peak above the associated background noise. The standard process
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of determining SNR in many scientific analyses is by dividing the peak intensity by the

standard deviation (� ) of the background under the peak (ACS 1980:2246-2247; Ernst

et al. 2014:20) (Eq. 4-6). Z L ( 4-6 )

The SNR of energy dispersive XRF is different because of sample geometry, density,

thickness and consistency which directly affect the background (Ernst et al. 2014:20).

The relationship between the specimen and the background require a more vigorous

method of calculating noise (N) that takes the sample matrix into account. The

accepted expression for N in this relationship is the square root of the background

under the peak of interest (Commission 1976:103) (Eq. 4-7), and this provides an

appropriate equation for XRF SNR (Eq. 4-8).Z ( 4-7 )Z L ( 4-8 )

This data is useful for determining the LOD and the limit of quantification (LOQ) (Ernst

et al. 2014: 14; Pers. Comm. Rebecca Scott). The LOD (SNR � 3) determines if a peak

is significantly greater than the background and can be confidently identified (Keith et

al. 1983:2217). The LOQ (SNR � 10) indicates the element can be confidently

quantified and that semi-quantitative ratio comparisons will be accurate (Ernst et al.

2014: 17). Uncertainty increases for a SNR closer to three although its use may be

justified. Counts-based LOD (Eq. 4-9) and LOQ (Eq. 4-10) can be calculated by the

following equations (Ernst et al. 2014: 20):

E FZP ( 4-9 )

E FZNM ( 4-10 )

The concentration-based result for LOD (Eq.4-11) and LOQ (Eq.4-12) is calculated

using samples with known concentrations (c) by the following equations:

E FZPL ( 4-11 )

E FZNML ( 4-12 )

Pearson�s r correlation coefficient (r) represents the strength of the correlation between

two or more variables. Squaring Pearson�s r provides the coefficient of determination

(r2) which represents the percentage of data points that fall on the regression line. It is

a measure of fit to the trend. The p-value (p) indicates level of confidence that the

dataset has meaning or is a product of random chance.
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The Shapiro-Wilk test (Shapiro and Wilk 1965) is an indicator of data normality where

the null hypothesis supports normally distributed data. It will be used to determine the

effectiveness of the data transformations before multivariate analysis. The test

produces two figures, w and p-value. Normality of data is indicated by w which ranges

from 0 to 1 where 1 is normality. A p-value of >0.05% is a non-rejection of the null

hypothesis and a p-value of <0.05 is a rejection of the null hypothesis. The Shapiro-

Wilk test can be represented graphically for verification as a histogram and a normal

probability plot.

The Hopkins Statistic is a spatial randomness test or a measure of clustering tendency

of the data (Lawson and Jurs 1990). It is the nature of cluster analysis to force clusters

whether they exist or not. The Hopkins Statistic provides a general level of confidence

for cluster analysis; it produces a result in the range of 0-0.5 where 0 indicates a

tendency to cluster and results closer to 0.5 indicate increasing randomness.

The box-plot, as it is used here, is a graphical measure of distribution of points for a

single variable (Fig. 4-7). It is composed of a box representing 50% of the data, a black

line in the box representing the median of the data and the minimum and maximum

lines. The min/max lines extend up to x1.5 the interquartile range (IQR) or to the most

extreme point if no points go beyond this limit, thereby demarcating the data range

(Baxter and Cool 2016:64-65). Points outside of the minimum or maximum are

considered potential outliers. Box plots are better suited for unimodal data (Baxter

2015:35). Multimodal data is more difficult to interpret because points indicated to be

outliers could be part of a tail of a mode situated on that side of the IQR.

IQR

X1.5 IQRS. Outliers

Outliers

X1.5 IQR

Maximum

Third Quartile

Median

First Quartile

Minimum

a b

Fig. 4-7: Box-Plot diagram. Figure a exhibits the general components of the box plot where
most of the data points will be distributed. Figure b exhibits how the box plot is useful for
identifying outliers. The Interquartile Range (IQR) represents 50% of the data. Outliers are 3x
the IQR and suspected outliers (S. Outliers) are x1.5 the IQR, either above or below the IQR.
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Replication of Faience

Introduction

Replications of application-glazed faience have been produced to imitate the chemical,

microstructural and aesthetical characteristics of copper and cobalt-coloured blue

archaeological material from the Late through the Ptolemaic and Roman Periods of

Egypt. This project is evaluating the use of HH-XRF on faience vessels. Application

glazing is replicated because it is the prominent glazing technique used on vessels

during the Ptolemaic and Roman Periods. Replications will be used as a known

material to produce analytical results as part of the HH-XRF evaluation. Replication

experiments enabled the testing of compositions, application methods (i.e. dipping and

painting) and firing parameters. Corning glass standards are sufficient for most of the

HH-XRF evaluations (e.g. voltage, current) (see Chapter 6) having the full complement

of elements expected in blue glazed faience but replicated faience samples provide a

known glaze on a known substrate and help to indicate the effects of a layered

structure on the analytical results.

The replication process was conducted in a laboratory setting at Cardiff University over

the course of a year. Most of the work was conducted during the spring and summer

months to avoid the higher humidity levels typically associated with winter months in

Wales, and to facilitate the evaporation of the water component of the applied glaze.

Materials and Replication Setup

The batches for body and glaze (Tables 5-1 and 5-2) were derived from published

analytical and replication data (see Table 2-8). The raw materials selected for

replication were obtained from ceramic and chemical supply companies (Appendix F).

Two silica sources consisting of filtered sand and quartz powder were selected for

testing. Both sources had to be ground with a mortar and pestle for use but the

crushed quartz offered a less intensive process. All components were mixed and

ground together. The selection of chemicals was based on requirements and

economics; carbonates produce carbon dioxide during firing but are generally

financially cheaper than oxides (tens versus hundreds of pounds). Copper oxide was

selected over copper carbonate (only slightly less expensive) to reduce the amount of
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Table 5-1: Composition of faience replication batches. Silica source is quartz powder (QP) or ground sand (GS).

