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Abstract

This thesis takes a multidisciplinary approach to the study of ancient Egyp-
tian ceramics by applying scientific dating techniques alongside more tra-
ditional methods. It is the first study to apply OSL dating to an Egyptian
ceramic assemblage, and it has done so by developing the minimum extrac-
tion technique (MET), which has made it possible to use OSL to sample, and

thus analyse, ceramics housed in museums.

The MET is at present essential to the success of OSL dating of Egyptian
ceramics, as the exportation ban on antiquities has prevented OSL analysis

of field material.

For this thesis, using this new sampling technique, OSL has been applied
to several assemblages from the Predynastic to the Early Dynastic period.
Ceramics from Bét Khallaf have been examined, with three phases being
established: late Naqada III, First Intermediate Period, and the mediaeval
Islamic period. Absolute dates have been determined for each phase and,
where comparison is possible, have been found in good agreement with the

historical chronology.

A set of vessels from Naqada, Ballas, and the Tomb of Djer at Abydos have
been examined using OSL in conjunction with radiocarbon dating. Again,
three phases of activity were discerned: late Naqada Il, early Naqada III, and
the first scientifically determined dates for a burning event in the Tomb of
Djer (the New Kingdom).

The thesis also demonstrates how OSL can be used as a relative dating tech-
nique by analysing a collection of Wavy-Handled ceramics and wine jars
from Turah, finding that the OSL results agree well with the established rel-

ative chronology.

Finally, this thesis has also examined the applicability of cladistic analysis
to the study of Egyptian ceramics. Cladistics is a technique borrowed from
the biological sciences which offers a complimentary way to examine the
evolution of ceramic types and forms, in particular the development of beer

and wine jars.
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CHAPTER 1

Introduction and research objectives

1.1 Ceramics in Egyptian archaeology

Chronology is one of the most fundamental elements of archaeological enquiry. With
a thorough understanding of chronology, archaeologists can piece together a history
of events on local, regional, and interregional scales. Of all the archaeological material
culture available for chronological study, pottery is arguably the most useful. Often con-
sidered the ‘disposable waste’ of the ancient world, pottery has two main benefits which
make it particularly conducive to chronological enquiry. First, it is ubiquitous, and found
at almost every archaeological site encountered. Secondly, pottery is a chronometer, and
follows typological development—that is, the style and shape of a vessel is usually gov-
erned by the fashions in vogue at the time of production. This means that vessels with
similar morphological and manufacturing characteristics are generally considered con-
temporary with one another. The study of typological development, typology, permits
the recognition of diagnostic artefacts which are characteristic of a certain time period
and allows the different forms and attributes of each type to be discerned (Renfrew and
Bahn 2008:126-7).

Owing to these characteristics, ceramics are generally considered to be the ‘back-
bone’ of relative archaeological chronology. By understanding the development of ce-

ramic styles, it is possible to understand the progression and development of other ma-
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terial culture groups which are not as diagnostic as ceramic material, but are still found
in association with various ceramic styles. Furthermore, by understanding the chronol-
ogy of material culture it is possible to understand the development and progression
of history itself—for example the emergence of societies, the development of states, the
formation of trade networks, and the development of manufacturing process and skill-
based production. In Egypt, ceramics are also a body of evidence that transcend social
status, meaning that the age-old adage of archaeology being too often the study of the
elite no longer applies: pottery represents the lives and death of individuals across so-
cial strata. When it comes to providing a greater understanding of the past, pottery is

always more precious than gold.

1.2 Relative vs. absolute chronology of Egyptian
ceramic material

The study of ceramic chronology has been invaluable in Egyptian archaeology. The first
systematic and scientific study of a ceramic culture anywhere in the world was carried
out by William Matthew Flinders Petrie in the late Victorian period on Egyptian ceram-
ics. Petrie, generally considered the father of archaeology, attempted to classify and
order the ceramics he encountered in his excavations at Predynastic Egyptian sites, and
he later expanded his work to include additional Early Dynastic sites (Petrie 1899; Petrie
1921; Petrie et al. 1953). In his work, Petrie pioneered the technique of ceramic seriation
in Egypt (known as ‘sequence dating’), a methodology which allows the identification
of diagnostic ceramic types within a given time period, and in turn enables the identifi-
cation of distinct forms and attributes for each type (for further discussion see Section
2.1 below). Given that ceramics have been shown to change and develop temporally,
with stylistic changes dictating their development, the concept of ‘like goes with like’,
as developed by Petrie, forms the basis of relative dating in archaeology.

Relative dating is the establishing of a chronological sequence without being able

3
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to anchor it to a fixed time scale. In contrast, absolute dating is the establishing of a
chronological sequence with direct reference to a tangible calendar system (for exam-
ple, years BcC or years BP). There is often a discrepancy between the use of the terms
‘relative’ and ‘absolute’ chronology within Egyptology, and the main cause of confu-
sion is governed by a distinction between the archaeological and historical chronologies.
When discussing the historical chronology, ‘relative’ can be a term used to distinguish
between the reigns of different kings, with the ‘absolute’ chronology being anchored to
cosmological events, such as heliacal risings. In the archaeological chronology, ‘relative’
chronology is based upon the archaeological phases as distinguished, for example, by
material culture and architecture, whereas ‘absolute’ refers to a date based on a known
calendar system (e.g. years Bc), determined by scientific dating methodologies e.g. ra-
diocarbon dating, luminescence dating.

Fortunately, scientific study of Egyptian ceramics has achieved significant headway
since the 1980s, and, as a result, much is known about manufacturing technology (e.g.
Ownby and Griffiths 2009, Nicholson 1993; and often through ethnoarchaeology, e.g.
Nicholson and Patterson 1989, Nicholson and Patterson 1985b, Nicholson and Patterson
1985a), clay/fabric and petrographic studies (Hartung et al. 2015, Ownby and Bourriau
2009, Mallory-Grennough and Greenough 1998, McGovern 1997), use history of ves-
sels (see references in Chapter 9 and Appendix B), and to an increasing extent chemical
analysis (e.g. Tobia and Sayre 1974, Morgenstein and Redmount 2005, Redmount and
Morgenstein 1996). But in the field of ceramic chronology, while relative typological
studies have previously formed the basis of understanding Egyptian ceramic chronol-
ogy, and although Egyptian archaeologists have been at the forefront of relative dating
research, the discipline has fallen dramatically behind with regard to scientifically ob-
tained absolute dating. This is to its detriment, since by engaging in absolute dating, the
archaeologist can obtain direct, calendar dates for ceramic material, thus compliment-
ing and aiding a more comprehensive understanding of ceramic chronology than can be

obtained by relative dating alone. The union of the disciplines can only benefit the study
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of ancient Egyptian ceramics and the addition of a scientific basis to ceramic chronology

of ancient Egypt would strengthen and enrich pre-existing relative chronologies.

1.3 Why has absolute dating not been applied more
often to Egyptian ceramic material?

Given the benefits of coupling relative and absolute chronology in order to obtain the
most comprehensive understanding for ceramic material, the first question that comes
to mind is why has this not happened sooner in the case of Egyptian material?

In order to answer this question fully it is first necessary to understand the tech-
niques available for absolute dating of ceramic material. There are two generally acces-
sible, high-precision scientific techniques available to the archaeologist for the absolute
dating of ceramics: radiocarbon dating and luminescence dating. The latter, in the case
of ceramics, is the most beneficial. This is because radiocarbon dating is based upon
the dating of organic compounds, whereas luminescence dating is based solely upon the
dating of inorganic minerals. In the case of ceramics, radiocarbon dating can be useful
for dating organic material stored within a vessel (thus only providing indirect dates
for the presumed last use of a vessel), but luminescence dating can be used to date the
vessel itself. This is because the main mineral used in luminescence dating is quartz,
which—since it is a main component of the ceramic clay fabric in the form of sand—is
abundant in Egyptian pottery.

Although radiocarbon dating has been applied for several decades, since the mid-
1960s, and is now used with increasing frequency in the study of Egyptian material
culture (e.g. Bronk Ramsey et al. 2010; Dee 2013d; Dee 2013b; Dee 2013a; Dee 2013c;
Dee et al. 2009; Dee et al. 2012; Shortland and Bronk Ramsey 2013 and articles therein),
luminescence dating has only been applied rarely to Egyptian ceramics. Furthermore,
the limited number of studies incorporating luminescence dating in Egyptian archae-
ology used the thermoluminescence (TL) dating method, which although popular at its

5
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inception in the 1960s is now supplanted by the newer optically stimulated luminescence
(OSL) dating technique devised in the 1980s. Initially, when TL was a novel approach,
several studies used TL to attempt to date Egyptian archaeological material, with vary-
ing success (e.g. Abdel-Wahab et al. 1996; Caton-Thompson and Whittle 1975; El-Fiki
et al. 1994; Kroeper 2003; Riederer 1978; Sekkina et al. 2003; Whittle 1975; and see fur-
ther discussion in Section 3.1.1). However, the introduction of OSL as a significant tool
for dating archaeological materials coincided with the introduction of the Egyptian Law
on the Protection of Antiquities (Law No. 117) enacted in 1983, which effected a ban on
the export of archaeological material from Egypt, even for the purpose of scientific anal-
ysis (cf. Kohler 2011). Therefore, while archaeologists working in other regions were
able to embrace this new luminescence dating technique, newly excavated Egyptian
material was off-limits for OSL dating as well as other scientific dating and analytical
techniques. Furthermore, as the necessary analytical facilities were unavailable, archae-
ologists could not carry out such investigations in Egypt either (a recent exception to
this is the radiocarbon dating facility set up in Cairo at the Institut frangais d’archéologie
orientale; however, this laboratory uses the older liquid scintillation technique, whereas
accelerated mass spectrometry (AMS) radiocarbon dating is now the preferred method
of choice). OSL dating remains unavailable to archaeologists working in Egypt, and,
while OSL has continued to advance considerably in its archaeological application and
methodology elsewhere (e.g. Lian and Roberts 2006, and references therein), there is
still a conspicuous absence of OSL dating of Egyptian material. Excluded from this state-
ment are OSL measurements done on non-archaeological material in Egypt (Bubenzer
and Hilgers 2003), and measurements on geological samples found in association with
archaeological sites (Bubenzer et al. 2007; Huyge et al. 2011; Liritzis et al. 2008; Liritzis
et al. 2013;Vermeersch et al. 1998). The only Egyptian archaeological material available
for OSL work since the introduction of OSL dating in archaeology has been museum
material. Museum material is more difficult to work with for several reasons, not least

because OSL is a destructive technique requiring the physical removal of a sample from
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an artefact: there has been an understandable hesitation to subject museum specimens
to a sampling protocol that has historically required a large (and often unsightly) sam-
ple for scientific analysis. This has caused OSL to be viewed unfavourably in many
instances, resulting in museum material often being overlooked.

However, in order to progress with the application of scientific analysis of Egyp-
tian material, it is essential to begin working with museum specimens, that is, artefacts
legally exported from Egypt prior to the 1983 exportation ban, while recently exca-
vated material remains off-limits (Hood and Schwenninger 2016). This thesis sets out
to achieve this, by presenting a new OSL sampling technique, developed specifically
with museum materials in mind, which requires only a small 2 mm X 4 mm sample to
be extracted from the ceramic object. This new technique is the minimum extraction
technique, or MET, a name which illustrates the minute quantity of sample needed. The
MET (outlined in Section 4.1) is an innovative technique which has finally allowed the
dating of museum material using luminescence (Hood and Schwenninger 2015). Thus,
this thesis presents the first ever OSL results obtained for Egyptian ceramics and material
culture, focusing on three main data sets all dating to the Predynastic and Early Dynastic
period of ancient Egypt: ceramics from the sites of Bét Khallaf, Turah and the Abydene
region. At this stage, however, due to the limited scope of this thesis (i.e. only a rela-
tively small number of samples could be incorporated into the study), a high-precision
ceramic chronology using OSL dating on Egyptian ceramic cannot yet be achieved. This
will require a more robust data set. However, by examining ceramic material from a
broadly understood relative chronological period, this work clearly demonstrates the
significant knowledge and benefits that OSL dating can provide for the field of Egyptian

ceramic studies.
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ancient Egyptian ceramic chronology

1.4 Research objectives: advocating a

multidisciplinary approach to the study of
ancient Egyptian ceramic chronology

Traditionally, the majority of studies on Egyptian ceramics have examined the material
using one designated (usually relative) chronological technique (e.g. Hendrickx 1996;
Jucha 2005; Kaiser 1957; Kohler 1998; Kohler 2014a; Petrie 1921; Petrie et al. 1953; Raue
1999). However, we are now in the position to broaden our scope of analysis and bring
together a suite of analytical and chronological techniques available to archaeologists
and engage in a more thorough examination of the ceramic assemblage. Indeed, by
combining both relative and absolute dating methods, we can hope to achieve a broader
and more comprehensive understanding of our subject matter. In the case of Egyptian
ceramic material, by combining new OSL results with our prior understanding of more
traditional ceramic analysis methods (i.e. ceramic typology and morphology), we can
hope to add an entirely new body of information to the existing literature. Owing to the
limited information and data available up till now for the absolute dating of Egyptian
material, it is beneficial to adopt a multidisciplinary approach to widen the scope of new
information and scholarship achievable for re-examining the ceramic assemblage of a
period.

With such a multidisciplinary approach to the study of ancient Egyptian ceramic
chronology, we have in hand a powerful tool to reassess and further define the chrono-
logical implications of a fascinating data set. Thus, in addition to pioneering the OSL
method in Egyptian ceramics, this work also seeks to extend the scope of methodolo-
gies available for relative dating. First, the application of the MET and OSL dating as
a relative dating technique, as well as an absolute dating technique, was examined by
means of a case study conducted using material excavated from Turah and Hierakon-
polis. Secondly, the application of cladistic analysis—a technique borrowed from the

biological sciences which makes possible the tracing of the evolutionary development
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of archaeological ceramics—could also be of immense benefit to this study as it would
allow the ‘fine-tuning’ of some typological elements of Egyptian ceramic chronology.
Preliminary results of the first steps in such an analysis are presented in Chapter 7.

To promote still further a multidisciplinary approach to the study of Egyptian ceram-
ics, this thesis also presents a case study which illustrates how, by combining both OSL
dating and radiocarbon dating, a more comprehensive and precise understanding of the
absolute ceramic chronology can be achieved, while at the same time both techniques
can be used as independent verification for the other. Establishing absolute chronolo-
gies by employing more than one method permits cross-checking and comparison of
dating protocols and results. Furthermore, by using two independent absolute dating
techniques which draw upon different materials, this case study also illustrates how,
through a combination of techniques, a better and more thorough understanding of the

archaeological history at a site can be determined.

1.5 Outline of this thesis

This thesis presents two separate, but complimentary, aims in its examination of Egyp-
tian ceramic chronology: first, to introduce OSL dating to Egyptian ceramics using the
MET and apply it to the study of early Egyptian ceramic material, and second, to use OSL
dating alongside a multidisciplinary approach in order to achieve a more comprehen-
sive understanding of ceramic history, examining not only chronology, but also ceramic
manufacture, use history, and cultural formation processes affecting ceramic deposition
in the archaeological record. Furthermore, this thesis will illustrate the benefits that OSL
dating, used in conjunction with a multidisciplinary programme of analyses, can offer
the future of ceramic studies in Egyptian archaeology.