Replicate Faience Batch Composition by Weight % (Normalized to 100%)
Batch

Silica
Source SiO2 Na2CO3 K2CO3 CaCO3 CuO Al(OH)3 MgCO3 FeO MnO SnO CoO PbO Sb2O3 Clay

B01 QP 97.66 0.63 1.70
B02 QP 91.81 0.60 1.60 5.99
B03 QP 88.80 0.59 4.83 5.78
B04 QP 92.34 1.64 6.02
B05 GS 97.66 0.63 1.70
B06 GS 67.52 1.76 0.43 29.70 0.24 0.02 0.12 0.05 0.15
B07 GS 96.21 1.74 0.43 1.05 0.24 0.02 0.12 0.05 0.15
B08 GS 54.09 2.43 0.51 42.50 0.19 0.02 0.10 0.04 0.12
B09 GS 94.07 2.91 0.62 1.83 0.23 0.02 0.12 0.05 0.15
GLZ01 QP 73.98 19.39 5.10 1.54
GLZ02 GS 71.42 18.72 4.93 3.45 1.48
GLZ03 GS 59.17 25.84 2.46 7.49 2.52 2.52
GLZ04 GS 20.62 52.57 7.22 7.22 6.19 6.19
GLZ05 GS 68.68 13.13 4.04 5.05 2.02 2.02 1.58 1.21 0.10 0.73 0.30 0.55 0.61
GLZ06 QP 67.60 12.92 2.70 7.16 1.99 2.60 1.57 1.19 0.10 0.71 0.30 0.55 0.60
GLZ07 GS 72.98 13.06 1.58 4.12 2.28 1.67 1.14 1.24 0.13 0.38 0.17 0.95 0.29
GLZ08 GS 85.54 3.06 1.14 3.06 1.64 1.14 0.16 0.20 0.28 3.26 0.52
GLZ09 GS 73.98 19.39 5.10 1.54
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Table 5-2: Composition of faience replication batches based on oxide conversion. Silica source is quartz powder (QP) or ground sand (GS).

Replicate Faience Oxide Composition (Converted) by wt% (Normalized to 100%)

Batch
Silica

Source SiO2 Na2O K2O CaO CuO Al 2O3 MgO FeO MnO SnO CoO PbO Sb2O3 Clay

B01 QP 98.60 0.44 0.96
B02 QP 92.64 0.41 0.91 6.04
B03 QP 90.90 0.41 2.77 5.92
B04 QP 93.01 0.92 6.06
B05 GS 98.60 0.44 0.96
B06 GS 78.45 1.20 0.34 19.33 0.28 0.14 0.06 0.18
B07 GS 97.50 1.03 0.30 0.60 0.24 0.12 0.05 0.15
B08 GS 67.50 1.77 0.43 29.72 0.24 0.12 0.05 0.15
B09 GS 96.20 1.74 0.43 1.05 0.24 0.12 0.07 0.15
GLZ01 QP 82.95 12.71 3.20 1.13
GLZ02 GS 79.76 12.22 3.09 3.85 1.08
GLZ03 GS TMKNUNTKVONKVVQKVTOKVVNKVR
GLZ04 GS 28.36 42.29 6.77 5.56 8.51 8.51
GLZ05 GS TSKTOUKRTPKMTPKNSOKOSNKQTMKUQNKPRMKNNMKUNMKPQMKSNMKSU
GLZ06 QP 76.02 8.50 2.08 4.52 2.24 1.92 0.85 1.34 0.11 0.80 0.34 0.62 0.67
GLZ07 GS UMKNOUKPUNKNUOKRPOKRNNKOMMKSMNKPSMKNRMKQOMKNVNKMQMKPO
GLZ08 GS 88.16 1.85 0.80 1.77 1.69 1.18 0.16 0.21 0.29 3.36 0.53
GLZ09 GS 82.95 12.71 3.20 1.13



James Wilkins 102

carbonates in the faience replication mixtures and off-gassing (e.g. carbon dioxide)

during firing.

The composition ranges provided by Vandiver (1982) and analysis by Griffin (2002)

and Shortland and Tite (2005) influenced the body recipes (B01-09). Ground sand and

quartz powder are compared in bodies B01 and B05 which are identical in every other

aspect. B02-04 all have ~6 wt% clay added as a binder based on replications by Griffin

(2002:335) who found that 1-12 wt% clay facilitates forming, moulding and throwing.

B02 and B03 differ in the amount of calcium and B04 was experimental to see the

effects of no alkali in a fired body. Bodies B06 and B08 were experimental with

increased calcium content. Bodies B07 and B09 represent the typical concentrations of

Roman material as determined through analysis (Griffin 2002; Shortland and Tite

2005). They offered a substrate with markers (i.e. iron, tin, lead and antimony) that

could potentially be detected by HH-XRF.

Glazes GLZ01-03 and 09 were influenced by replications of application glazes (Tite

and Bimson 1986). Three of these four glazes are similar with portion variability

restricted to one component or the replacement of ground sand with quartz powder.

Glaze 03 has the most variability resulting from replacement of some silica with alkali

which has affected the concentrations of the remaining oxides upon normalization. The

introduction of ~8 wt% clay to GLZ04 is based on Binn�s (1932:272) applied glaze

which contained clay to reduce fluidity. Glazes 05 (ground sand) and 06 (quartz

powder) are average concentrations found in blue glazes from Ptolemaic/Roman

Memphis (Berman 1999; Griffin 2002; and Manti 2013). A typical cobalt-coloured

Ptolemaic/Roman Period glaze, represented by GLZ07, is based on analysis by Abe et

al. (2012), Manti (2013), Shortland and Tite (2005) and Vandiver (1983). Glaze 08 is

based on low-alkali Ptolemaic Period glazes analysed by Mao (2000).

Batches consisted of oxides, carbonates and hydroxides (see Appendix F; see Table

5-1). Faience components are reported as oxides in most published analysis requiring

some of the batch material to be converted from oxides to carbonates and hydroxide

(aluminium) to determine the amount of material to include in each batch mixture. The

conversion factor is determined by dividing the atomic weight of the elements in the

given formula by the atomic weight of the elements in the desired formula. Multiplying

the given weight% by the conversion factor enables oxides to be converted to

carbonates and vice versa. For example, the conversion factor to convert 5 wt% CaO
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to CaCO3 is determined by dividing 100.086 (40.078 (Ca) + 12.011 (C) + (3 * 15.999

(O)) by 56.077 (40.078 (Ca) + 15.999 (O)) resulting in 1.7848. The conversion factor

(1.7848) is multiplied by the given oxide (5 wt%) to convert it to carbonate (8.924 wt%).