This thesis comprises five parts. Part I (Chapters 1 to 3) presents the background
of the project, with Chapter 1 providing an introduction to the thesis as well as pre-
senting its research objectives. Chapter 2 presents the ceramic data set for this thesis

and discusses the issues involved in the accessing of suitable material for analysis. Im-
9
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portantly, it also introduces the data set in both its historical and archaeological context
and provides a discussion on the scholarship which has been instrumental in identifying
and analysing this archaeological culture. Chapter 3, the final chapter in Part I, briefly
introduces the methodologies incorporated into this thesis.

Part II offers an overview of OSL dating and an introduction to it, and, in particular,
introduces the reader to the minimum extraction technique (Chapter 4), discussing the
development of the technique, and considerations which need to be taken into account
when using it.

Part III examines OSL dating and its application to the main data set incorporated
into this thesis, the ceramic assemblage recovered from the site of Bét Khallaf. Chapter
5 presents the OSL results obtained for the Bét Khallaf material as well as an in-depth
examination of the OSL protocols used for analysis of this material. Chapter 6 considers
the OSL results in relation to the existing relative ceramic chronology and typology,
and presents newly determined chronological information for the assemblage, which
includes a multi-period depositional history, based on the OSL evidence.

Part IV looks at further extending the study of early Egyptian ceramics by employing
a multidisciplinary approach alongside OSL dating. Three case studies are presented to
achieve this. The first, Chapter 7, examines the application of relative dating methods
to the ceramic data set, specifically introducing cladistic analysis. It presents results of
such analyses to date and discusses how cladistic analysis can continue to be applied
to the study of Egyptian ceramics. Chapter 8 looks at using OSL as a relative dating
technique, when the necessary information needed to achieved absolute dates using
OSL is unobtainable. This chapter focuses on a data set obtained from the site of Turah
and Hierakonpolis. Chapter 9 examines the application of OSL dating in conjunction
with radiocarbon dating, working with a data set from the Abydene region, with six
vessels from the sites of Naqada, Ballas, and the Tomb of Djer at Abydos.

The thesis concludes with Part V, where Chapter 10 summarises the results and find-

ings, and makes concluding remarks on future directions for work in this field.
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CHAPTER 2

The data set

The ceramic data examined in this thesis is primarily material that dates from the Naqada
IIT archaeological phase of ancient Egypt, with two vessels dating to the late Naqada II
period. Within the historical chronology, Naqada III lasts from the Late Predynastic pe-
riod until around the beginning of the Old Kingdom, or alternatively, spans Dynasties
0-3. The period is divided into four phases, Naqada IIIA-D, which in turn are divided
into seven sub-phases (see Table 2.2 below; Kohler in prep). With regard to the absolute
chronology, it remains one of the more complicated periods of Egyptian history, the ex-
act chronological sequence of which continues to be heavily debated (Kéhler 2013: 224).
The archaeologically-defined phases of the Naqada culture were initially synchronised to
the elusive absolute chronology through the results of a century of research at Abydos.
Identifying diagnostic artefact types within assemblages in the royal cemetery—thus ty-
ing these to the reigns of specific kings—enabled the typology to be anchored to the
historical timeline." This was achieved mainly through inscriptions bearing the names
of the early kings on stone and ceramic vessels, and this made it possible for the Wavy-
Handled? chronology, initially identified by Petrie (Petrie 1901a), to be built up through
extensive observation across the royal tombs.

As already observed in Chapter 1, confusion often arises owing to the multitude of

! The historical timeline of the earliest dynasties is still a cause of historical uncertainty, especially
given the uncertainty surrounding the precise succession of kings (K6hler 2013: 229-230).

*The use of term “Wavy-Handled” ware follows Petrie 1901a, who initially identified this ware type
as one of nine main classes of the earliest known Egyptian ceramic styles.
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terms in use for essentially the same period of early Egyptian history, based on discrep-
ancies existing between the relative and absolute chronologies of early Egypt and the
historical and archaeological definitions. In an attempt to clarify the situation, Table
2.1 presents a comprehensive overview of the different terminologies in common use
for this period of Egyptian history. Within this thesis, the Hendrickx system of termi-
nology will be used, alongside the historical dynastic system (highlighted in bold italics
within the table).

The choice of time period and material for this study was both personal and prac-
tical. From a personal perspective, the author has worked with Naqada III material at
the site of Helwan for six years and has, therefore, both a strong academic interest in
the subject (including an Honours thesis based upon a reassessment of the Naqada IIID
ceramic assemblage: Hood 2007) and the experience of working with material from this
period in the field. Initially the Naqada IIID sub-phase of the Naqada III period presented
itself as the most desirable focus for this project; however, the material eventually se-
lected for analysis, and thus the material presented in this thesis, was heavily dictated
by availability. Due to the destructive nature of OSL sampling, several museums ini-
tially approached were more hesitant than others, not allowing samples to be taken
(see further discussion below), and other museums, while not having specific Naqada
IIID material, were very willing to allow other Naqada III material in their collection
to be sampled. Consequently, the selection of data for this project grew organically,
and eventually comprised a selection of vessels from throughout the Naqada III period.
Furthermore, the Naqada III period is an excellent choice for examining the application
of a chronometric dating technique: this thesis seeks to address the common concep-
tion that OSL dating is not suitable for Egyptian material (see, for example, Goedicke
2006: 360) and to illustrate how OSL can be used as a chronological tool by Egyptian

archaeologists.
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Table 2.1: A correlation of the terminology of the Naqada culture (following: Hendrickx 2006: Table I1.1.1 (pg. 56); Hendrickx 1996: Table 9;
Kohler and Thalmann 2014). For more detailed comparisons of Kaiser and Hendrickx see Hendrickx 2011: 70. NB the absolute radiocarbon

dates can vary between sources: these follow Kohler and Thalmann 2014.

Archaeological Chronology Historical Chronology
Relative Chronology Absolute Chronology Relative Chronology Absolute Chronology™*
Petrie Kaiser | Hendrickx . . Hornung .
(1896; 1901; | (1957; | (1989; 1994; Ig‘gsgga;‘ Ra‘g:tci;rbon gi’::f:: King List et al. (821(1)3‘0“; G(Ergn;)‘l
1953) 1990) 1996) & (2006)
Proto- 2730-2590 2890-2686 | 2925-2700
. Nagqada 2850-2680 Dynasty 2 |Hepetsekhemwy~
dynastic (SD D (2680-2620) BC (Dynasty 3) | Khasekhemwy (2592-2544) | (2686-2625) | (2700-2625)
76—86) . BC BC BC
(Djoser—)
Semainean Nagada , 2900-2730 3000-2890 | 3150-2925
(SD 60-75) Stufen | pr101-3¢ Terminal 3100-2850 Be Dynasty 1| Narmer-Qa-a BC BC BC
IMal- Predynastic
I3 Nagada Dynasty 0
[1IB 3300-3100 (Aby- Iry-Hor/Ka
3100 Be dos)/Protodynastic
Nagada Proto- Scorpion I
IIA1-2 Dynastic P
Gerzean (SD | Stufen | Naqada Late Predvnastic
38-60) Ila-d | IIC, IID1-2 | Predynastic Y
Amratian | Stufen | Naqada Middle Predvnastic
(SD 30-37) | Ia—c |IIA-BIA-C | Predynastic y

Notes: * Naqada IIIC3 has been added to the Hendrickx divisions by Kohler 2004 to differentiate the final stage of the cylindrical vessel as

reflected in recent excavations at Helwan. ** Historical absolute dates are based upon historical sources such as cattle counts, king lists, and
astronomical observations (see discussions in Kohler and Thalmann 2014 and Hornung et al. 2006 for additional information). Bold italic text
denotes terminology used in this thesis. SD = sequence date (as determined by Petrie 1901a: 4-8; Petrie 1920: 3—4; and see Section 2.1). The data
in this table appearing in brackets denotes the Third Dynasty, which is not always uniformly recognized as belonging to the Early Dynastic
Period, thus here being presented in brackets alongside those periods which are universally accepted as Early Dynastic (i.e. Dynasties 0-2).




2.1. Historical context of the Naqada III period

2.1 Historical context of the Naqada III period

Within the relative chronology of early Egypt, the Naqada III period is the last phase of
the ‘Naqada culture’, a term first used by Scharff to describe the archaeological phase/-
culture associated with Petrie’s excavations at the sites of Naqada, Ballas, and Diospolis
Parva in Upper Egypt (Scharff 1927, Petrie 1901a; Petrie and Quibell 1896; cf. Kohler
in prep). At the time, the culture uncovered was unknown to archaeologists in Egypt,
which initially led Petrie to consider the material as belonging to a ‘New Race’, although
this surmise was quickly shown to be incorrect and the true Predynastic nature of the
material was realised (Morgan 1896 cf.Hendrickx 2006: 60). Petrie’s work on the Naqada
culture focused mainly on the ceramic typology, and, as a result, Petrie characterised
the development of the culture based on the emergence, occurrence, and evolution of
distinct ceramic types.* He did this by organising them into what he called ‘sequence
dates’ (SD) (Petrie 1901a: 4-8; Petrie 1920: 3-4; cf. Hendrickx 2006: 60) a system which
is considered ‘the first attempt at what is now known as seriation’ (Hendrickx 1996: 36;
Hendrickx 2006: 60). Starting at sequence date 30, Petrie initially divided the material
into three groups, which were known as the Amratian (SD 30-37), Gerzean (SD 38-60)
and Semainean (SD 60-75) (Hendrickx 2006: 62). Later, the SD system was extended
to include what was considered ‘Proto-dynastic’ material, excavated primarily at the
Tarkhan cemetery (Petrie et al. 1913), correlating to SD 76-86 (Hendrickx 2006: 62).
Although Scharff (Scharft 1927), and following him Baumgartel (Baumgartel 1947),
tried to rework the definitions of Petrie’s system, it was in 1957 that Petrie’s sequence
dating system was re-examined and modernised by Werner Kaiser (Kaiser 1957; cf. Koh-
ler in prep). The impact of Kaiser’s work was far-reaching and his contribution remains
essential to the study of the period (Kohler in prep). Examining cemeteries 1400-1500
at Armant, Kaiser similarly distinguished three spatial zones within the cemetery based

on distribution of ceramic types, which were considered to be of chronological signif-

* Whether the term ‘culture’ is appropriate or not to this situation is a topic that has recently been
discussed elsewhere (Kohler in prep); however, for the purposes of this thesis, the term ‘Nagada culture’
is incorporated undisputed as the most straightforward terminological phrase in common use.
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icance (Kaiser 1957 cf. Hendrickx 2006: 64). These three newly defined stages of the
Nagada culture were further divided by Kaiser into sub-phases known as Stufen (singu-
lar Stufe), several of which were based upon additional ceramic material not seen in the
Armant corpus, that is, to say that Kaiser knew of their existence based on additional
archaeological evidence from other sites (Kaiser 1957 cf. Hendrickx 2006: 64). Although
similar to Petrie’s SD system, Kaiser’s Stufen had the additional benefit of considering
spatial distribution of the material (i.e. the horizontal stratigraphy within the cemetery)
alongside the changes in ceramic style (Kaiser 1957 cf. Hendrickx 2006: 65, Table I1.1.3).
Kaiser’s system also escaped the inherent problems of Petrie’s tightly defined SDs in
that by discussing three broadly defined periods, rather than three periods tightly re-
stricted by specific SDs, Kaiser’s Nagada culture division can be more readily expanded
and added to with ease (Hendrickx 2006: 65).

Following Kaiser’s redefinition of the Naqada culture, several further studies fol-
lowed, concerning themselves primarily with computer seriation methods and distribu-
tion studies of the Nagada culture material. Computer seriation methods will be dis-
cussed in greater detail elsewhere (see Chapter 6). Of distribution studies carried out
on this time period, there are two of particular interest: Friedman (Friedman 1981; cf.
Hendrickx 2006: 68) was the first to engage in a study which focused primarily on the
spatial distribution of the material culture (rather than the seriation method, which fo-
cuses on the presence/absence of ceramic types), in this case at cemetery 7000 at Naga
ed-Der. Payne (Payne 1992; cf. Hendrickx 2006: 68) re-examined the Main Cemetery at
Naqada in the light of Kaiser’s revision of the Naqada culture and, in general, the simi-
larity between the Armant and Naqada material was significant, thus further validating
Kaiser’s methodology.*

Thus far, discussion of the development of the Naqada culture has been presented

without critique, as a simple linear narrative. However, this is not the case, and it is es-

* These additional studies have all been discussed and critiqued at length elsewhere and do not en-
hance the discussion surrounding the present work. The reader is referred to e.g. Hendrickx 1996, Hen-
drickx 2006 and Hood 2007 for a more comprehensive discussion of scholarship of the Nagada culture.
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2.1. Historical context of the Naqada III period

sential to note here that there are inherent problems with the scholarship of the culture
(Kohler in prep; Kohler 2014b). For instance, the two major flaws in Petrie’s original sys-
tem were that it failed to truly distinguish between typology and chronology, and that
he ignored the horizontal and spatial distribution of the material, which would have
improved discussion of the chronological impact of the SD system (Hendrickx 2006:
63). Similarly, while considering the initial ceramic divisions of Petrie, Kaiser’s Stufen
chronology focuses primarily on a single cemetery, thus possibly restricting the applica-
bility of the study to a broader geographical spread. Kaiser noted this problem, acknowl-
edging that at the site of Mahasna, for example, regional differences are discernible
(Kaiser 1957; cf. Hendrickx 2006: 65). Furthermore, although his Nagada chronology is
based upon Armant, this cemetery only produces very scant evidence for several sub-
phases of the culture (notably Stufen Ia, Ib, and IIIb), which thus renders them mostly
theoretical rather than based on more solid evidence. Finally, Kaiser’s large-scale study
has never been published in full, and thus much of the methodological work and the
more detailed descriptions of each sub-phase remain widely unknown. Although Kaiser
also extended his original 1957 work in an additional article published in 1990, which ex-
tended his chronology into the First Dynasty, this also remains only partially published
(Kaiser 1990).

In 1989 (and subsequently in 1994 and 1996) the most significant reworking of the
phases of the Naqada culture, by Hendrickx, emerged in the literature, and it is this
system which is the most favoured in today’s scholarship (Hendrickx 1989; Hendrickx
1994; Hendrickx 1996). Hendrickx’s work presented a study which incorporated a far
wider corpus of material, from a multitude of sites across Egypt from which reliable
archaeological evidence was available, and considered both the spatial distribution of
the material and the assemblage of material culture associated with each context. While
Hendrickx followed a similar methodology to Kaiser, the increased body of evidence per-
mitted a more extensive understanding of the phases of the Naqada culture and therefore

enabled Hendrickx to rework the definitions for each phase and sub-phase. In the litera-
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ture, Hendrickx’s divisions can be differentiated from Kaiser’s by the replacement of the
term Stufe for Naqada and by the capitalisation of the sub-phases (i.e. from Stufe IIla2
to Naqada IIIA2). Two major additions to the Naqada chronology by Hendrickx are the
newly defined Naqada IIID sub-phase (Hendrickx 1994), and the redefinition of Stufe
IlTa2 as Naqgada IIIA1, and of Stufe Illa1/Ild2 as Naqada IID (Hendrickx 2011: 72-73).
Although his is the most methodologically sound of the Naqada culture chronologies,
Hendrickx acknowledged that working with archaeological evidence from the Naqada
period produces a conflict of interest: there is equal weight placed on identifying as large
a number of individual vessel types as possible, but simultaneously a need for gaining
further information on spatially distinct grave groups. The result is that individual re-
searchers will often be governed by their own subjective views on how best to analyse
and work with the data. Thus Hendrickx suggests that it may not ever be possible to
establish clear and objective rules for defining the chronological phases of the Naqada
culture (Hendrickx 2011: 71).

Finally, another issue which must be addressed when examining the history of the
Nagada III period is the fact that much research needs to be conducted on material ex-
cavated over 100 years ago. This material is often poorly documented and, as a result,
important information such as spatial distribution and exact depositional histories are
often lacking, resulting in large gaps within the available data set. In addition, when
considering a typological study, it is very important to work with good quality data,
and sadly, when it comes to the ceramic material available from the turn of the twen-
tieth century, one must often rely on poorly recorded drawings, with little diagnostic
information. For example, in the case of Emery at Saqqara, the vessel types presented
in the publications were not individual vessels but rather type designations, which were
simply an amalgamation of various similar vessels (Emery 1949; Emery 1954; Emery
1958). It is often impossible to gain any further clarification for individual vessels as
much of the pottery was left in the field, or found its way into private collections. Con-

sequently, only the material given to museums is available for further study. This makes
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much of the original work done on the Nagada culture unverifiable.

Table 2.2: Diagnostic features of the ceramic assemblage for each subdivision of the

Naqada culture.

Nagada Sub-

Diagnostic ceramic features
phase

Black Topped Ware and Decorated Ware no longer present

Red Polished Ware now rare

Rough storage jars become more slender (form L30g/k; L31a)

Marl storage jars (form L36n/s) frequent

Late pottery classes increase in number of forms and quantity

Decorated Late Ware with less complex designs (forms D20-21; 24-25)
Wavy-Handled vessels become more slender (forms 49-50) and handles now
a continuous band

« Type 1 beer jar (Kohler and Smythe 2004)

IIIA1

+ Quantity of Rough Ware significantly decreases (might possibly be due to
regional variation, rather than being a specific typological marker, as the
Nagada IIIB assemblage is dominated by material from the site of Tarkhan)

+ Quantity of Wavy-Handled ware increases (form W62) and Net Painted de-

A2 sign emerges (W55, W58, W61, W62)

Marl storage jar L36n/s is replaced with a broader type (L36a/g2/k)

Rough Ware jars become increasingly slender (L31a)

Decorated pottery very rare

Type 1 beer jar (Kohler and Smythe 2004)

+ Slender Rough Ware jars become increasingly rare

« Continued decrease in Rough Ware

« Smaller marl storage jars become more common (form L36b, L38a) than their
larger counterparts (L36a, L36k)

« Wine jars with banded decoration begin to appear infrequently (SD 76), and

B have a vessel index of 2.5-2.6 (Kohler and Smythe 2004: 130)

« Decorated pottery continues to be rare

« Substantial decrease in Net Painted Wavy-Handled Ware

« Wavy-Handled vessels become increasingly cylindrical and now have an in-
cised continuous band

« Type 1 and 2 beer jars (Kohler and Smythe 2004)

Decorated vessels and Rough jars no longer present

Late Ware most represented ware group

Marl storage jars still present, Petrie’s 65 group most frequent (Petrie 1921)

Increase in the quantity of wine jars with banded decoration which have a

vessel index of 2.5-2.6 which increases to 2.8-3.0 in the later Naqada IIIC

IcC1 period (Kohler and Smythe 2004: 130)

« Wavy-Handled vessels diminish in frequency and are now mostly cylindrical
with no band decoration; they move towards being made predominately of
Nile silt clay

« Type 2 beer jars (Kohler and Smythe 2004)
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Table 2.2: (continued)

Nagada Sub-
phase

Diagnostic ceramic features

1IC2

Wavy-Handled vessels now a more degraded form, usually made of Nile silt,
much narrower and straight-walled

Decrease in quantity of large marl storage vessels, but increase in both smaller
varieties

Wine jars continue to be present, but now made almost always of Nile silt
clay, (Kohler et al. 2011: 107) and a vessel index of 2.8-3.0 (K6hler and Smythe
2004)

Type 2 and 3 beer jars (Kéhler and Smythe 2004)

1IC3

Degraded, small cylindrical vessel, made of Nile silt clay, narrow width and
straight-walled—this degradation of the cylindrical was noted by Kéhler at
Helwan, who designates this final cylindrical vessel form as the Naqada IIIC3
sub-phase (Kohler 2004: 300-301; Kohler 2013; Kohler and Smythe 2004; Koh-
ler et al. 2011: 107)

This phase is otherwise similar to Naqada IIIC2

D°

Absence of Wavy-Handled/cylindrical vessels (K6hler and Smythe 2004)
Smaller marl storage jars still present

Wine jars become more elongated (‘torpedo’-shaped), and have a vessel in-
dex of greater than 3.5 (Kéhler and Smythe 2004: 130). However, it also ap-
pears that later in the Second Dynasty the wine jar becomes miniaturised
and the vessel index is no longer a reliable date indicator, although the shape
of these vessels remains ‘torpedo’ in style (Hartmann 2006; Hood 2010a). It
also appears that these miniaturised vessels are increasingly made of a mixed
marl-Nile clay

Type 4 beer jar (Kohler and Smythe 2004

Types common in the Old Kingdom begin to emerge in their early stages of
development: Internal Rim Bowl, Meydum Bowls, collared beer jar (which
has also been designated “Type 5 beer jar’ by Hood and Valentine 2012 (cf.
Kohler et al. 2011)

Commencement of the flared, restricted neck, flat-based, squat jar (early
Nagada IIID)

Commencement of the restricted neck, flat-based jar (later Naqada IIID, likely
a later form of the squat jar).

*> Based upon the ceramic repertoire at Helwan, Kohler has further divided the Naqada IIID period

into 5 date groups (Kohler 2004; Kohler 2014a). These date groups, although distinct, do contain several
vessel types which appear across all groups which indicates a degree of continuity (or disturbance) within
the archaeological record at this time. Therefore, precise and clear distinction between the five groups
can be difficult (K6hler 2014a: 36). It is not yet clear how much these five groups are representative of
the ceramic assemblage of Egypt as a whole, and to what extent some vessels present are local to the
Helwan area. To summarise, (following Kohler 2014a: 37): the first group is Naqada IIIC3/IIID1 which
is characterised by wine jars with a vessel index of ~3, Type 2 beer jars and small barrel-shaped vessels.
Group IIID2 is similar to Group IIIC3/IIID but also has wine jars with a slightly higher vessel index and
the Type 3 beer jar, deep, polished bowls, and poorly made shallow plates and small ovoid vessels. Group
IIID3 sees the introduction of the Type 4 beer jar and jars with a distinct shoulder ledge, and the deep,
polished bowls become rare. Group IIID4 contains both Type 4 and Type 5 (i.e. collared) beer jars, bowls
with flared profile, and the early development of the Internal Rim Bowls. Group IV continues to contain
Type 4 and Type 5 beer jars, and Internal Rim Bowls (which show a continued development of the internal
rim which is to become lower and wider, and significantly, it is this group that sees the introduction of
the early Meydum carinated bowl).
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Table 2.2 presents the main diagnostic features of the Naqada III ceramic assemblage.
This table is based primarily upon the Nagada chronology of Hendrickx (Hendrickx 2006:
81-88, Table II.1.3), although it is further supplemented by additional research carried

out since Hendrickx’s publication, which is referenced accordingly.

2.1.1 Problems surrounding the Naqada III period

Although the Nagada culture has been known since Petrie’s excavations in 1895, it is
remarkable that this period of Egyptian history remains without a solid archaeological or
historical chronology. This is owing in part to the limited number of excavations carried
out at early sites, when compared to sites dating to the later Pharaonic periods (i.e. the
Old, Middle, and New Kingdoms) which have historically attracted more archaeological
attention. Indeed, it is only since the 1990s that there has been a significant increase in
the number of excavations at Predynastic and Early Dynastic sites.

As a result, the Naqada III period has both an indeterminate ending and a poorly de-
fined beginning. Irrespective of the misleadingly definitive nomenclature of the Nagada
culture, the transitional phases between the three Nagada periods, and between the later
Nagada III period and the Old Kingdom, remain elusive. A lack of archaeological evi-
dence has resulted in a less robust data set available for examination and interpretation.
Furthermore, although the nomenclature can often convey a false sense of chronologi-
cal certainty, the fact remains that there is no single archaeological event or occurrence
which demarcates the Naqada III period from its predecessor and successor: transitions
are slow and gradual (Hendrickx 2006: 81). If we are to forcibly project certain chrono-
logical indicators onto the beginning of the Naqada III period, its two most defining
features are first, that we see more uniformity in the spread of material culture across
the country, with both northern and southern cultural traditions being seen along the
length of the Nile (Kohler 2014b), and secondly, that it is around the beginning of the
Nagada III period that the earliest forms of the Egyptian written language are observed,

although to what extent this can be linked to the relative chronology at present remains
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Figure 2.1: The most common types of early Egyptian pottery, as classified by Petrie.
This figure accompanies Table 2.2, providing a illustrative guide to some of the most
common ware types presented in this table. For the specific ceramic forms mentioned
in Table 2.2 (e.g. L36b, W61), the reader is referred to Petrie 1921. This figure is taken
from Petrie 1901a; the general scale applies to all vessels except to the black incised
vessel class which has its own scale.
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Figure 2.2: This figure presents the typology of cylindrical vessels (descending from
Petrie’s wavy handle vessel class) throughout the Naqada III period. This figure is an
illustrative accompaniment to Table 2.2. This figure is taken from Kohler 2004. Figures

not to scale.
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Figure 2.3: This figure presents the typology for wine jars (also descending from Petrie’s
wavy handle vessel class) throughout the Naqada IIl period. This figure is an illustrative
accompaniment to Table 2.2. Line drawings taken from: Kroeper and Wildung 2000:
152, 154, 170; Kohler and Smythe 2004: PL. 2, Pl. 3; Petrie et al. 1953: XXI; See also
Appendix J (X5489) and Appendix C (X4116). See corresponding appendix for X4116
and X5489 for scaled images of these figures.
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10cm

Figure 2.4: An illustration of Naqada IIID diagnostic vessel types to accompany Table
2.2. From left to right: internal rim bowl, Meydum bowl, flat based vessel, squat jar.

unknown (Hendrickx 2006: 82; Pers. Comm. E.C. Kohler, 2016). If we are to forcibly
project certain chronological indicators onto the end of the Naqada III period, it would
be the rise of the Old Kingdom and the commencement of monumental state architec-
ture, most notably the occurrence of pyramid architecture. However, again it must be
stressed that although these events could be used to draw a line around the term ‘Naqada
IIT’, in no way do these events impact the material culture, which continues to evolve
seamlessly between transitions—the ceramic assemblage is clear proof of this (Kohler
2011). Indeed, the concept of a clear-cut delineation between Naqada IIID and the Old
Kingdom, is ‘an entirely modern construct’ (Kohler and Thalmann 2014: 182). In many
respects the ceramics from the beginning of the Nagada III period are better understood
than those from its end, a field of enquiry which in the early days of research had been
largely ignored, insight into which can be gleamed by the words of Arthur Mace, an
excavator at Naga ed-Der who said that the ceramic material retrieved from the later
period was ‘singularly dull and uninteresting’ (Mace et al. 1909: 37).

Perhaps the largest corpus of early Naqada III ceramics comes from older excavations
at around the turn of the twentieth century (i.e. Abydos, Naqada, Ballas, Turah, Naga
ed-Deir, Tarkhan, Armant, Diospolis Parva). This lends this material the disadvantage
of having generally poorer provenance. In many instances the find spots of individ-
ual objects were not fully recorded, or if they were, they were not always published,

or even kept for posterity. For example, the vast majority of the Nagada material from
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Petrie’s excavation, although never published in full, was nevertheless thrown away as
it was considered ‘published’ (Baumgartel 1970: 6). This means that the chronological
studies of this material can never be reproduced. Further to this, because the original
archaeological contexts are not preserved, it is almost impossible to accurately recon-
struct depositional events. Many Wavy-Handled vessels (a common ceramic type and
typological indicator) which were prevalent at many excavated sites in the early twenti-
eth century, can no longer be associated with an exact tomb context, only a general site.
This means that valuable information has been lost: the spatial distribution of tombs and
their objects, and the occurrence frequency and distribution of different ceramic types
in various contexts (i.e. elite or non-elite). Furthermore, almost nothing is known about
their manufacture, whether they were produced in specific workshops, or which clay
sources were exploited to make them.

In contrast to early Naqada III ceramics, when dealing with the later assemblage, the
main problem is a singular lack of excavated material. At present, the ‘official’ end of
the Naqada III period is the sub-phase Nagada IIID (corresponding to Petrie’s Sequence
Dates 83-87), first designated by Hendrickx (Hendrickx 1989; Hendrickx 1994; Hen-
drickx 1996: Table 7). The Nagada IIID period, until recently, remained largely defined
either in negative terms (i.e. the absence of certain vessel types relative to the earlier as-
semblage) or based on the emergence of vessel types and forms known more frequently
from the Old Kingdom. While recent scholarship (e.g. Kohler and Smythe 2004; Kéhler
2014a; Kohler et al. 2011) is changing this view, it is this latter observation which has
led many researchers to question the reasonable extent of the Naqada culture. Is the
fact that Old Kingdom types are emerging during the Naqada IIID period a signal of the
end of the Naqada culture, or, once again, is this trying too much to delineate a cultural
marker which in actual fact is not represented in the continuous flow of material culture
evolution? Alternatively, would further ceramic evidence eventually lead to the defin-
ing of Naqgada IIIE or even Naqada V, that is, the point at which the Old Kingdom forms

appear (Kohler and Smythe 2004: 136; Kohler in prep)? The verdict is still very much
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out on this question, but it remains one of the most significant problems surrounding
the end of the Naqada III period (Kohler 2011; Kohler 2013; Kohler et al. 2011; Kohler
2014a; Kohler and Thalmann 2014).

Another factor contributing to the lack of knowledge surrounding Naqada III is a
significant bias in the available evidence towards material culture recovered from ceme-
tery sites as opposed to settlement sites. With a small handful of exceptions (e.g. Buto,
Elephantine, Tell el-Farkha, Adaima), the majority of material dating to the late Naqada
IIT period comes from cemeteries, and the early study of the Nagada chronology was
based heavily on the evidence from Abydos, Elkab, and Armant (Kéhler and Thalmann
2014: 185). Thus, although only a relatively small amount is known about Naqgada III
cemetery contexts in comparison to later historical periods, even less is known about
settlement contexts. The tide is slowly turning, and since the mid-2000s, in the past
several years, particularly in the Delta, a larger number of settlement sites are being
recovered. However, it is likely that there will always be a bias towards cemetery data
in the field of Egyptian archaeology as the cemeteries are located further out from the
Nile river, in the low desert plateau. Although in modern times cemeteries are now at a
greater risk of encroaching urban settlement, ancient settlement sites have already suf-
fered this fate—being subjected to several thousands of years of continuous occupation
which has all but destroyed the archaeology. It is for this reason that more cemetery
sites are known than settlement sites (Kohler 2011). With regard to the ceramic assem-
blage this means that the current definitions of the phases and sub-phases of the Naqada
culture are dictated primarily by the study of cemetery ceramics and this may not take
into consideration likely variations within the two different ceramic assemblages: for
example, a temporal lapse between the emergence of one form in a settlement context
and its subsequent emergence in the cemetery assemblage. It also makes it difficult to
discern chronological implications of vessels which may have been found exclusively in
a settlement context rather than a cemetery context and vice versa. For instance, the

wine jars, which follow a very clear typological sequence, are known almost exclusively
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from cemetery contexts and do not appear in the settlement sites or, if so, only very
rarely and in sherd form (Pers. Comm. E. C. Kéhler and D. Raue, 2009; cf. Kohler et al.
2011: 108). It is essential, therefore, that the absence of a particular vessel type is not
misidentified as a chronological marker when comparing settlement and cemetery sites.