Therefore, it can be determined that 8.924 wt% CaCO3 will produce 5 wt% CaO after

the loss of CO2 on ignition assuming there is complete conversion.

The aluminium hydroxide conversion is conducted in a similar fashion using molar

mass and stoichiometry (Eq. 5-1 and Table 5-3; see Eq. 2-2). The key to determining

the conversion factors of aluminium hydroxide is knowing its molar mass (78.0 g/mol),

then converting it to grams:

O E FPZEO FTUKMMPS ZNRSKMN ( 5-1 )

A large reserve of pre-grounded sand was maintained for use with all batches (glaze

and body). Sand was ground using an agate mortar and pestle until it was <180 �m in

diameter as measured through nesting sieves (180 �m representing the smallest

screen mesh). The use of quartz powder for some experiments reduced the time and

effort in grinding.

Ground sand and other materials required by the batches were measured to the

nearest centigram using a scientific scale. Batch components were placed together

into the nesting sieves (of various sizes down to 180 �m) and ground using the agate

mortar and pestle when required to reach the next smallest sieve until all particles

were <180 �m in diameter. The sieving and grinding of components helped to mix

them. The batches were mixed through agitation within a sealed bag for 5 minutes.

Batches were stored ready for use in labelled polythene bags.

c~¡²­°=a£²£°«§¬~²§­¬=¤­°=^ª³«§¬§³«=e·¢°­¶§¢£=`­¬´£°±§­¬±

2Al(OH)3 Al2O3 + 3(H2O)

Molar Mass (g) NRSKMN= NMNKVS+ RQKMR= NRSKMN

c~¡²­° c~¡²­° c~¡²­°
^ªEleFP 1 MKSR MKPR
Al2O3 NKRP N MKRP
3(H2O) 2.89 NKUV N

Table 5-3: Factor determination for aluminium hydroxide using stoichiometry.
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Sample bodies and solid glaze pellets were prepared by measuring 4 grams of batch

material in a weigh boat on a scientific scale. The powder was mixed to a good

working consistency with deionized water using a dropper and 18 to 24 drops per

sample which equates to 0.9 to 1.2 ml of water (each drop is ~0.05 ml). The wet paste

was placed into a stainless steel 2 cm diameter circle cutter (used in craft and baking)

with a small spatula and tamped down. The circle cutter was immediately removed and

the paste, being thixotropic in nature, retained its shape unless agitated. The samples

were air dried in a fume hood for at least 24 hours before handling. The dried samples

were weighed after drying but before firing, and again after firing to provide an

indication of fractionation. Prefired and unfired bodies were required for

experimentation. A minority of the sample pastes were either placed in crucibles (with

and without a calcium bed) or hand-formed.

Many of the experiments required the use of a prefired body and/or prefritted glaze

powder. These bodies and glazes were kiln fired after drying at 850 �C for 1 hour to

drive off bound water and carbon dioxide. Prefired bodies were ready for glazing upon

removal from the kiln. Fritted glaze pellets had to be ground with an agate mortar and

pestle to a particle size of <180 �m diameter before application as a glaze powder or

slurry.

Raw glazes were applied to raw and prefired bodies through slurry immersion, slurry

painting and as a dry powder to a wetted body. Slurries were produced by adding

deionized water to a workable consistency. Dry powder was applied to bodies by

moistening the body surface with deionized water and burying the body in glaze

powder before being removed and fired. Dry powder application is an experimental

method and is not based on archaeological evidence. Prefritted glazes were added as

a painted slurry after determining that other application methods were inferior.

Samples were fired in a CU4 electric kiln with Bentrup T405 Thermo-computer

controller (Fig. 5-1) using various settings depending on the experiment (a and b). The

computer allows for a heating ramp up to a dwell, a second heating ramp to the soak

and a cooling ramp. Temperature increase/decrease rate of the ramps can be

restricted (�C/hour). Most of the composition testing occurred early in the project

before a common firing parameter was established resulting in greater parameter

variability evident in Table 5-4a and b. Faience replications used for the HH-XRF
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evaluation were produced with a systematic firing regimen where minor changes only

occur when testing a specific variable.

Experimentation

Several experimentations were conducted to produce a faience analogue that was

similar to archaeological faience from the periods of interest. Two of the tests involved

composition and glaze application of the faience replicates. Two experiments tested

firing parameters on use with faience replications and accuracy/precision of the kiln

computer so that the actual temperatures attained were known.

All compositions in Tables 5-1 and 5-2 were fired to determine colour of the resultant

glazes and friability/durability of the bodies. The friability and durability of the bodies

were assumed to be a product of the amount of alkalis (see section 5.4.2). The colours

were expected to be influenced by the amount and types of colourants and alkalis.

Compositional changes incorporated body condition (i.e. unfired and prefired), glaze

slurry thickness (i.e. thick and thin) and glaze powder condition (prefritted vs raw).

Ultimately the goal was to produce a faience replicate that would serve as an analogue

to archaeological faience without the surface deposits and weathering.

Fig. 5-1: a) Thermo-computer control for inputting kiln firing parameters. b) The diagram
illustrates the ramp ups, dwell, soak and ramp down cycles.

a b
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Table 5-4a: Replication experiments and firing parameters. Prefired bodies are
designated with PrF.