Similarly, there is a stronger bias towards material excavated from sites within Upper
Egypt as the majority of excavations carried out in the early to mid twentieth century
were conducted south of the Cairo region, with only a few exceptions (e.g. Turah (Junker
1913), Abu Roash (Klasens 1957; Klasens 1958; Klasens 1957; Klasens 1960), Maassara
(Larsen 1939; Larsen 1940), Saqqara (Emery 1949; Emery 1954; Emery 1958)). Although,
again, this is something that has been changing since the 1990s (e.g. at sites such as Hel-
wan (Kohler 2005; Kohler 2014a), Buto (Kohler 1998), Tell el-Farkha (Chlodnicki et al.
2012; Jucha 2001; Jucha 2003; Jucha 2005; Maczynska 2004), new excavations at Saqqara
(Hood 2010a)), this new research is still trickling down into the literature. Slow publi-
cation rates (and often the lack of discourse between investigators working across the
field) mean that much of the new material is not yet available to all researchers and this
results in the continued reliance upon older chronological systems, which do not in-
clude the most recent additions to the ceramic corpus. The main effect that this has had,
and is continuing to have, naturally concerns the visibility of regional variation within
the ceramic assemblage. While the Naqada III period does show a considerable degree
of continuity across much of Egypt, preliminary publications of ceramic results often
point to the occurrence of regional forms which occur at a single site or a cluster of sites
within a designated area, but which are not known from elsewhere in the country. An
example of this is the pedestal bowl known from later Naqada III contexts at Elephantine
(e.g. Raue 1999: Abb 36.9), but which are seemingly completely absent from anywhere
else within Egypt in ceramic form, although they are known elsewhere made of various
types of stone (Pers. Comm. D. Raue 2009; cf. Pers. Comm. E. C. Kéhler 2009). The
understanding of regional variation in ceramics is extremely significant in archaeology

as it often provides information on possibilities such as local workshop production and
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manufacture, locally produced commodities, trade, insight into local traditions, and re-
gional, economic, social, cultural, and religious differences. Once the Naqada III ceramic
corpus is expanded to include all recently excavated material, it is likely that significant
advances will be made in the interpretation of various elements of Egyptian society,

culture, and chronology.

2.2 Museum material selected for OSL sampling

As already indicated, renewed academic interest in late Early Dynastic period has only
come about since the mid 1980s, after the exportation ban enacted in Egypt. As a result,
any new scientific analysis conducted on Naqada III ceramic material must rely solely
upon museum material, mostly material excavated around the turn of the twentieth
century and thus legally exported prior to the 1980s.

As already mentioned, the factors surrounding museum permission for sampling and
OSL work heavily influenced the samples chosen within this thesis—in particular, the
reluctance of curators to permit sampling. OSL sampling is destructive and even though
the newly developed minimum extraction technique (MET) has significantly reduced the
quantity of sample required, curators are often still wary of any technique which has
the potential to cause damage to the artefact being analysed. This is particularly true in
the case of Egyptian artefacts, given that, at present, the quantity of Egyptian material
in a museum is finite, as the 1983 exportation ban does not permit further acquisition of
recently excavated Egyptian objects. Furthermore, past studies which have engaged in
thermoluminescence dating of Egyptian ceramics (Caton-Thompson and Whittle 1975;
Kroeper 2003; Riederer 1978—on clay cores of bronze statuettes of the Late Period; Whit-
tle 1975) used to require significant sample sizes which left a visible and prominent mark
on the surface of the vessel, and generally only produced dates with large errors. There
are two notable exceptions: first there is a group of three articles (EI-Fiki et al. 1994;
Abdel-Wahab et al. 1996; Sekkina et al. 2003) which, in general, presented positive re-

sults for the dating of Old Kingdom sherds. However, these articles have been criticised
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(Goedicke 2006: 359) for both the instrumentation and the calculations used to obtain
a very small error percentage. Secondly, TL dating has been used to examine the lumi-
nescence of Egyptian Blue pigment with some success (Schvoerer et al. 1988).

When requesting permission to work with museum material for this project, great
care was taken to demonstrate in advance that the MET, unlike TL sampling techniques,
would only leave a small surface mark on the vessel, and this was instrumental in seeking
permission for destructive analysis for OSL sampling. While some museums were more
eager to engage with a project using the novel MET, others were less so (in some cases
taking two years to grant sampling permission) and some refused sampling permission
entirely—understandably this resulted in initial delays in sampling for this project.

This project was fortunate to secure a total of 40 OSL samples from several museum
collections. The material comes from the sites of Bét Khallaf (24 samples), Turah (9
samples), Abydos, Nagada, and Ballas (6 samples) and Hierakonpolis (1 sample) (Figure
2.5).

These ceramics will be discussed more fully in the results and discussion section of
this thesis (Parts III and IV). However, some introductory remarks about the material

used in this thesis are presented below (in Section 2.2.1-2.2.3, and Section 2.3).

2.2.1 Ceramics from Bét Khallaf (the Garstang Museum, the

Penn Museum, and the Ashmolean Museum)

The 24 ceramics from Bét Khallaf (excavated by Garstang at the beginning of the 20th
century (Garstang and Sethe 1903)), form the largest and most significant data set for
the project. From its inception, this project’s aim was to focus primarily on the ceramics
from Bét Khallaf as it is arguably the most significant ceramic assemblage of late Naqada
III (IIID) ceramics from a single site (among those housed outside Egypt). The site was
excavated by Garstang in the early 1900s, and the intact ceramic material recovered
from the site was removed from Egypt soon after excavation and dispersed across three

museums: the Ashmolean Museum in Oxford, the Garstang Museum of Archaeology
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Figure 2.5: A map of Egypt showing all archaeological sites from which ceramic data was
used in this thesis (red markers), along with those sites frequently mentioned within the
text (white markers).

in Liverpool, and the University of Pennsylvania Museum of Archaeology and Anthro-
pology in Pennsylvania (the Penn Museum). The assemblage was attributed to the early
Third Dynasty by Garstang, although several of the vessels present in the assemblage are
quintessentially late Naqgada III forms which we see develop from the Second Dynasty
onwards (i.e. the Internal Rim Bowl, the torpedo-shaped wine jar, the collared beer jar,
and the restricted-neck, flat-based storage vessel).

The Bét Khallaf assemblage is a perfect candidate for OSL dating as not only are
many of the vessel types diagnostic (thus providing a perfect platform for using abso-
lute dating to anchor the relative ceramic typology to a known calendrical system), but
they also have a fairly good excavation record (by the standards of the time period in

which they were excavated). The information present in the reports can be used to re-
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duce errors associated with OSL dating. Although the calculation of an OSL date will be
discussed in more detail below (Section 3.1.1.2), it is noted here that in order to calcu-
late a date, three separate measurements are required. Of these three, the most difficult
to obtain from museum materials is the ‘external gamma dose rate’, which relates to
the rate at which a vessel has received a dose from its surrounding depositional envi-
ronment. This essentially means that to calculate an OSL date, some original soil or
sediment material from the original depositional environment is usually required. This
can be extremely difficult to obtain from museum material: more often than not, the
vessels are cleaned thoroughly before being put on display or into storage, meaning
that soil or sediment material is unavailable for analysis. This can make the calculation
of an OSL date extremely difficult and can increase the errors in the calculated dates
significantly. Therefore, in order to achieve precise absolute dates for museum material
using OSL, it is necessary to ensure that soil/sediment material is available prior to sam-
pling. In the case of the Bét Khallaf assemblage, such material was available because five
of the vessels had a small quantity (less than 1 g) of original depositional material still
adhering to both the interior and exterior of the vessel. The locations of this adhering
sediment (under the rim of the vessel, and attached/moulded to the interior vessel wall),
along with a visual analysis, suggested that this material was almost certainly original
to the burial environment and/or the archaeological environment; thus, it was assumed
that this material could be used in the calculation of the external dose rate (although of
course such an assumption can never be fully verified regardless of how probable). The
material from these vessels was used in order to determine the external dose rate for the
entire assemblage (under the assumption that the assemblage comes from within a given
context and from a particular site, it was possible to use the two samples as proxies for
the other vessels).

By obtaining OSL dates for this assemblage, the Bét Khallaf material will yield the
first direct absolute dates achieved for an Egyptian ceramic assemblage and will assist

in anchoring the relative ceramic typology of the late Nagada III period to an absolute
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dating system.

2.2.2 Ceramics from Turah (Institute of Egyptology, Vienna)

The nine ceramics from Turah and sherd from Hierakonpolis form the second largest
data set for the project, and are used in Case Study 2 (presented in Part IV of this thesis)
which looks at furthering the application of OSL dating in Egyptian ceramics. Unlike
the Bét Khallaf material this material does not date to the late Naqada III period; rather,
it comes from the early Naqada III archaeological phase (corresponding to the Late Pre-
dynastic and early Protodynastic/Early Dynastic periods). The material was sampled
from the teaching collection at the Institute for Egyptology at the University of Vienna.
This material was not selected in order to work on chronological questions surrounding
the late Naqada III (IIID) period, but because of its capacity to illustrate the potential of
OSL dating as a relative dating technique. OSL is primarily used as an absolute dating
method, but it can also help answer chronological questions concerning the specific de-
velopment of a ceramic type or form. This aids better understanding of the development
of ceramic typology as well as of the individual vessel’s temporal relationships within
an assemblage or time period.

The site of Turah was excavated by Junker in the early 1900s, and the ceramic ma-
terial recovered from the site was distributed across several museums worldwide. The
ceramics sampled here are from the Institute of Egyptology in Vienna. Several of the
vessels, in particular the varying forms of the Wavy-Handled/cylindrical vessel are par-
ticularly diagnostic and, given that a good understanding of their typological develop-
ment already exists, the assemblage is well suited to illustrating the benefits of using
OSL as a relative dating technique in addition to and in combination with using it as
an absolute dating methodology. The Hierakonpolis sherd complimented the wine jars

from Turah, and was excavated by Garstang (Garstang 1907).
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2.2.3 Ceramics from Abydos, Naqada, and Ballas (Ashmolean

Museum)

The four ceramics from Abydos, and the two from Naqada and Ballas (one from each
of the two sites), are a collection of six vessels which are temporally similar and come
from three individual sites in close proximity to one another. Chronologically, these six
vessels are closer to the Turah assemblage than the Bét Khallaf assemblage, and contain
both Egyptian and imported vessels (found in Egyptian contexts), from the Predynas-
tic and early First Dynasty. These six vessels form the data set for Case Study 3 (also
presented in Part IV of this thesis) which examines the use of OSL dating alongside ra-
diocarbon dating. These vessels were selected for analysis not for their chronological
significance alone, but because they provided a perfect case study for illustrating the
scope of archaeological science as applicable to Egyptian ceramic material, and because
they are also an excellent example of applying a multidisciplinary approach to the study
of a particular data set. The six vessels had already been selected for radiocarbon dat-
ing by the project ‘Origins of Nationhood: A new chronology for the formation of the
Egyptian State’, (headed by C. Bronk Ramsey and M. Dee at the University of Oxford) as
each of the six vessels had original pot contents within them. The benefits of also sub-
jecting them to OSL dating were clear: by applying both OSL and radiocarbon dating
to a single assemblage of vessels, it would be possible to cross-check and corroborate
dates obtained by one technique against the other, thus producing a more robust dating
programme. As OSL dating is done upon the vessel directly (i.e. the clay fabric itself)
and radiocarbon dating, by contrast, is done on the organic material held within the ves-
sel, both methodologies can determine whether the results from each subset of material
correlate to one another. Where they do not, there is the possibility of learning more
about the depositional history of the vessel. Furthermore, these six vessels are partic-
ularly interesting as the organic material within the vessels was found to have quite
a significant quantity of non-organic, mineralogical material contained within it, and

thus we were able to conduct OSL dating on the contents of the vessels as well as on
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the vessel itself®. To our knowledge, applying such a comprehensive dating programme
onto a single set of Egyptian vessels has never been done before. Finally, in the spirit
of this thesis” advocation of a multidisciplinary approach to the study of Early Dynastic
Egyptian material, it should also be noted that the work included gas chromatography
mass spectrometry (GC-MS) analysis of the organic material to allow identification of

the pot contents (presented in Appendix B).

2.3 Additional comparative ceramic material

This thesis presents the minimum extraction technique (MET), a new and novel sam-
pling technique. As this technique was developed during the course of this project, and
because experimentation was necessary during the initial development phase (in par-
ticular when determining necessary treatment protocols for the MET), it was necessary
to work with plentiful material which was not from precious museum collections. The
main reason for this was that the quantity of material required for experimental research
and technique development was far greater than could be obtained from museum ma-
terial. As already discussed, curators of Egyptian material prefer a minimal quantity of
material to be extracted for analysis. Because Egyptian material is such a precious com-
modity in museums, none were willing to permit the extraction of more material than
was necessary. The only exception to this was one vessel in the Bét Khallaf assemblage
held at the Penn Museum, which was not complete and had several sherds with it which
had broken off from the main part of the vessel at an earlier date. It was agreed that in
order to spare this vessel from further destructive analysis, a small disarticulated sherd
would be collected instead. The quantity of material yielded by this sherd was far greater

than what would be obtained by the MET, and thus we were able to use this sherd for

¢ It is of course possible the mineral component of the pot contents was post-depositional, but it is
highly unlikely, as the material was recovered in-situ, and was extremely solid, not loose, and the sample
was taken just under the exterior layer of the contents. Furthermore these vessels were excavated by
Petrie, who noted the presence of the contents within the vessels. It is of course possible that the contents
were added to the vessel after the vessel’s first use, although absolute dating is able to shed light on these
uncertainties.
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perfecting some of the experimental analyses.

Although the additional sherd from the Penn Museum provided a good starting
point, it was also necessary to have a larger data set of material in order to empirically
determine a final and suitable ‘recipe’ for the MET. This material had to be from a re-
cently excavated context, where there was no limit to the quantity of material obtainable,
but it was also necessary to choose material that would be comparable mineralogically
to Egyptian material (obviously, some degree of difference would be expected given that
this material could not be sourced from Egypt). It should be noted here that the MET was
first trialled prior to the commencement of this thesis, and the results were presented in
a Masters thesis which focused on OSL dating of Madagascan ceramics (Hood 2010b). In
order to use the MET for Egyptian material it was necessary to find material which was
more mineralogically comparable. Fortunately, it was possible to obtain material from
a site in Petra in Jordan, which was recently excavated by Brown University.” Material
from Petra was suitable because several ceramics were obtained, all of which were large
pieces of ceramic, which provided significant material for comparative tests, and they
were considered to be similar mineralogically to the Egyptian material. The results of

this experimental work will be discussed in Section 4.1.2.3.

7 We are very grateful to the Brown University Project at Petra—in particular Tommy Urban,
Emanuela Bocancea, and Sue Alcock—for allowing us to use this material.
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CHAPTER 3

An introduction to the methodologies

employed in this thesis

This chapter will present the multidisciplinary methodologies employed in this thesis.
Although each method will be discussed in greater detail in the body of this work, this
chapter provides an overview of each of the techniques, a history of their use in Egyptian

archaeology, and a discussion of their benefits to this project.

3.1 Absolute dating methods

As already discussed, by employing absolute dating methods, and in particular OSL dat-
ing, this thesis is the first project to present absolute dates for an assemblage of ancient
Egyptian ceramics. In addition, the relative chronology existing in the form of ceramic
typology, is for the first time anchored to an absolute time frame, presented in the form

of tangible calendar dates.

3.1.1 Optically stimulated luminescence dating

OSL dating belongs to the group of radiometric dating techniques known as radiation
exposure dating or trapped charge dating. OSL is closely related to thermoluminescence

(TL) dating although there are several key differences between the two techniques, dis-
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cussed below in Section 3.1.1.1. The method is suitable for inorganic materials which
contain minerals that can emit a luminescence signal, and it is generally useful for dat-
ing samples between the ages of ¢. 100 — ¢. 200 000 years (Walker 2005: 14; Fig 1.6).

OSL, like all luminescence techniques, is based upon the ability of naturally occur-
ring radioisotopes to interact with mineral grains present within the fabric of ceramic
material. The product of this interaction is what is measured to produce a date. Minerals
naturally occurring in ceramic fabrics, especially quartz, act as a dosimeter and effec-
tively record the amount of radiation which has been building up in the vessel since the
last heating event, that is, firing. When a vessel is heated up to a temperature of approx-
imately 400°C and above, electron traps within the crystal structure of the quartz grains
are ‘reset’. The term ‘reset’ is used to mean that all the electrons within the crystal lat-
tice structure of the quartz grains are returned to their state of minimum potential, that
is, they are released from their traps. However, after the pot is fired and the traps are
‘reset’, naturally occurring radiation in the surrounding environment, particularly from
Uranium (U), Thorium (Th), and Potassium (K), once again interacts with the crystal lat-
tice and can excite electrons out of their state of minimum potential and up into electron
traps. These electron traps then retain the excited electrons until they are subsequently
released; electrons can be trapped for millions of years and an OSL signal can generally
be measured up to about 300 000 years. It is the act of releasing these trapped electrons
that produces a luminescence signal. By stimulating, or exciting, the electrons in a con-
trolled laboratory environment, the electron traps are reset once again, and this act of
controlled resetting creates a small burst of energy which is proportional to the amount
of radiation the quartz grain has received over time, and more specifically, since it was
initially reset during the firing process in antiquity. It is this burst of energy, which
is emitted as light, that is measured and in turn provides the basis of an OSL date (see
Aitken 1989: 148-149, Fig. 2, for a simplified illustration of and more detailed descrip-
tion of this process).

Luminescence dating was first considered as a potential chronometric dating tech-
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nique after the observation of emitted luminescence of crushed pottery in the 1950s—
1960s (Daniels et al. 1953; Grogler et al. 1960; Kennedy and Knopff 1960). Its true ar-
chaeological application to ceramic material was pioneered chiefly by Aitken from the
1960s to the 1980s (Aitken et al. 1964; Aitken et al. 1968; Aitken 1985; the reader is also
referred to the following short selection of papers reviewing the application of lumi-
nescence dating to archaeology: Roberts 1997; Feathers 2003; Wintle 2008). Thermo-
luminescence (TL) dating was the original absolute dating methodology employed for
archaeological ceramic material, noting that TL was developed post radiocarbon dating,
but that TL offered a way to directly date the minerogenic material found in ceramics,
unlike radiocarbon. It was not until 1985 that OSL made its way into the literature as
a valid and promising luminescence-based dating technique, although it was initially
only used for sediment dating (Huntley et al. 1985). While this remains the most com-
mon application of OSL, there has been an increase in the number of other applications
of the method since c¢. 2000, including the dating of archaeological ceramic material (e.g.
Atlihan et al. 2012; Bailiff et al. 2010; Bailiff et al. 2013; Bailiff 2007; Barnett 2000; Be-
nea et al. 2007; Blain et al. 2010; Brass and Schwenniger 2013; Feathers and Rhode 1998;
Fitzpatrick et al. 2009; Guibert et al. 2009; Liritzis et al. 2001).

As already touched upon in Section 1.3, luminescence dating, and through associa-
tion OSL, has often received rather negative feedback in Egyptian archaeology. This is
probably due to the application of TL in a small number of early studies (Abdel-Wahab et
al. 1996; Caton-Thompson and Whittle 1975; El-Fiki et al. 1994; Kroeper 2003; Riederer
1978; Sekkina et al. 2003; Whittle 1975) which were often unsuccessful or limited in
dating ceramic material. This seems to have resulted in the subsequent absence of lumi-
nescence dating of Egyptian material from the literature for all but authenticity testing
(Payne et al. 1977). Even a more recent communication, which discussed the legitimate
limitations of luminescence dating in Egyptian archaeology, focused almost exclusively
on TL, dismissing OSL without considering it in detail (Goedicke 2006: 360). Despite the

fact that most past studies were carried out using what would now be considered out-
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dated TL techniques, the general consensus remains the same: luminescence dating does
not work in Egyptian archaeology (an exception to the general reticence about lumines-
cence in Egyptian archaeology is Shortland (Shortland 2000: 93), who expressed the
need for Egyptian archaeologists to understand and consider the scientific techniques
now available and showed how they could improve current work and research; in this
communication, Shortland offered an overview and brief discussion of the most com-
mon and generally applicable scientific techniques in Egyptian archaeology, including
a discussion of the overall benefits of luminescence dating). Such an analysis fails to
consider the significant watersheds in luminescence dating within other fields and the
role it has played in revolutionising archaeological scholarship in other regions of the
world. To name but a select few examples, OSL dating has been used: to help clarify
the age range of Homo floresiensis in Indonesia (Morwood et al. 2004), to help identify
the existence of pre-Clovis cultures in the Americas (Waters et al. 2011), to help date the
earliest human remains found to date in Australia (Olley et al. 2006), to assist in the re-
assessment of controversial dates at the Jinmium rock shelter in Australia (Roberts et al.
1999), and to assist in the reassessment of the earliest human occupation in Australia
(Gillespie 2002).2

This of course raises an important question: what is the difference between TL and
OSL dating, and why can OSL be used more successfully on ceramic material, when the
OSL technique was developed for sediments and TL was traditionally used for dating

pottery?

3.1.1.1 What is the difference between TL and OSL dating?

The fundamental difference between TL and OSL is the way in which the electrons in
the OSL/TL electron traps are stimulated in the laboratory. In TL dating, the electrons
are stimulated in the laboratory by being heated up to approximately 400°C, whereas in

OSL they are stimulated through exposure to light (generally blue light-emitting diodes).

® The reader is also referred to Feathers 2003 and Wintle 2008 for a more comprehensive overview of
the application of OSL to archaeology and significant case studies.
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Sunlight will also act as a stimulant to reset the electron traps, and hence an OSL sample
needs to be extracted in specific lighting conditions (see sampling methodology below).
More specifically, however, there are four main advantages to OSL over TL. First, TL
generally requires a much larger sample size in order to prepare sufficient quantities of
material for measurement, whereas OSL measurements can be performed on individual
mineral grains.” Secondly, though other mineral components of the clay fabric may be
used, OSL particularly favours the dating of quartz grains. Using pure quartz grains
produces a clearer luminescence signal. In contrast, TL measurements are generally ob-
tained from a fine-grained polymineralic fraction that produces a more complex signal,
thus affecting the clarity of the analysis. Thirdly, an OSL signal is reset more readily
than a TL signal, the latter originating from deeper, harder-to-bleach traps. Laboratory
experiments have shown that for an OSL signal, exposure to sunlight of approximately
100 seconds bleaches the signal to less than 0.1% (Duller 2008: 7). In contrast, even after
an exposure time of several hours, often over 30% of the TL signal remains (Godfrey-
Smith et al. 1988). Since the traps are more likely to be fully reset at the time of solar
exposure or during firing, the OSL method with its ability to almost completely empty
the electron traps will be a more accurate representation of the levels of radiation ac-
cumulated in the quartz since firing (i.e. a more accurate date). The result of this is
that an OSL signal generally produces more precise and accurate measurements. The
final advantage of OSL over TL lies in the measurement protocol. In the single-aliquot
regenerative-dose (SAR) protocol (Murray and Wintle 2000), the error of the equivalent
dose (natural signal) measurement is reduced, because the signal is interpolated rather
than extrapolated as in TL (Aitken 1998: 105; Murray and Wintle 2000; Lian and Roberts

2006; Wintle and Murray 2006)—the SAR protocol is further discussed in Section 5.2.2.

° It should be noted here that for authenticity testing, TL is conducted on a small sample size also.
This is because the levels of precision required for a test of authenticity as opposed to obtaining an ar-
chaeological date are far lower, and therefore TL is suitable for determining artefact authenticity (Aitken
1989: 156).
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3.1.1.2 How to obtain an OSL date

After sample extraction and preparation (Section 4.1), an OSL age is calculated using the

following equation:*°

jvalent dose (G
Age (vears) — equivalent dose (Gy) (3.1)
dose rate (Gy/year)
where:
dose rate = internal dose rate + external dose rate. (3.2)

Thus to calculate the age of a sample, we must calculate: the equivalent dose (D.), the
natural luminescence signal of the object, given in terms of the size of the radiation dose
required to produce the measured luminescence; the internal dose rate (Dmt)! radiation
the sample receives from itself (i.e from the clay matrix of a vessel); and the external
dose rate (Dm): radiation the sample receives from its burial environment (including
cosmic dose rate (D).

As discussed in Section 1.3 above, the OSL dating programme employed in this thesis
seeks to obtain absolute dates directly from Egyptian ceramic material for the first time.
Although it is unlikely that this work can achieve a high-precision dating programme
(and indeed this is not the main focus of this project), through this work, it is hoped that
the benefits of OSL dating can be clearly demonstrated. First, the research will provide
an absolute date for the Bét Khallaf ceramic assemblage and help anchor the early Third
Dynasty to an absolute timescale; secondly it will illustrate the benefits of using OSL as a
relative dating technique to better understand ceramic typology when absolute dates are
unobtainable; and finally, it will illustrate how OSL can be used alongside other dating

techniques, specifically radiocarbon dating, to provide a system for cross-checking and

comparison of dating results.

1 NB Absorbed radiation is measured in the SI (Systéme International) unit Gray or (Gy).
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3.1.2 Radiocarbon dating

Radiocarbon dating is only employed in this thesis in a minor way, being used in Chap-
ter 9 to illustrate the benefits of complimenting OSL dates with radiocarbon dates in
instances where the same objects can be analysed by the two methods.

Radiocarbon dating is arguably the most well-known scientific dating method used
in archaeology, perhaps owing to its being one of the first to be developed (Walker 2005:
17). In summary, a radiocarbon date is obtained by measuring the concentration of
radiocarbon (**C), an isotope of carbon which has a known half-life, that is, it decays at a
constant measured rate. The measured quantity of radiocarbon found in archaeological
material can then be used to deduce its age (Walker 2005: 18). The method is only
suitable for organic material (i.e. material which contains the *C isotope) and it can be
used to routinely date material up to an age of about 50 000 years (Walker 2005: 17).

Like luminescence dating, radiocarbon dating has a long but somewhat strained re-
lationship with Egyptian archaeology. Egyptology’s link with radiocarbon goes back to
the origins of the method, when Libby, upon first devising the revolutionary technique,
used a selection of Egyptian samples of apparently known age to demonstrate the ap-
plicability of radiocarbon to historical and archaeological questions (Arnold and Libby
1949: 678-680; Manning 2006: 327). However, although Egyptian data contributed pos-
itively to initial research into radiocarbon dating, it did not go unnoticed that inaccura-
cies and chronological discrepancies were frequent within the literature and a general
consensus emerged that radiocarbon ‘[had] neither the accuracy nor precision to be of
any real use to Egyptology’ (Manning 2006: 328-329). From the late 2000s, this view
has been changing, because more accurate, high-precision radiocarbon dates have been
achieved using AMS (accelerated mass spectrometry) radiocarbon dating, and specifi-
cally through work carried out by the University of Oxford’s Radiocarbon Unit (projects,
led by C. Bronk Ramsey and M. Dee, include: Synchronising Absolute Scientific Dating
and the Egyptian Historical Chronology; The Origins of Nationhood: A new chronol-
ogy for the formation of the Egyptian state; Fractured Land: Drought and the fall of Old
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Kingdom Egypt).

As discussed in Section 3.1.2 above, radiocarbon dating is only examined briefly in
this thesis, presented as a case study which looks at a set of six vessels, to examine
the benefits of using a comprehensive dating programme and of engaging in a suite of
dating techniques to compliment and cross-check absolute dates obtained using other

methodologies (i.e. OSL).

3.1.3 Bayesian modelling

Closely associated with radiocarbon dating is the use of Bayesian modelling to inter-
pret and examine the archaeological data using mathematical and statistical analysis,
specifically Bayes’ theorem. This model-based approach allows known information to
be incorporated into analyses and thus aid the interpretation process by building upon
past research and drawing from known previous data (Buck 2005: 695). Specifically
it allows other forms of archaeological data to be incorporated into the analysis and
interpretation of absolute dates, such as known duration of archaeological phases or
the certainty of phase-specific samples (Bronk Ramsey 2013: 33). Although Bayesian
modelling has a well-established history within radiocarbon dating (e.g. Bronk Ramsey
2009; Bronk Ramsey et al. 2010; Dee et al. 2013; Needham et al. 1997; Savage 2001; Whit-
tle et al. 2011), it is an approach that has only recently been utilised in OSL dating (e.g.
Barton et al. 2009; Clark-Balzan et al. 2012; Cunningham et al. 2015; Guérin et al. 2015;
Rhodes et al. 2003; Zink 2002; Zink 2013; Zink 2015), although this field is set to expand
dramatically in the coming years.

In this project, for assessment of the OSL data from Bét Khallaf and for the set of six
vessels housed in the Ashmolean, we have engaged in multiphase Bayesian modelling to
refine the (often broad) OSL dates by incorporating known relative chronological infor-
mation, which has made it possible for improved chronological precision to be achieved

for the two assemblages (see Section 5.4 and Section 9.5 for further details).
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3.2 Relative dating methods

As already discussed, various methods of relative dating have been employed in Egyp-
tian archaeology frequently and with great success. In the case of this thesis, which
focuses on achieving the first absolute dates for Egyptian ceramic material, we have
also employed relative dating techniques to cross-check and further understand abso-
lute dates, and to be able to discuss these dates in their broader archaeological context.
Further to applying OSL dating as a relative dating method as well as an absolute dating
method, this thesis also employs morphological and typological assessment, and cladis-

tic analysis.

3.2.1 Morphological and typological assessment

Morphological and typological assessment of artefacts is a valuable tool. It is a visual
analysis used to examine the physical attributes and form of a vessel, as well as its clay
characteristics, and compare it to other vessels that are similar, and hence likely to be
its contemporaries. Such examination therefore seeks to find parallels for the object
being discussed which cannot necessarily be examined through additional analyses, be-
cause the ceramic type being examined is rare and only known from a small number
of contexts. As morphological assessment can be subjective, it is only employed as a
complimentary element to other analyses and for discussion of results obtained using

other methods.