Replication Firing Experiments

Body
Batch

Glaze
Batch Subject

Ramp
Up 1
(�C/H)

Dwell
(�C)

 Dwell
Period
 (min)

Ramp
Up 2
(�C/H)

Soak
Temp
 (�C)

Soak
Period
 (min)

Ramp
Down
(�C/H)

Common Setting 200 400 0 100 850 60 200

Composition Testing
_MN 400 400 0 200 850 60 200
_MO 400 400 0 200 850 60 200
_MP 400 400 0 200 850 60 200
_MQ 400 400 0 200 850 60 200
_MR 400 400 0 200 850 60 200
_MS NMMNMM M OMM 850 SM OMM
_MT NMMNMM M OMM 850 SM OMM
_MU OMMQMM M NMM 850 SM OMM
_MV OMMQMM M NMM 850 SM OMM

diwMN VVVUMM M VVV 800 NUM VVV
diwMO VVVUMM M VVV 800 NUM VVV
diwMP OMMQMM M NMM 850 SM OMM
diwMQ VVVUMM M VVV 850 NUM VVV
GLZ04 VVVUMM M VVV 800 NUM VVV
diwMR OMMQMM M NMM 850 SM OMM
diwMS OMMQMM M NMM 850 SM OMM
diwMT OMMQMM M NMM 850 SM OMM
diwMU OMMQMM M NMM 850 SM OMM

Application Testing
B06 GLZ02 Immersion OMMQMM M NMM 850 SM NMM
B06 GLZ02 Painted Slurry OMMQMM M NMM 850 SM NMM
B06 GLZ02 Dry Powder OMMQMM M NMM 850 SM NMM
B06 PrF GLZ02 Immersion OMMQMM M NMM 850 SM NMM
B06 PrF GLZ02 Painted Slurry OMMQMM M NMM 850 SM NMM
B06 PrF GLZ02 Dry Powder OMMQMM M NMM 850 SM NMM
B07 GLZ02 Immersion OMMQMM M NMM 850 SM NMM
B07 GLZ02 Painted Slurry OMMQMM M NMM 850 SM NMM
B07 GLZ02 Dry Powder OMMQMM M NMM 850 SM NMM
B07 PrF GLZ02 Immersion OMMQMM M NMM 850 SM NMM
B07 PrF GLZ02 Painted Slurry OMMQMM M NMM 850 SM NMM
B07 PrF GLZ02 Dry Powder OMMQMM M NMM 850 SM NMM
B08 GLZ03 Immersion OMMQMM M NMM 850 SM NMM
B08 GLZ03 Painted Slurry OMMQMM M NMM 850 SM NMM
B08 GLZ03 Dry Powder OMMQMM M NMM 850 SM NMM
B08 PrF GLZ03 Immersion OMMQMM M NMM 850 SM NMM
B08 PrF GLZ03 Painted Slurry OMMQMM M NMM 850 SM NMM
B08 PrF GLZ03 Dry Powder OMMQMM M NMM 850 SM NMM
B09 GLZ03 Immersion OMMQMM M NMM 850 SM NMM
B09 GLZ03 Painted Slurry OMMQMM M NMM 850 SM NMM
B09 GLZ03 Dry Powder OMMQMM M NMM 850 SM NMM
B09 PrF GLZ03 Immersion OMMQMM M NMM 850 SM NMM
B09 PrF GLZ03 Painted Slurry OMMQMM M NMM 850 SM NMM
B09 PrF GLZ03 Dry Powder OMMQMM M NMM 850 SM NMM
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Table 5-4b: Replication experiments and firing parameters. Prefired bodies are
designated with PrF. Prefritted glazes are designated with PF. Firing parameter
variables are in bold and encased.

Replication Firing Experiments (continued)

Body
Batch

Glaze
Batch Subject

Ramp
Up 1
(�C/H)

Dwell
 (�C)

 Dwell
Period
(min)

Ramp
Up 2
(�C/H)

Soak
Temp
(�C)

Soak
Period
 (min)

Ramp
Down
(�C/H)

Common Setting 200 400 0 100 850 60 200

Firing Parameter Testing
_MV GLZ03 PF Soak Period OMMQMM M NMM850 360 OMM
B09 PrF GLZ03 PF Soak Period OMMQMM M NMM850 360 OMM
_MV diwMPSoak Period OMMQMM M NMM850 360 OMM
B09 PrF diwMPSoak Period OMMQMM M NMM850 360 OMM
_MV GLZ03 PF Soak Period OMMQMM M NMM850 180 OMM
B09 PrF GLZ03 PF Soak Period OMMQMM M NMM850 180 OMM
_MV diwMPSoak Period OMMQMM M NMM850 180 OMM
B09 PrF diwMPSoak Period OMMQMM M NMM850 180 OMM
_MV diwMPSoak Period OMMQMM M NMM850 60 OMM
B09 PrF diwMPSoak Period OMMQMM M NMM850 60 OMM
_MV GLZ03 PF Soak Period OMMQMM M NMM850 60 OMM
B09 PrF GLZ03 PF Soak Period OMMQMM M NMM850 60 OMM
_MV GLZ03 PF Peak Temp OMMQMM M NMM970 60 OMM
B09 PrF GLZ03 PF Peak Temp OMMQMM M NMM970 60 OMM
_MV diwMPPeak Temp OMMQMM M NMM970 60 OMM
B09 PrF diwMPPeak Temp OMMQMM M NMM970 60 OMM
_MV GLZ03 PF Peak Temp OMMQMM M NMM900 60 OMM
B09 PrF GLZ03 PF Peak Temp OMMQMM M NMM900 60 OMM
_MV GLZ03 PF Peak Temp OMMQMM M NMM800 60 OMM
B09 PrF GLZ03 PF Peak Temp OMMQMM M NMM800 60 OMM
_MV diwMPPeak Temp OMMQMM M NMM850 60 OMM
B09 PrF diwMPPeak Temp OMMQMM M NMM850 60 OMM
_MV GLZ03 PF Peak Temp OMMQMM M NMM850 60 OMM
B09 PrF GLZ03 PF Peak Temp OMMQMM M NMM850 60 OMM
_MV GLZ03 PF Temp Rate OMMQMM M 999 850 60 OMM
B09 PrF GLZ03 PF Temp Rate OMMQMM M 999 850 60 OMM
_MV GLZ03 PF Temp Rate OMMQMM M 200 850 60 OMM
B09 PrF GLZ03 PF Temp Rate OMMQMM M 200 850 60 OMM
_MV GLZ03 PF Temp Rate OMMQMM M 100 850 60 OMM
B09 PrF GLZ03 PF Temp Rate OMMQMM M 100 850 60 OMM
_MV GLZ03 PF Temp Rate OMMQMM M 50 850 60 OMM
B09 PrF GLZ03 PF Temp Rate OMMQMM M 50 850 60 OMM
_MV GLZ05 PF Peak Temp OMMQMM M NMM850 60 OMM
B09 PrF GLZ05 PF Peak Temp OMMQMM M NMM850 60 OMM
_MV GLZ05 PF Peak Temp OMMQMM M NMM900 60 OMM
B09 PrF GLZ05 PF Peak Temp OMMQMM M NMM900 60 OMM
_MV GLZ05 PF Peak Temp OMMQMM M NMM970 60 OMM
B09 PrF GLZ05 PF Peak Temp OMMQMM M NMM970 60 OMM
_MV GLZ07 PF Peak Temp OMMQMM M NMM850 60 OMM
B09 PrF GLZ07 PF Peak Temp OMMQMM M NMM850 60 OMM
_MV GLZ07 PF Peak Temp OMMQMM M NMM900 60 OMM
B09 PrF GLZ07 PF Peak Temp OMMQMM M NMM900 60 OMM
_MV GLZ07 PF Peak Temp OMMQMM M NMM970 60 OMM
B09 PrF GLZ07 PF Peak Temp OMMQMM M NMM970 60 OMM
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Four bodies (B06-09) and two glazes (GLZ02 and GLZ03) were chosen from the