3.2.2 Cladistic analysis

This thesis also employs cladistic analysis, a quantitative methodology used in the ap-
plication of Darwinian evolutionary theory (i.e. using a phylogenetic approach) to the
study of artefacts. Borrowed from the biological sciences, cladistics has been discussed
and employed with increasing frequency over the past two decades as phenetic methods

have now largely been abandoned (e.g. Barton and Clark 1997; Barton et al. 1997; Ly-
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man and O’Brien 1997; Lyman and O’Brien 2006a; Lyman and O’Brien 2006b; Neff and
Larson 1997; Broughton and O’Connell 1999; O’Brien and Lyman 1999; O’Brien and Ly-
man 2000; O’Brien and Lyman 2002; O’Brien and Lyman 2003; O’Brien and Lyman 2009;
Preucel 1999; Collard and Shennan 2000; O’Brien 2001; Murray 2002; O’Brien, Lyman,
and Darwent 2002; Gabora 2006; Lycett 2007; Buchanan and Collard 2008; see also Lipo
et al. 2006 for an edited volume with select articles on this topic). Based on the concept
of biological evolution that describes variation and changes in organisms through time
via natural selection, cladistic analysis is a practical application of evolutionary archae-
ological theory that seeks to trace variations and changes in the archaeological record
through time.**

In this thesis, cladistic analysis is applied to the study of Early Dynastic Egyptian
ceramics to provide a more in-depth understanding of the developing ceramic corpus
and to provide new insights into the features that signal gradual change in ceramic
development. Cladistics here acts as another relative dating methodology which can
assist in the fine-tuning of an absolute ceramic chronology achieved using scientific

dating methods.

3.3 Chemical analysis

Two additional analyses are touched upon briefly in this thesis, although these were not
central to the goals of this thesis but rather by-products of sampling protocols. GC-MS
analysis, an elemental analysis used to discern the composition of organic material, was
used to examine the contents of the ceramic vessels from the Tomb of Djer at Abydos,

and of the two vessels from Naqada and Ballas. GC-MS analysis is considered a by-

! Evolutionary archaeology is a topic that has been and continues to be heavily debated and it is be-
yond the scope of this thesis to provide a comprehensive literature review on the subject. We refer the
reader to the aforementioned references for a brief introduction to the concept of evolutionary archaeol-
ogy and the surrounding debate. For the purposes of this thesis, we consider evolutionary archaeology to
be identical to the theoretical approach used in the many works of O’Brien and Lyman, who in turn quote
Endler 1986 in saying that evolutionary archaeology follows the concept of ‘any net directional change
or any cumulative change in the characteristics of organisms or populations over many generations—in
other words, descent with modification’ (O’Brien and Lyman 2000: 77).
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product of OSL dating here as the contents of some vessels sampled were found to be a
mixture of both inorganic and organic material. Therefore, when sampling the contents
from the vessels for OSL dating, organic material suitable for GC-MS analysis was also
procured. The results of GC-MS analysis are discussed in Appendix B. Additionally, ICP-
MS analysis can be considered a by-product of OSL analysis (discussed further in Chapter
5) because a necessary component of the equivalent dose measurement, the internal
dose rate, is determined by quantitative analysis of the elements of uranium, thorium
and potassium, which are determined by ICP-MS. The results of ICP-MS analysis on clay
samples can have implications for clay provenancing studies. Although these results are
too preliminary to present in detail in this thesis, a brief communication can be seen in

Appendix A.
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Developing a new OSL sampling

method for museum material
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CHAPTER 4

The minimum extraction technique (MET)

4.1 What is the minimum extraction technique?

As already touched on in Section 1.3, the minimum extraction technique (MET) is a sam-
pling protocol that was developed specifically to bring OSL dating to museum material,
often the only material available for study, if the country of origin does not permit ex-
portation of artefacts for scientific analysis or new excavations. The concept of the MET
was briefly presented in a Master of Science thesis carried out at the Research Labora-
tory for Archaeology and the History of Art, University of Oxford (Hood 2010b), but is
developed in full within this thesis, specifically for work on Egyptian ceramic chronol-
ogy and now includes comprehensive MET sampling guidelines, validation of MET by
comparing equivalent dose measurements on samples subjects to both MET and total ex-
traction sampling techniques, and validation of the reduced reliance on a long HF etch
time. This methodology has also recently been published in a peer-reviewed journal, see

Hood and Schwenninger 2015.

4.1.1 Sample extraction

The minimum extraction technique is so called because of the very small sample size
taken for measurement: it requires, in most circumstances, the removal of only a 2 mm

X 4 mm core of material. When working on museum samples, it is of the upmost impor-
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tance that sampling is done in a way which at all times upholds the aesthetic integrity of
the vessel and the MET serves to ensure that damage to the vessel is kept to a strict min-
imum. The extraction of the sample results in only a very small hole (2 mm diameter)

being created on the surface of the vessel (Figure 4.1).

Figure 4.1: Hole on the surface of a vessel resulting from MET sampling.

Furthermore, the sample can be taken from an inconspicuous area on the object,
that is, from the base, under the rim, or from an exposed broken edge, further reducing
its visibility. This hole can often be all but invisible, especially when drilled from a
coarser fabric vessel, as it blends in with the natural blemishes present in the clay fabric.
The unobtrusive sampling procedure of the MET has been met with approval by most
museum curatorial and conservation staft approached during this project. In general,
the base acts as a first choice for the drilling location as on the one hand, the base of the
vessel is usually the most inconspicuous location for a sample to be removed, and on the
other hand, the base of the vessel is usually its thickest part. Also, the base is often the
preferred sample location for curatorial staff as the hole is not usually visible when on
display. A visual depiction of the MET sampling procedure is presented in Figure 4.2.

The Dmt sub-sample is extracted by a reusable 2 mm diameter ball diamond burr
drill bit (Figure 4.3a) and should be stored in a gelatine capsule (for ease of weighing

at a later stage for inductively coupled plasma mass spectrometry (ICP-MS) analysis—
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Figure 4.2: MET sampling schematic.

see Section 5.3.3).” The sub-sample used for the equivalent dose (D.) measurement is
then extracted using a 1.5 mm diameter diamond core drill bit (Figure 4.3b)—the smaller
diameter ensures that no contamination occurs when drilling as the width of the drill
bit is now smaller than the aperture of the sample location (1.5 mm instead of 2 mm). To
avoid contamination, a new core drill bit is used for every sample. The extracted sample
mainly constitutes a fine powder/dust and a small core that can be recovered from the
interior of the drill head. The weight of the sample is usually 1-5 mg.

The drill heads are used in conjunction with a Dremel handheld Fortiflex drill for

'? Initially the ICP-MS sub-sample was collected in small plastic bags, as is standard in regular OSL
sampling. However, due to the very small sample yield of the MET, this method was found to be unsuitable.
This was because the static charge and the porous interior of the plastic bag, meant the grains would adhere
to the bag wall, making it almost impossible to extract and use. When extraction could be achieved, it
usually resulted in some of the material being lost, and made it difficult to determine the exact weight of
the sample for ICP-MS analysis. For this reason it is recommended to use a gelatine capsule.
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ease of control and precision.

Figure 4.3: a) Diamond burr drill bit (left) and b) diamond core drill bits (right) used in
MET sampling.

Sample extraction must always take place in conditions which prevent the exposure
of the sample to light, usually in a darkroom-like environment with filtered red/yellow
light only. An OSL laboratory is, of course, set up to meet these requirements. However,
when sampling museum material it is usual to have to sample in the museum, owing
to insurance concerns. Therefore, a suitable sampling location must be found prior to
sampling, typically a small room which can be turned into a dark room, with subdued
lighting conditions suitable for OSL sampling. In this study a portable filtered 590 nm
LED strip was used for lighting once an area has been blacked out for sample preparation.
Usually a small interior, windowless room or a storage cupboard was selected for this
purpose.

Once drilled, samples are collected in small black opaque plastic vials, which in turn
are double-bagged in black plastic opaque bags. This packaging protocol ensures that the
MET samples are light-tight and can be transported safely for preparation and analysis

in an OSL laboratory.

4.1.2 Coarse grains

Once the MET samples are collected, they are transported back to the luminescence
laboratory, where sample preparation is carried out in subdued lighting conditions us-

ing yellow-orange light sources (filtered sodium lamps (588 nm) and LED lights (590
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nm)). Furthermore, while sample preparation is carried out, unnecessary exposure even
to subdued lighting is kept to a minimum, that is to say, samples are always kept in
light-tight conditions when not being worked on. Although red/yellow light at a fre-
quency of 588-590 nm will not readily affect (reset) the luminescence signal, prolonged
or excessive exposure may affect the final measured signal.

Sample preparation essentially consists of the following: sorting of the grains by

size, removal of the non-quartz component, and etching of the quartz grains.

4.1.2.1 Coarse grain sample preparation

Within the OSL laboratory, coarse grain sample preparation involves standard*® treat-
ment protocols, albeit slightly altered for the MET, using a five-step process in order to
extract pure quartz for dating. Of these five steps, step three has been most significantly

altered for the MET.

1. Dry sieving. The MET sample is initially sieved, using a small handheld test sieve,

to isolate the following grain size fractions:

e <90 pm

90-180 pm **

» 180-250 pm

e >250 pm.
The <90 pm fraction is reserved for sample preparation using the fine grain tech-
nique (Section 4.1.3). The >250 pm is kept, although is not used at present (it has

been suggested that in future work, it might be possible to utilise the > 250 pm size

fraction to undertake experiments in prolonged HF etching). It is possible that, by

2 The term ‘standard’ in this context refers to those protocols used at the luminescence dating labora-
tory at the Research Laboratory for Archaeology and the History of Art (RLAHA), University of Oxford.

** With standard OSL protocols at RLAHA, it is usually typical to see the 90-180 pm fraction split
between 90-12 pm and 125-180 pm. However, due to the tiny size of the MET sample, it is best to amal-
gamate these two size fractions together as the small quantity yielded across two individual fractions is
often too small to work with efficiently.
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subjecting large grain sizes to an etch time of several hours, both the alpha and
beta attenuation layers might be removed from the grain, thus leaving only the

gamma component to be determined (Pers. Comm. J.-L. Schwenninger, 2012).

. First HCI digestion. The selected grain size fractions (usually 90-180 pm and
180-250 pum) are treated with hydrochloric acid (HCl, 10% concentration), until
cessation of reaction. The purpose of this step is to remove any carbonates from
the sample prior to subjecting the sample to the more vigorous hydrofluoric acid

treatment. The HCI acid wash will dissolve any carbonates present.

. HF treatment. The sample is then soaked in a solution of hydrofluoric acid (HF,
40% concentration) for ~30 seconds, followed by four rinses in distilled water. It
is this step where the MET sample preparation method varies most significantly
from standard methodology as an etch time significantly less in duration is used
for the MET as compared to standard OSL sample procedures. This is discussed in

more detail below in Section 4.1.2.3.

. Second HCI digestion and final rinse. After the HF wash, the sample is sub-
jected to an additional HCI wash, which removes any fluoride precipitates. The

sample is finally rinsed with distilled water and acetone.

. Drying. Finally, the sample is placed in an oven until it is dried out (usually at an

oven temperature of ~30-~50°C for one day).

Upon the completion of these five steps, the sample is then ready to be prepared for

sample measurement.*’

** ‘Drying’ is the final step in MET sample preparation. However, it should be noted that the final step
generally employed in standard OSL sample preparation is a final dry sieving in order to determine the
size fractions of the initial sample after it has been subjected to an HF wash, thus allowing for the removal
of any grains that have been fractured during the HF process.
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4.1.2.2 Coarse grain aliquot preparation

After sample treatment, aliquots are made. An aliquot is the name given to the OSL
sample once it is prepared and mounted on a small aluminium disc for machine mea-
surement. In general, after treatment, the average grain yield for each MET sample
was ~20-~40 grains. Of these, ~10-~30 are used to make between 2 and 4 multigrain
aliquots and the remaining ~10 grains are used for making single grain aliquots.

To make the aliquot, a small aluminium disc measuring 10 mm in diameter and 0.5
mm thick is used. A tiny drop of a silicon-oil is placed upon the middle of the disc.
The grains from a sample are poured out onto a sterile piece of aluminium foil and
are individually picked up using a tool made of a toothpick and a human eyelash. An
eyelash is a perfect implement for picking up an individual grain of quartz both because
it is supple and because it generally has a static charge which ensures a grain is picked
up and adheres to the lash. Once isolated, the grain is transferred to the aluminium disc
and placed within the silicon oil, to which it adheres. For multigrain aliquots, ~5-~10
grains are placed in the centre of the aluminium disc, whereas for a single grain aliquot
a single grain is used (this way of preparing a single grain aliquot is unusual as it is more
typical to use single grain discs, i.e. an aluminium disc with pits in the surface which
can carry up to 100 single grains, rather than mounting a single grain on a standard
aluminium aliquot disc).

Upon completion, the discs are transferred into a light-tight holder (which in turn is

double-bagged in black opaque plastic), and can be stored until ready for measurement.

4.1.2.3 HF acid treatment protocol

As already mentioned, coarse grains are treated in hydrofluoric acid (HF). HF is used in
sample preparation for three main reasons: first, it dissolves feldspar minerals within
the samples, ensuring that, when measured, no luminescence signal is present for min-
erals other than quartz (Aitken 1985: 256); secondly, HF cleans the surface of the quartz
grain and helps to remove impurities formed during the firing process (Aitken 1985: 256;
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Fleming 1979). Finally, and most importantly, HF etches the quartz, which is thought to
remove the exterior layer of the quartz which has absorbed an alpha dose (D,,) (Aitken
1998: 66—-68). Of the three types of radiation naturally occurring, alpha, beta, gamma (ex-
cluding cosmic), each penetrates objects to different depths. With an individual coarse
quartz grain, the beta, gamma and cosmic rays will go through the grain in its entirety,
but in contrast D, will only penetrate to a depth of ~23-~47 um (Aitken 1985: 253). If
this D, layer can be etched away during an HF treatment, the alpha dose rate (D,) can
be factored out of the D calculation. That is, if the D, contribution to the OSL signal
is removed, only the beta (Dg), gamma (Dv) and cosmic (D,,,) dose rates need to be
considered in the final age calculation.

As the MET sample is minute to begin with, it was quickly observed that standard
HF protocols (i.e. 45 minutes in HF, 40%) are not appropriate for MET samples. This
is because HF is so aggressive in its interaction with the sample material, that it often
completely dissolves it. The net weight and volume of a standard OSL sample is often
dramatically reduced during HF treatment, but in general the quantity of material being
treated is around 1000-100 000 times larger than a MET sample (dependent upon sample
type), and therefore far more material remains after etching. It is also possible that
extracting the MET sample with a drill causes fractures in the crystalline structure of
the quartz, which weakens the sample prior to the HF treatment. This may result in the
quartz breaking up more readily, thus giving the HF more surface area upon which to
work, resulting in more of the quartz being etched away.

Even for standard OSL samples, it has long been suggested that HF etching does
not achieve isotropic removal of the outer surface of the quartz grain, ‘because of the
tendency of quartz to etch preferentially along dislocation lines in the crystal lattice
structure’ (Aitken 1985: 256; cf. Lang and Miuscov 1967). Therefore it is likely that,
even with a standard sample, the alpha contribution will never be entirely removed and
will always be a further consideration in dose rate calculations (Lang and Miuscov 1967;

Bell and Zimmerman 1978). This has led to the general consensus that the effect of HF
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protocols strongly depends on the characteristics of the quartz, and individual samples
can act very differently from one another, depending on their geological provenance
and even the behaviour and composition of individual quartz grains (see, for example,
discussions presented in Sawakuchi et al. 2011; Pietsch et al. 2008; Preusser et al. 2006).
Consequently, in some cases it can be justifiable to use reduced HF times or indeed
remove the HF etch completely, choosing instead to determine the contribution of the
alpha dose, as is standard practice in the fine grain technique (Adamiec and Aitken 1998:
Table 7; Brennan et al. 1991; Brennan and Lyons 1989; Clark-Balzan 2012).

For the MET samples from Egyptian contexts examined for this project, it was de-
cided that a significantly reduced HF treatment time would be beneficial, in order to
prevent excessive sample loss, which would result in fewer OSL measurements. We did
not wish to eliminate the HF step altogether, however, because it was observed that
even a short HF wash can significantly improve the intensity of the OSL signal as the
quartz grains were often covered in fine clay particles which impeded the OSL signal—a
short HF time permitted the removal of such particles as well as generally ‘cleaning’
the sample. However, in order to validate the decision to eliminate a longer HF etching
time, tests were conducted on both an Egyptian sample (sample X5460) and a sample
from Petra, Jordan (sample X6307), to determine whether a reduced HF time would sig-
nificantly affect the equivalent dose measurements obtained. It was hypothesised that
a longer HF time would result in systematically lower D, measurements as it would not
include the alpha dose component of the dose.

Sample X5460, an Egyptian sherd from the University of Pennsylvania Museum of
Anthropology and Archaeology, was used for this HF etch time experiment. This sherd
had already become detached from the vessel, and was offered by the museum as a larger
sample which could be used for additional experimentation. The sample was divided into
three sub-samples, all of equal mass. Each of these samples was extracted according to
standard protocols. At step three of the treatment process, each of the sub-samples were

given three different treatments. The first sample was not subjected to any HF treatment
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(i.e. it was mounted as it was). The second sub-sample was only subjected to an HCl
wash. The final sample was washed in HCI and then etched in HF for 30 minutes.
After measurement, each sub-sample was examined under a scanning electron mi-
croscope (SEM) to assess the visible effects HF treatment had on the individual grains.
Findings were in agreement with those discussed by Bell and Zimmerman (1978), in that
etching had significantly altered the morphology of the surface of the grain. With no
treatment or HCI wash only, the grains still had attached to them small clay particles
and other debris. A 30 minute etching in HF resulted in grains with a more opaque,
frosty surface which was heavily pitted. Thus, morphologically, the grains were visibly
altered during the HF process. The change in surface morphology of the grains gave fur-
ther weight to the theoretical assumption that a shorter HF treatment time would result
in a systematically higher D, being measured as the alpha dose contribution would be
removed to a lesser extent. However, when measured, the aliquots made up of different
sub-samples produced no statistically significant correlation between the HF treatment
and the D, measurement (Figure 4.4). Although in Figure 4.4 it appears that the aliquots
etched for 30 minutes in HF mainly cluster at the top end of the graph, the reason we can
state that there is no difference between the D, based on HF time is that an HF treatment
should remove a part of the dose contribution and thus would produce a D, measure-
ment of a lower value compared to those aliquots with no HF or reduced HF treatment.
Therefore, these experiments illustrate that a prolonged HF treatment does not neces-
sarily remove the expected dose contribution of the alpha dose and thus the assumption
that a long HF etch will achieve this does not appear to be valid. While at this stage,
with a limited dataset we can not make any statistically determined statements, future
experiments and an increased dataset is likely to give support to the claims presented
here that a prolonged HF etch does not remove in full the alpha dose contribution of the
quartz grain. Indeed, the data indicates that there is no benefit from an increased HF
etch time and that all D, measurements were well within error, regardless of the time

for which a sample was etched.
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Figure 4.4: D, measurements and their corresponding treatment times for sample X5460.

To further extend the data set for HF treatment times, it was decided to slightly al-
ter the treatment protocols for each of the sub-samples of X6307 (a large sherd recently
excavated from the Brown University excavations at Petra which could be used for mul-
tiple experimental analyses) so that they added to the data already collected from sample
X5460. Sample X6307 was divided into five sub-samples. The first was subjected to HCI
treatment only. The other four samples were washed in HCl initially, but they were also
subjected to different HF etching times: the second sub-sample underwent a 5-minute
HF wash, the third a 15-minute HF wash, the fourth a 30-minute HF wash and the fifth
a 45-minute HF wash.

Again, we observed the same morphological surface changes in the samples: the
HCl-only wash resulted in remnants of clay particles and debris still adhering to the
surface of the grains. A 5-minute HF etch resulted in a ‘clean’ sample, and the grain sur-
face was shiny and sharp. The increasing treatment times showed a steady progression
of grains with a more pitted surface, which were increasingly opaque and increasingly
rounded in grain shape, rather than the more sub-angular grains witnessed with a short-

ened HF time.
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In keeping with the initial hypothesis, it was assumed that a shortened HF time
would result in systematically higher D, measurements. Yet once again, sample X6307
showed that this assumption was not valid: there was no correlation evident between

HF treatment times and the corresponding D, measurement (Figure 4.5).
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Figure 4.5: The effect of HF treatment time on the equivalent dose for two grain size
fractions in sample X6307. No trend can be observed. The solid line is the probability
distribution function (PDF) of the distribution of aliquots for the sample.

These experimental results obtained from samples X5460 and X6307 therefore sup-
port the discussions of Aitken 1985: 256, Lang and Miuscov 1967, Schultz 1980, and Bell
and Zimmerman 1978, in which it was suggested that etching of the quartz grains did
not always occur isotropically. If this is indeed the case, this means that previous as-
sumptions of the D, contribution and its etching away by HF acid treatment require
further, in-depth study in future work.

As these experiments on samples X5460 and X6307 indicate that there is no dis-
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cernible difference between an increased HF time and no HF treatment, it was felt these
results justified only using HF to clean the sample prior to measurement. A reduced HF
time can result in non-quartz mineral contaminants such as feldspars still being present
in a sample. It is possible to examine aliquots under an SEM after the OSL measure-
ment to determine whether the signal is coming from quartz or other minerals within
the sample. However, a less time-consuming practice is to use an infrared stimulated
luminescence (IRSL) signal rejection criteria (e.g. Duller 2003; Mauz and Lang 2004)
and/or determine an IRSL/OSL ratio, by using a post-IR blue OSL procedure (Banerjee
et al. 2001). The latter was chosen in this thesis, and forms part of the aliquot rejection

criteria outlined in Appendix D.

4.1.2.4 Validating the MET technique

In addition to examining the potential correlation between D, values and HF etch time, it
was also necessary to determine the reliability and validity of the MET protocol. Thus,
the MET was also tested against standard ceramic OSL sample preparation in the Re-
search Laboratory for Archaeology and the History of Art, University of Oxford. Mea-
surements were carried out to determine whether the DD, measurements obtained from
a sample using the MET protocol were statistically different from those obtained from
a sample prepared using the traditional technique, referred to as ‘total extraction’ (TE).
In the TE method, a sample size of ~6 cm? is collected, comprising both the D, and
internal dose rate sample—this is approximately 500 times larger than an MET sample
(i.e. ~6000 mm?® as opposed to ~12 mm?®). For this experiment, sample X5460 was once
again used for analysis.

In this experiment, aliquots were made for each of the following sub-samples of

X5460 (the quantity of aliquots made was dependent upon sample yield after treatment):

« MET sample, 30-60 seconds HF treatment (8 aliquots, of which 2 are multigrain

(~25 grains) and 6 are single grain)

« TE sample, no HF treatment (6 aliquots)
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« TE, HCI treatment only (7 aliquots)

+ TE sample, HCI + 30-minute HF treatment (18 aliquots, of which 1 is multigrain

(~30 grains) and 17 are single grain)

The results, presented in Figure 4.6 and Figure 4.7, show that there is no difference,
outside normal expected errors, between those coarse grain samples extracted using
MET sampling protocols and those obtained using TE sampling protocols, and again
that no correlation is seen between different treatment protocols and D, values. Again,
it is felt that for museum samples requiring MET sampling, these experimental results
illustrate the potential for the MET to be a beneficial and useful sampling protocol for

museum specimens.
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Figure 4.6: Probability distribution function (PDF) of multigrain D, distribution for
X5460, when sampled using the total extraction technique. Treatment type indicated
on key. Multiple grain size fractions used (90-250 pm).

4.1.3 Fine grains

Owing to the considerations surrounding the coarse grain preparation using MET sam-

ples (i.e. a significantly reduced HF time), and to its being observed that several samples
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Figure 4.7: Probability distribution function (PDF) of aliquot distribution for sample
X5460, when sampled using the minimum extraction technique. Treatment = ~30 sec-
onds HF + HCL. Grain size fraction indicated on key.

did not yield coarse grain results (particularly those samples made of fine material), the
fine grain preparation method was also undertaken. This method compliments the MET
protocol well. It completely negates the need for removing the alpha attenuation layer
from the grains, since, for the grain size fraction that fine grains deal with, that is, 4
pm-11 pm, the alpha dose contribution is irrelevant. At this size, any alpha component
irradiates the whole grain (Aitken 1985: 24). The fine grain method was first described
by Zimmerman (Zimmerman 1967; Zimmerman 1971), although subsequent alterations
have been made to the Zimmerman method (e.g. Frechen et al. 1996; Fleming 1975;

Fleming 1979: 58-59).

4.1.3.1 Fine grain sample preparation

The fine grain sample preparation method used in this study was slightly altered from
standard'® preparation methods, owing to the small sample quantity of minerogenic

material produced by the MET. Here we used a four-step process. Of these four steps,

16 The term ‘standard’ in this context refers to those protocols used at the luminescence dating labora-
tory at the Research Laboratory for Archaeology and the History of Art (RLAHA), University of Oxford.
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Steps 2 and 3 have been most significantly modified, because of the need to calculate

accurate settling times to separate the 4 ym-11 pm grain size fraction.

1. Dry sieving. When the MET sample is initially sieved, as described above in Sec-

tion 4.1.3.1, the < 90 pm grain size fraction is retained for the fine grain technique.

2. First settling. To isolate the 4-11 pm fraction, it is necessary to settle the grains
in a water column, using Stokes’ law to determine the correct settling times for
procuring this size fraction. As the sample used for fine grain analysis is initially
the < 90 pm fraction, the first settling step requires the removal of the 12-90 pm
grain size fraction. Using Stokes’ law (see, for example, Batchelor 2010: 230-235),
a calculation was made to determine the time it would take grains larger than 11
pm to settle in a solution of deionised water, based on the density and viscosity of
the water, the temperature of the water, and the height of the graduated cylinder in
which they were being settled. For this work, we used a 10 mL graduated cylinder,
for which the settling times are presented in Table 4.1. These settling times were
based on the average ambient temperature of the deionised water stored in the
RLAHA OSL laboratory, which fluctuates between 19°C-26°C (the settling times
presented in Table 4.1 and Table 4.2 are based on an average temperature of 19°C;
however, the water used for each sample was measured prior to settling, and the

exact temperature was used to calculate settling times).

This first settling step therefore removes the grains larger than 11 pm. The water
(which, after settling, now contains only grains smaller than 11 pm) is decanted
into an identically sized graduated cylinder, leaving the settled material (i.e. the
material remaining at the bottom on the cylinder was 12 pm-90 pm, which was

then collected and stored).

3. Second settling. Once the water containing the <11 pm grain fraction is decanted
into an identical cylinder at the end of Step 2: this commences Step 3. This step

repeats the same process as described above, but as we are now isolating the 4 pm-
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Table 4.1: Settling times (at 19°C) to remove the 12-90 pm grain size fraction.

. : : Drop height (average of o
Cylinder volume | Cylinder height cylinder height) Settling time
25 mL 9.7 cm 4.85 cm 7 min 38 sec
10 mL 8.6 cm 4.3 cm 6 min 46 sec

11 pm grain size fraction, the settling times are adjusted accordingly (see Table

4.2).

Once the settling is achieved, the water suspension is discarded (since this only

contains grains 3 pm or smaller).

Table 4.2: Settling times (at 19°C) to isolate the 4-11 pm grain size fraction.

Cylinder volume | Cylinder height Drop h.e ight (aYerage of Settling time
cylinder height)

25 mL 9.7 cm 4.85 cm 57 min 41 sec

10 mL 8.6 cm 4.3 cm 51 min 8 sec

4. Preparation of liquid suspension. The material left in the base of the cylinder

after Step 3, that is, the 4 pm-11 pm grain size fraction, is carefully washed into a

small glass vial using acetone and is then stoppered and kept in liquid suspension

for aliquot preparation.

Upon the completion of these four steps, the sample is then ready to be mounted as

fine grain aliquots (see Section 4.1.3.2).

The fine grain preparation process was first tested on a brick sample for which a large

quantity of material was available for analysis. This made it possible to test the settling

method, to ensure that the 4-11 pm fraction was being correctly isolated. Two test

suspensions were measured, one using a 10 mL graduated cylinder and the other using

a 25 mL. Once aliquots were prepared, they were examined under an SEM to determine

whether the settling times accurately isolated the 4-11 um grain size fraction.
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Figure 4.8: SEM image showing distribution of fine grain sizes for the brick test sample
after settling to isolate the 4-11 pm fraction.

The SEM examinations showed that both the 25 mL cylinder and 10 mL cylinders
were ideally suited to grain settling, with the large majority of grains being within the
4-11 pm fraction, although with some slightly smaller (~3 pm) and some slightly larger
(~12-~15 pm) grains occurring too (Figure 4.8). Given that this slightly increased grain
size distribution is inevitable due to the use of average heights of water columns and
assumption of spherical grain geometry upon which Stokes’ law is based, it was consid-
ered that this methodology had worked sufficiently well for it to be used for fine grain
preparation within this project. It was decided that the 10 mL cylinder would be used in
sample preparation, however, as the smaller cylinder sizes made it easier to work with

the small sample sizes provided by the MET.

4.1.3.2 Fine grain aliquot preparation

After isolating the 4 pm-11 pm grain size fraction, the fine grain aliquots are made. To
make the aliquot, as with the coarse grain technique, a small aluminium disc 10 mm in
diameter and 0.5 mm thick is used. The disc is placed in a small glass vial (measuring

12 mm diameter and 38 mm in height). It is essential that the disc is lying flat on the
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base of the vial so that the fine grains can not become trapped under the disc, which
would affect the preheating of the aliquots when being measured. This can be achieved
by placing ~0.25 mL of acetone in the vial and then placing the aluminium disc on top
that (this creates a suction force and the disc remains at the bottom of the vial).

The glass vial containing the sample prepared in Step 4 above is then agitated (to
ensure that all grains are once again in suspension) and, using a disposable pipette, ~1
mL of liquid sample is added to the vial and is left to settle on to the disc."” This vial is
then left open and placed in a fume cupboard so that the acetone can dry off. Once the
acetone is evaporated, the disc can be removed from the vial—it should have upon it a
thin monolayer of fine grains which have settled upon its surface during the evaporation
process. The aliquot is then ready for measurement and should be stored in a light-tight

disc holder until that time.

4.2 Summary remarks on the MET and its suitability

By using the MET, and combining both coarse and fine grain analyses, we have a pow-
erful tool to determine D, estimates for museum ceramics. Clearly, owing to the very
small sample yield resulting from MET extraction, working with all grain size fractions
produces a larger, and therefore more robust, data set for the OSL age determination.
Furthermore, both coarse and fine grain analyses have distinct advantages and disad-
vantages. On the one hand, by working on the coarse grain fraction, we can work ex-
clusively with pure quartz from the sample, and not rely solely upon a polymineralic fine
grain fraction, which can potentially cause interference within the quartz luminescence
signal. On the other hand, when measuring the fine grain fraction, it is not necessary
to treat fine grains with HF or to take into account alpha attenuation in the grains. In

addition, as Dmt for fine grains includes a large alpha dose component (and is therefore

"In standard fine grain aliquot preparation, it is necessary at this step to be very careful not to use too
much liquid and thus allow too many fine grains to adhere to the disc. It is often necessary, in standard
methodology, to dilute the sample suspension. However, due to the very small amounts sampled using
the MET, it has been observed that this quantity produces a good suspension for aliquot making (i.e. not
too cloudy, that is, not too many grains present), which means it is not necessary to dilute the sample.
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typically larger than for coarse grains), the relative contribution of D, to the total dose
rate is diminished (Aitken 1985: 25). Since the error in Dmt is generally lower than the
error on Demt (given the need to model Dewt to some extent, see Section 5.3.6), this can
result in a lower error for the total D. Thus, by using two methods—both fine grain
and coarse grain analysis—which require differing assumptions, in particular about the
nature of the process of irradiation during deposition in the archaeological record, the
systematic errors resulting from these assumptions can be detected and reduced.