variable batch composition experimentation to test methods of application glazing (i.e.

object immersion, slurry painting and dry powder application) (see section 5.4.4). The

bodies were chosen because they had compositions similar to the faience bodies of

the period of interest, looked similar to archaeological faience bodies and had greater

strength upon firing than the other bodies. The glazes were chosen because they look

similar to copper blue glazes found on the Saqqara materials housed at Cardiff

University. Object immersion and slurry painting are glazing techniques shown to have

been used during the periods of interest (Griffin 2002:328; Vandiver 1983:A27). Dry

powder application is a method not mentioned in the literature but used here to

determine effectiveness as a potential application method.

A comparison was conducted on the temperature reading of the Bentrup T405

computer attached to the kiln and a HH-612 Type K hand held dual input

Thermosense� thermocouple to know the full extent of the firing temperature range

with the faience replicates (see section 5.4.1). The 3 foot wire probe thermocouple

sensor was pressed through high temperature insulation wool plugging the upper

bung-hole of the kiln and positioned 5 cm below and 1cm in front of the kiln sensor in

the approximate location of where the firing samples were located. Temperature

readings were recorded every 5 minutes starting at the zero minute mark and ending

after the kiln and the thermocouple temperature readings corresponded at �2 �C for a

total of four or more consecutive measurements during the cooling cycle. Peaks and

troughs as displayed on the thermocomputer were recorded over a 5 minute period at

peak soak to determine fluctuations and to have a better understanding of real

temperatures attained for this specific kiln.

The faience replicate body B09 was selected because of its characteristics (see

section 5.4.2) to act as a substrate for the testing of kiln variables on glazes GLZ03

(copper blue), GLZ05 and GLZ07 (cobalt blues). The glazes were selected because

they looked the most similar to the Saqqara copper and cobalt blue archaeological

sherd glazes. The tested kiln variables included temperature increase rate, soak

temperature, and soak time.

Results and Discussion

Nine bodies and nine glaze pellets (see Tables 5-1 and 5-2) were fired separately to

determine the general friability of the bodies and resultant colours of the glaze pellets.
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Glazes were fired in a raw and prefritted state. See Chapter 7 for a comparison of the

replicated faience with archaeological material.

The kiln computer temperature readings were compared with a thermocouple to

determine differences and actual temperatures reached during a firing cycle. Graphing

the firing profile of the kiln revealed that the kiln computer is slow to respond to

temperature changes during the ramp-up and ramp-down cycles (Fig. 5-2 and Tables

5-5 and 5-6). The heating coils of the kiln are activated/deactivated during the ramp up

of the temperature unless there is no temperature increase rate restriction entered into

the computer. The setting 1 firing profile (see Fig. 5-2a) exhibited a difference up to 77

�C during the ramp up cycle but it was generally between 25 �C and 35 �C. The

Settings 2 firing profile (see Fig. 5-2b) exhibited an 85 �C difference early in the ramp

up cycle but the difference was more typically 30�C. The ramp down (cooling) cycle

exhibited ~2 �C difference with no cooling restrictions entered into the computer.

The temperatures of the kiln computer and thermocouple were recorded and

compared over a 5 minute soaking period at temperatures of 800, 850, 900 and 970

�C ( Fig. 5-3 and see Table 5-6). Figure 5-3 reveals a pattern in the

activation/deactivation cycle of the heating coils which repeats every 120 seconds

regardless of the peak temperature during the soak. The lines representing the kiln

computer and the thermocouple converge (increasing the accuracy and precision) as

the temperature increases. Table 5-6 exhibits a decrease in the recorded average

temperature difference and median temperatures with an increase in the soaking

temperature.

A comparison of the display readings of the kiln computer and the thermocouple

revealed a disparity and a slow response to temperature changes by the kiln computer

(see Table 5-6). The temperature difference is greatest at lower soak temperatures

and decreases as the temperature of the soak is increased. Comparing these

differences highlighted the 120 second cycle the kiln follows in the heating and cooling

of coils to maintain a given temperature. Therefore, the temperature in the kiln is not

stable but is constantly rising and falling in a range of which the median and target

temperature differential is dependent on the target temperature. For example, the

actual temperature range when firing at 800 �C is 801-827 �C. This range is slightly
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a

b

Fig. 5-2: Kiln firing profiles with an 800�C/60 min ramp-up restriction (a) and with no
restrictions (b).

Kiln Testing Parameter Settings

Parameters Ramp Up
1 (�C/H) Dwell (�C)

 Dwell
Period
(min)

Ramp Up
2 (�C/H)

Soak
Temp (�C)

Soak
Period
(min)

Ramp
Down
(�C/H)

Setting 1 800 800 - - 800 30 999
Setting 2 999 800 - - 800 30 999
Setting 3 999 850 - - 850 10 999
Setting 4 999 900 - - 900 10 999
Setting 5 999 970 - - 970 10 999

Table 5-5 Kiln firing parameters for comparisons between the thermocouple and the kiln
computer.
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Table 5-6 Comparison of the recorded readings of four different soak temperatures over a 5 minute soak period using thermocouple and kiln computer.

5 Minute Soak Period Thermocouple/Kiln Computer Comparison

Reading No. Thermo-
couple

Kiln Difference Thermo-
couple

Kiln Difference Thermo-
couple

Kiln Diference Thermo-
couple

Kiln Difference

N UMV TVV NM UOT UPO JR VMN UVU P VUR VTM NR
O UOP UMN OO USR UPT OU VMT UVS NN VST VTO JR
P UNT UMN NS UQT UQP Q UVM UVR JR VUQ VTN NP
Q UOS UMR ON URP UQN NO VOM VMM OM VSU VTO JQ
R UNO UMQ U UPR UQM JR VMO VMP JN VTU VSV V
S UNV UMQ NR UTO UQS OS VOM VMN NV VSQ VSV JR
T UMN TVV O UQV URM JN VMP VMQ JN VUU VTO NS
U UNS TVU NU URT UQS NN VMV VMM V VSV VTQ JR
V UMS TVT V UPV UQR JS UVN UVV JU VTS VTN R
NM UOP UMM OP UTS URM OS VOQ VMO OO VSM VSV JV
NN UNU UMN NT URR URQ N VMP VMR JO VUV VTM NV
NO UOT UMR OO USM URN V VNN VMO V VSU VTS JU
NP UNO UMR T UQO UQU JS UVP VMM JT VTS VTN R
NQ UNV UMQ NR UTS URN OR VOQ VMQ OM VRT VST JNM

Mean UNSKPUMNKSNQKSURPKUUQRKPUKR VMTKMVMMKSSKQ VTPKRVTMKVOKS
Median UNTKRUMNKMNRKRURQKMUQSKMSKR VMRKMVMMKRSKM VTOKRVTNKMMKR
Minimum 801 797 2 827 832 -6 890 895 -8 957 967 -10
Maximum 827 805 23 876 854 28 924 905 22 989 976 19

Setting 5 (970 �C)Setting 2 (800 �C) Setting 3 (850 �C) Setting 4 (900�C)
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above the target temperature of 800 �C with a mean temperature differential of 14.6

�C. Raising the target temperature to 850 �C produces a mean differential of 8.5 �C . A

target temperature of 970 �C produces a mean differential of 2.5 �C.

The temperature range at a specific soak setting have negligible effects on the

production of faience glazes if the mean temperature is maintained at the soak

temperature target. The soak temperature range of furnaces used in antiquity could be

much greater and still produce glazes on frit bodies. Nicholson and Jackson

(1998:115) replicated a large furnace similar to one found at Amarna and conducted

firing experiments to determine if these were used for glass. They noted a temperature

decrease in excess of 50 �C when stoking the furnace fire several times over the 9

hour firing but were able to produce a coloured frit and melted cullet.

All the fired body mixtures produced intact forms of various colours (Fig. 5-4a-c). Most

of the bodies were friable and a few were low in durability. Body sample B01 is

composed of quartz powder and has a slight pink colour. Samples B02-04 have a

reddish hue due to the iron in the clay that compose part of the body. These samples

more closely resembled clay pottery than faience fabrics. All four of these bodies were

friable and left a powdery residue when handled because of low alkali and quartz

powder. Sample B04 easily fragmented during handling because of the lack of an

alkali. Sample B05 was much coarser in texture and left a gritty residue when handled

Fig. 5-3: Comparison of the thermocouple (orange) and kiln computer (blue) readings over a
5 minute soak period at the four targeted temperatures. The dotted line represents the
target temperature for each of the settings.
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Fig. 5-4a: Bodies (B01-B03) and associated micrographs (x40 magnification; red scales
read 0.5 mm).

B03

B02

B01

2 cm

0.5 mm
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B06

B05

B04

0.5 mm

2 cm

Fig. 5-4b: Bodies (B04-B06) and associated micrographs (x40 magnification; red scales
read 0.2 mm).
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B09

B08

B07

0.5 mm

2 cm

Fig. 5-4c: Bodies (B07-B09) and associated micrographs (x40 magnification; red scales
read 0.2 mm).
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because of the low alkali and ground sand components. The weight of the quartz

powder samples (3.1-3.4 g) were lighter than similar samples composed of ground

sand (3.7-3.9 g). Body samples B05-09 are clearly silica-rich frit and are similar in

appearance to the archaeological material. Samples B06 and B07 are generally the

same but have vastly different amounts of calcium in place of silica. These bodies

were white and friable leaving a gritty residue when handled. Samples B08 and B09

have more alkali and are generally the same but calcium content differs between them

as well. Body B08 left a gritty residue when handled and B09 left no residue. The

bodies were stored in polyvinyl sealable bags. All the bodies except B09 exhibited

some sign of mechanical decomposition after a few weeks in storage. All of the B08

samples and some of the B06 and B07 samples had disintegrated to powder.

Micrographs of the body surfaces (see Fig 5-4a-c) taken after firing exhibit differences

because of addition of clay or various amounts of calcium and sodium. B01 is a quartz

powder-based body and exhibits an off-white colour with particle flecks possibly

consisting of iron. These bodies have a pinkish hue when compared to ground sand

bodies. Samples B02-04 are composed of quartz powder and clay. Individual silica

particles in a matrix of clay and inclusions are barely perceptible. Body B05 is a ground

sand composed body and the individual angular quartz particles are lightly fused

together because of minor sintering of the silica grains. The angular quartz particles in

B06 are partially obscured by calcium. Sample B07 exhibits sintered rounded quartz

particles fused together. The quartz particles in sample B08 are obscured by calcium

similar to B06. Partially melted and fused quartz particles are exhibited in the

micrograph of B09. This is similar to B07 but the quartz has melted to a greater degree

resulting in a more cohesive body.

The experimentation produced one body (B09) that was durable and had limited or no

friability after firing. The appearance of the body had a greater influence as a qualifying

factor than originally expected. Archaeological faience bodies can vary in colour and

friability but the silica-rich frit composition is clearly identifiable. Experimental bodies

containing a clay component looked more similar to a clay ceramic than frit. The clay

component was ~6 wt% of the total body mass. This is well within the 5 � 25%

calcareous clay suggested by Vandiver (1998:123) or the 1-12 wt% suggested by

Griffin (2002:35). The remaining experimental bodies contained no clay but many

suffered from a lack of alkali or an overabundance of calcium oxide which interfered

with fusing of the sintered quartz grains. These bodies usually failed while in storage

and many were reduced to a powdery mass.
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The raw and prefritted glazes have varying texture and amounts of glassiness after

firing (Fig. 5-5). Generally the prefritted glazes are smoother textured but some

exhibited large erupting bubbles. Glazes GLZ01 and 09 are identical except for the

network former when introduced to the mixture (quartz powder and ground sand,

respectively). Neither had a colourant introduced to the batch and both produced an

off-white to light grey colour. Of the two, GLZ01 has a smoother glassy texture with the

prefritted and raw fired batch material because of smaller particle size of the quartz

powder. All the glaze samples with copper and cobalt colourants produced various

shades of blue. Glaze GLZ02 samples produced a glassy glaze in prefritted and raw

fired forms. The raw fired forms exhibited erupted bubbles on the surfaces. Glazes

GLZ03, 05 and 07 produced a coarse textured raw fired pellet. The prefritted pellet

was glassy but more voluminous than the raw fired samples and exhibited erupting

bubbles on the surfaces. Sample GLZ04 produced a dark blue clay-like material as a

raw fired glaze. It was not fired in a prefritted form. Samples GLZ05 (quartz powder)

and 06 (ground sand) formed a glassy glaze and are identical except the form of silica

when introduced into mixture. Glaze GLZ08 in raw and prefritted forms failed to

produce a glassy glaze material. The texture is coarse and the resultant form

resembled a coloured body more than a glaze. All glazes stored well with the

exception of GLZ04 which continued to effloresce salts, even when sampled and

prepared in a polished resin block for SEM analysis.

The glazes pellets with colourant (copper and copper/cobalt) produced similar to the

archaeological material based on the same colourants. One exception was GLZ04

which contained 8 wt% clay and produced a Prussian blue gritty clay. There are no

parallels in the archaeological faience record. The soaking temperature, soaking time,

temperature ramp up and whether it was on a fired or unfired body affected the colour

of a glaze. Longer soaking periods and quicker temperature ramp ups produced a

greenish hue to the blue glazes which was not perceivable without a microscope (see

section 5.4.5). Vandiver (2008:44) states that an increase in potassium in the glaze

melt will result in a greener copper blue. This explanation might work for the longer

soaking periods as the glaze is increasingly absorbed into the body allowing potassium

from the body to enter into the glaze melt and take effect. This does not explain why

faster temperature increase rates or low soak temperatures produce a green hue.

Unfired bodies produce a barely perceptible deeper shade of blue. The potassium in
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GLZ09 PF GLZ09PF GLZ08GLZ08

GLZ05 PF GLZ05PF GLZ03GLZ03

GLZ02 PF GLZ02PF GLZ01GLZ01

2 cm

GLZ04

GLZ07 PF GLZ07PF GLZ06GLZ06

Fig. 5-5: Fired glaze pellets (GLZ01-03, GLZ05-09) and glaze fired in crucible (GLZ04). PF
designation indicates prefritting prior to final firing. The blue tint of PF GLZ09 may be from
copper ions in kiln atmosphere due to blue glaze in same firing.
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the unfired bodies (as opposed to fired bodies when they have already entered into

reaction) would be freer to enter into the glaze melt producing a greenish hue, not a

deeper blue.

The texture of the glazes varied with the kiln parameters and the form of the glaze

mixture (i.e. raw or prefritted). None of the batches used in the raw form produced a

smooth glaze surface. Three glazes pellets (GLZ01, 02 and 06) produced from raw

batch material resulted in a rough surfaced glassy glaze and two (GLZ03 and 05)

resulted in a rough surfaced semi-glassy glaze (see Fig. 5-5). When applied to a body

(B09), the raw batch powder failed to produce a glassy glaze (Fig. 5-6). This parallels

with the results of Tite and Bimson (1986) who failed to produce a glassy glaze. Most

of the prefritted glaze pellets produced smooth glassy glaze. Three (GLZ03, 05 and

07) produced a more voluminous pellet with erupting bubbles on the surface. These

same three exhibited possible scorched sodium on the surface of the fired raw glaze.

The sodium was probably incorporated into the glaze melt in the prefritted glaze

causing more carbon dioxide to be released when the temperature reach 750 �C.

Prefritted glazes 03, 05 and 07 were applied to B09 bodies and produced a glassy

smooth surfaced glaze.

The ability of a glaze to completely cover a body was a product of the body. All of the

glazes (raw and prefritted) placed on a B09 body formed a cohesive coating with the

exception of a few pinholes and two minor cases of glaze creep. Glazes placed on

B06-08 bodies exhibited major glaze creep (see Fig. 5-6). A combination of increased

calcium and decreased alkali in these bodies compared to B09 is a factor. Decreased

alkali results in less sintering of the silica grains in the body and a decreased melt

overall. The glaze material exhibited greater attraction to itself than to the body and

pulled away leaving a portion of the body surface exposed. B08 had adequate alkali

for a melt but too much calcium (a non-wetting agent) which interfered with the fusing

of the body particles and absorption of the glaze into the body. This is a potential

concern if using calcium as a binder during body formation.

Slurry immersion, slurry painting and dry powder application methods were tested on

samples B06-09 in prefired and raw states using GLZ03 (see Fig. 5-6). Slurry

immersion techniques resulted in various degrees of glaze coverage. Some of the

samples were fully encapsulated in a blue glaze whereas others had localized areas of
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Fig. 5-6: Results of application experiments using various body recipes with GLZ03. Prefired
B06 sample fragmentation is a result of body preparation and not glaze application.
Fragmented prefired B07 sample is a result of glaze application.
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coverage or almost none. Immersion of the raw body samples resulted in an

exothermic reaction as sodium in the body reacted with water in the slurry. Raw bodies

immersed into the slurry maintained shape if handled with care but were still

susceptible to dimensional changes. There was no dimensional affect to prefired

bodies.

Painting of slurry onto the bodies resulted in full coverage to applied areas. Upon

firing, glaze creep and pin holes were identified in two separate samples. The unfired

bodies were more susceptible to dimensional changes during application than those

subjected to immersion. These changes consisted mostly of a slight squeezing of the

body but one sample did exhibit slumping and complete separation of a portion of the

body (see Fig. 5-6).

Dry powder glaze application resulted in complete coverage in applied areas but

exhibited severe creeping upon firing. Body B09, raw and fired, was an exception and

creeping did not affect glaze coverage but the glaze did appear scorched possibly

because of sodium burn-off.

Application of a glaze slurry by painting produced a fully covered body regardless if the

glaze was glassy. Application as a dry powder provided full coverage for the B09

bodies but the other bodies exhibited major glaze creep. Application by immersion

resulted in the greatest variation of coverage. The coatings were generally thin or

patchy. Too much water in the slurry and/or particles that were too large to be held in

suspension are probable causes. As explained in section 5.4.1, the average size

quartz particle in the replicated faience body was much larger than those of the

archaeological material. The same is probably true for the glazes. Sieves with

openings <180 �m would have required continued grinding of the batch material and

resulted in smaller particles that would have been better held in suspension.

Thinly applied glazes exhibited fewer imperfections than thicker applications. Bubbles

formed during the generation of carbon dioxide required less time to escape leaving

more time for the viscous melt to fill in the cavity. Thin glazes were more susceptible to

near complete absorption into the body.

Kiln soaking period (Fig. 5-7), temperature increase rate (Fig. 5-8), and peak

temperatures (Fig. 5-9 and 5-10) were tested using body B09 coated with glazes

GLZ03, 05 and 07. Testing of the soaking period was composed of a peak

temperature firing using the common kiln setting with times of 60, 180 and 360
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Fig. 5-7: Kiln soaking periods of 60, 180 and 360 minutes were tested on copper colourant
glaze 03 (raw and prefritted) coated on body 09 (raw and prefired).
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Fig. 5-8: Temperature ramp up rates of 50, 100, 200 and 999 �C/Hr testing on prefritted
copper colourant glaze 03 on raw and prefired body B09.
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Fig. 5-9: Prefritted glazes 03 applied on raw and prefired body B09 were subjected to kiln
firings of 800, 850, 900 and 970 �Cpeak temperatures for 60 minutes. Blank areas represent
a failure to produce a glassy glaze.
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Fig. 5-10: Prefritted glazes 05 and 07 applied on raw and prefired body B09 were subjected to
kiln firings of 800, 850, 900 and 970 �Cpeak temperatures for 60 minutes.
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minutes (see Fig. 5-7). Thickly applied raw glazes exhibited a greater amount of

sodium burning at lower soak times whereas thin glazes reveal almost no scorching

with all firings. The raw glazes failed to produce a full coverage glassy glaze although

localized glassy areas existed. Prefritted glazes do not exhibit sodium burning.

Absorption of these glazes into the body is increased with longer firing times resulting

in localized thin glazes where the body is perceptible underneath and the glaze

surface is more textured. Large erupting bubbles are more prevalent with thickly

applied prefritted glazes and lower soaking periods. Increase of the soaking period

results in a thicker interaction zone (Fig. 5-11) and a more greenish hue to the glaze

(Fig. 5-12) An increase in the soaking time and quicker kiln ramp-ups to target

temperature affect the colour (Figs. 5-13 and 5-14). Smaller bubbles in the glaze are

associated with the shorter 60 minute soaking period but there is no change in the

density of bubbles across all the soaking periods (see Fig. 5-12).

Common kiln settings were used to test the effects of 800, 850, 900 and 970 �C peak

temperatures on the samples (see Figs. 5-9 and 5-10). Samples coated in raw glaze

03 were fired at 970 �C peak temperature but failed to produce a glassy glaze and

were dropped from the remainder of the kiln parameter testing. Darker blue glaze 03,

present at 800 �C on raw bodies, is replaced by the typical copper blue at greater

temperatures. Glazes on fired and unfired bodies at 800 �C are opaque. Glazes fired

at greater temperatures exhibited greater opacity. Glaze creep was noted on one

thinned glazed raw bodied sample fired to 900 �C. Thin glazes exhibit less erupting

bubbles than the thicker samples but are prone to higher absorption resulting in a

bodied textured surface with extremely thin to no glaze. The glazes on unfired bodies

produce darker colours than glazes on fired bodies. Glazes 05 and 07 produced the

same results as glaze 03 but changes in colour were harder to perceive because of

the darker blue associated with cobalt coloured glazes. Glaze creep was noted on two

of the glaze 05 raw bodied samples.

Glaze 03 samples subjected to the kiln peak temperature experimentation were

examined with SEM-BSE and OM. An increase in temperature resulted in thicker

interaction zones and less bubbles in the glaze (Figs. 5-15 and 5-16). The colour

changes from a greenish-blue at 800 �C to a brilliant blue at 850 �C, to a muted blue at

greater temperatures (see Fig. 5-12). Glazes 05 and 07 exhibit a similar

microstructural result to the effects of increasing kiln peak temperature (Figs. 5-17

through 5-20); there is an increase in the thickness of the interaction layer. There are

fewer and smaller bubbles at greater temperatures. Colour changes are not

perceptible and may be overpowered by the strong colouring characteristic of cobalt.
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Fig. 5-11: A comparison of the microstructure of prefritted copper colourant glaze 03 on
prefired B09 at 60, 180 and 360 minute soak period at 850 �Cpeak restricted to 100 �C/Hr
temperature increase. The BSE image magnification is x20 and the scale reads 1 mm.
Interaction zone thickness of glaze 03 is 903 �m (60 min), 943 �m (180 min) and 1442 �m
(360 min). Electron charging on the polished surface is caused by lapping oil seeping from
the porous body under the high vacuum.
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950 � C Peak

900 � C Peak

850 � C Peak

800 � C Peak

2 cm

1 mm
Fig. 5-12: Peak temperature and effects on copper colourant glaze 03 on B09 bodies fired
using 100 �C/Hr rise restriction and 60 minute soak.

.
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180 Minute Soak

60 Minute Soak
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Fig. 5-13: Kiln soaking period and the effects on copper colourant glaze 03 on B09 bodies
fried using 850 �C peak and 100 �C/Hr rise restriction.
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Fig. 5-14: Temperature increase rate and the effects on copper colourant glaze 03 on body
09 fired using 850 �C peak and 60 minute soak period.
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Fig. 5-15: Kiln peak temperatures and effects on microstructure. Copper colourant glaze 03
on fired bodies with a 100 �C/Hr temperature rise restriction and 60 minute soak. The BSE
image magnification is x20 and the scale reads 1 mm. Interaction zone thicknesses are 555
�m (800 �C), 850 �m (850 �C), 1100 �m (900 �C) and 1200 �m (970 �C).
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