The MET is a suitable alternative sampling and measurement protocol for conducting
OSL dating on museum material. While it cannot produce results with the same levels of
accuracy as material obtained from recent excavations (due to a greater number of un-
certainties in the calculation of the external and internal dose rates), the MET is a viable

alternative for constructing absolute ceramic chronologies from museum specimens.
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CHAPTER 5

OSL results from Bét Khallaf

5.1 An introduction to the OSL results

One of the main goals of this work is to examine how OSL dating can contribute to the
discourse surrounding the ceramic chronology of the later Naqada III period. Although
high chronological precision is not within the scope of this work, it is hoped that by
incorporating OSL dating into the study of Egyptian ceramic chronology (working with
museum material in particular), it will be possible to illustrate that OSL is a technique
which can provide significant new information and can further our understanding of
studied archaeological assemblages.

A data set of 24 ceramic vessels from Bét Khallaf was chosen, the assemblage being
representative of the transitional period between the late Naqada IIl period and the early
Old Kingdom. Appendix C presents a catalogue of these 24 ceramics from Bét Khallaf.
As already discussed, there has been a recent renewal of interest in this traditionally
understudied period, and the time is now ripe for examining what can be added to the
current state of knowledge by absolute chronological and scientific methods.

However, prior to examining the OSL results from Bét Khallaf in full, it is first nec-
essary to discuss the measurements, procedures, and protocols used in this thesis for
determining the equivalent dose (D.) and the dose rate (D), which jointly form the fac-

tors involved in determining a final age calculation—as discussed in Section 3.1.1.2—for
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each ceramic sample.

5.2 Equivalent dose (D.) measurement procedures

5.2.1 Equipment

All OSL measurements were carried out on a Risg automated TL/OSL DA-15 lumines-
cence reader (Riso 2007) housed at the RLAHA luminescence dating laboratory, Uni-
versity of Oxford. Aliquots were analysed using the Analyst software package (Duller
1999).

Samples were measured using a post-IR blue OSL procedure. Developed by Banerjee
et al. 2001, the post-IR blue OSL dating procedure ensures that the signal from any pos-
sible feldspar contaminates are depleted by an IR exposure prior to measurement of the
OSL signal using blue light. Some feldspars were found to be present in the samples by
SEM analysis; however, the IRSL luminescence signal from these could be sufficiently
removed using the post-IR blue protocol. Optical excitation was done using filtered blue
diodes (410-510 nm emission) and infrared stimulation was done using IR diodes (870
nm). The resulting luminescence signal for each aliquot was detected in the UV spec-
trum (370 nm) by an EMI 9635Q bialkali photomultiplier tube (PMT), which was fitted
with a 7.5 mm Hoya U340 glass filter (Riso 2007). Irradiation of the sample was carried
out with a sealed *°Sr (strontium) beta source at a rate of ~2.3Gy/min, with calibration
carried out using Risg calibration quartz (Hansen et al. 2015), calibration being neces-
sary to determine the correct dose rate the sample is receiving from the *°Sr source at a

given point in time (discussed further in Section 5.2.2).

5.2.2 D, measurement

The luminescence of each sample is dependent upon the geological history of each grain
contained within it and in order to accurately determine the natural luminescence re-

sponse from a sample, the signal must be compared against a series of laboratory doses
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given to the sample using the integrated **Sr source in the luminescence reader. This
can be done by using either an additive dose method or a regeneration method (Duller
2008: 9). The latter is now the more routine, and this is the method that has been used
for the determination of D, in this project using the single aliquot regenerative dose
(SAR) measurement protocol.*®

The SAR protocol was developed in 2000, and further in 2006, and has been used
routinely in OSL dating applications since this time (Murray and Wintle 2000; Win-
tle and Murray 2006). Its benefits over previous protocols are significant: first, it has
been found that this protocol is applicable to many quartz samples and that OSL dat-
ing using this protocol has produced results in excellent agreement with pre-existing
independent age controls (Duller 2008: 11; Rhodes 2011; Murray and Olley 2002; Rit-
tenour 2008; Rhodes et al. 2003). Secondly, SAR applies a series of varying laboratory
doses on a single aliquot, thus requiring a smaller sample size than other methods (and
hence of particular importance to this project where we are dealing with museum ma-
terial). Additionally, the natural OSL signal is interpolated from the regenerative dose
response curve determined by a series of SAR cycles, rather than extrapolated as with
other methods. Figure 5.1 shows a pictographic representation of the SAR protocol.

Although the SAR protocol has several benefits as outlined above, its main advan-
tage lies in its ability to apply a quartz sensitivity correction to the measurement, by
using a test dose step within each SAR cycle. Wintle and Murray showed that the heat-
ing of quartz can often change the luminescence properties as traps within its crystal
lattice structure that give rise to luminescence are redistributed by each heating event
(Wintle and Murray 1999). As heating is a vital component of each SAR cycle, using a
test dose (Tx) and second OSL measurement (Lx) after the natural and each subsequent
regenerative dose measurement allows a sensitivity correction to be made by using the

ratio Lx/Tx. This normalises both measurements and determines the growth curve for

!* The additive dose method, in contrast to the regenerative method works by giving the sample an
additional dose on top of the already existing natural signal. Its primary disadvantage is that it requires
multiple aliquots, which are not guaranteed to be identical to one another, and also that the equivalent
dose is extrapolated, rather than interpolated.
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Figure 5.1: A step-by-step visual guide to the SAR protocol (taken from Duller 2008: 10).

each aliquot (Rhodes 2011: 471; Preusser et al. 2008: 112).

Additionally, prior to measurement of an entire data set, it is best practice to carry
out two additional tests to ensure that the material being worked on is suitable for OSL
measurement and that the characteristics of the quartz make it conducive to reliable

dating. These tests are a preheat test and a dose recovery test.
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The preheat test is carried out to ensure a correct temperature is selected prior to each
OSL measurement. The preheat step rids the quartz of unstable signal components. To
determine to what temperature the sample should be preheated, several aliquots for a
sample are heated to a variety of temperatures ranging between 160°C and 300°C, and
the value at which the resulting D, measurements remains constant is the temperature
at which subsequent samples in the data set are preheated (Duller 2008: 12). Although in
an ideal situation a preheat test would be carried out for each individual sample compris-
ing a single data set this is not always possible due to machine time constraints and also,
particularly in the case of this project, due to the very small quantity of material avail-
able for each sample. After a preheat test was conducted on Bét Khallaf sample X5460, a
preheat temperature was chosen of 240°C/220°C (prior to the natural/regenerated lumi-
nescence measurement, and the luminescence sensitivity measurement, respectively).

Figure 5.2 presents the results of this preheat test.
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Figure 5.2: Preheat plot for sample X5460, showing the equivalent dose (and associated
error) arising from varying preheat temperatures (220°C up to 280°C at 20°C intervals).
A preheat plateau is not strictly visible as all aliquots cluster around the average D,
value (~275s); however, the 240°C/220°C preheat provides the best unity for the known
recovered dose (250s).
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Table 5.1: Table showing data from preheat test (Figure 5.2). The equivalent dose and
associated error from each pair of aliquots is given in seconds, along with the temper-
ature in degrees Celsius and the difference between the two equivalent doses, again in
seconds.

Preheat Temp | Aliquot A D, | Aliquot A Err Aliquot B D, Aliquot B Err Difference
200 275.67 30.94 309.65 33.73 33.98
220 231.06 23.59 201.04 21.06 30.02
240 282.44 49.21 258.28 32.47 24.16
260 330.58 45.18 255.22 20.38 75.36
280 270.87 20.16 226.34 83.85 44.53
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Figure 5.3: Dose Recovery plot showing that for all 8 aliquots measured after being given
a known dose of 250s, the average recovered dose for the data set was 250.044+4.9 s and
all aliquots were within error of this average (returning equivalent dose values within
10% of the known given dose), illustrating that the dose recovery test for sample X5460
was successful and that the quartz within the sample is behaving suitably for OSL dating.
Note that the aliquot order is arbitrary.
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The dose recovery test provides an excellent method for ensuring the suitability of
the sample for OSL dating by retrieving a known laboratory dose given to the sample. On
a series of aliquots for a single sample, the natural signal is bleached and a known dose (in
seconds) is given to the aliquots. The standard SAR protocol is then carried out on each
of the aliquots and it is expected that, if the luminescence properties of the sample are
suitable for OSL measurement, the measured dose should return a signal within ~10% of
the given dose. As with the preheat test, ideally a dose recovery test would be conducted
on each individual sample within a data set. However, owing to sample size, it is usually
only possible to conduct a dose recovery test on a single representative sample. Once
again, given the availability of additional material, sample X5460 was chosen to carry
out a dose recovery test upon. Figure 5.3 presents these results.

In addition to incorporating a sensitivity correction and carrying out both dose re-
covery and preheat tests, the SAR protocol also includes several other quality controls
to ensure appropriate measurement procedures for the SAR protocol. These include the
recycling ratio test, recuperation, and an IRSL/OSL ratio check to determine if contam-
ination by feldspars is present. For each of these tests and controls used in the SAR
protocol, a standard set of ‘rejection criteria’ exists. It is good practice to follow these
accepted criteria to ensure no subjective bias enters into the acceptance or rejection of
individual aliquots being used to determine the final age estimate based upon the central
age model.

The rejection criteria used in this project, to ensure reliable D, determination, are
described in Appendix D. In summary, aliquots are rejected if any of the following con-
ditions occur: a test dose error of greater than 20%; a recycling ratio of greater than 20%;
a recuperation value of greater than 5%; an IRSL/OSL ratio of greater than 15%.

After applying the rejection criteria, the central age model is used to calculate a
single D, estimate and corresponding error from the remaining (non-rejected) aliquots.
In Appendix D these values are presented in seconds (s), being the length of time for

which the samples were exposed to the source. However, these values must be converted
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into Grays (Gy), that is, into an actual absorbed dose. In order to do this, the D, (s) must
be multiplied by the calibration factor (i.e. the dose rate) for the source at the time of
measurement (cf. Section 5.2.1). This is seen in Appendix D, where the calibration dose
rate for each sample is given alongside the machine-determined value in seconds.
Table 5.2 presents a summary of the D, values obtained for each sample (after being
converted into Gy) within the Bét Khallaf data set. It is evident from Table 5.2 that
not all of the 24 vessels from the Bét Khallaf assemblage resulted in D, determinations—
indeed, as can be seen in Appendix D, X4119, X4120, X5469, X5471 produced no aliquots
that passed the rejection criteria and therefore were excluded from further OSL analysis.
Furthermore, X4113, although producing four aliquots which in themselves passed the
rejection criteria, had too much over-dispersion among its 4 aliquots and did not produce
areliable D, measurement.” Therefore Table 5.2 presents only the 19 (out of 24) samples

which were accepted and deemed suitable for final OSL age calculation.

5.3 Measurement of the dose rate (D)

Within luminescence dating, a vital component of the OSL age calculation is the mea-
surement of D (the dose rate), which comprises Dmt (the internal dose rate), Dewt (the
external dose rate), and D, (the cosmic dose rate). Although measurement of D, is
often the main focus of a discussion on luminescence dating, it is the dose rate which
can often contribute the most additional information to a luminescence date (i.e. about
its depositional history) and it is also the dose rate which causes the most significant

source of error in an age estimate (Durcan et al. 2015: 54). The following section exam-

** The over-dispersion (OD) value, calculated and presented in Appendix D for each sample, is a sta-
tistical representation of the variation occurring within the errors accompanying a D, measurement. A
standard OD rejection criteria does not exist in OSL dating (although many publications accept OD values
of <20%). It has been discussed whether these values are too sample-dependent and whether it should be
left to the discretion of the OSL practitioner to determine a suitable OD value for their sample population
(Galbraith and Roberts 2012). With the exception of X4113, which had an OD value of >87%, the remain-
der of the Bét Khallaf assemblage had OD values of <50% (with the majority of the values sitting below
20%). The spread in the data for X4113 clearly showed it to be an unreliable sample for OSL dating which
is why this sample was rejected. All other samples, however, had OD values which were deemed suitable
for further OSL analysis.
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Table 5.2: Summary of the OSL D, values for the Bét Khallaf ceramic material (both fine
and coarse grains)

Sample Number | Coarse grains (90-250 pm ) Fine grains (4-11 pm)
D, (Gy) D, error (Gy) D, (Gy) D, error (Gy)

X4114 7.45 0.94 N/A

X4115 7.31 0.25 8.33 0.74
X4118 12 0.46 11.59 1.04
X5460 9.98 0.6 10.79 0.75
X5461 10.56 0.4 9.02 1.17
X5462 8.37 0.9 N/A

X5463 8.95 0.39 9.08 0.26
X5464 8.57 0.24 9.13 0.23
X5465 8.87 0.87 9.8 0.28
X5466 2.92 0.2 N/A

X5467 8.1 0.47 6.84 1.13
X5470 8.114 0.44 9.87 0.93
X5472 9.25 0.2 10.19 1.78
X5473 8.35 1.21 9.39 0.35
X4116 6.66 1.31 N/A

X4117 N/A 12.53 1.94
X5458 10.5 0.37 9.22 0.45
X5459 7.68 2.32 N/A

X5468 8.65 0.55 9.37 0.35

ines the dose rate in detail, and specifically discusses its calculation within this project
and how using the newly developed Dose Rate and Age Calculator (DRAC) program
and the Dos1Vox program can assist in calculating and reconstructing the dose rate for

a vessel.

5.3.1 DRAC (Dose rate and age calculator)

The five necessary measurements required to accurately determine D for each sample

(the external dose rate (D), the internal dose rate (D;y;), the cosmic dose rate (D.ps),
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the radiation attenuation, and the moisture content) are discussed in greater detail below.
In this project, final D calculation has been carried out by DRAC, a program which brings
together each of the five D measurements, as well as the D, estimate, to calculate a final
age estimate for each sample by allowing direct input of D..

Developed by Durcan et al., DRAC is an open access, web-based program which
permits fast and flexible D calculation and age estimation for each sample in a data set
(Durcan et al. 2015). For each parameter, DRAC allows the user to define input values,
and additionally allows the user to choose which values are used from the literature to
determine aspects of the calculation such as radionuclide conversion factors, and atten-
uation factors. Further details about the functions used by DRAC and how the program
works can be found in Durcan et al. 2015. DRAC input values used in the age calcula-
tion of the Egyptian ceramic material are discussed below and the final DRAC input and

output tables for the Bét Khallaf material are presented in Appendix E.

5.3.2 Calculation of Demt

In the case of dating ceramic material, Dext comes from the radioactive isotopes of
U, Th, and K naturally present in the sediment surrounding the vessel in its deposi-
tional environment (to a radius of 30 cm around the vessel). Under normal fieldwork
conditions, when dating recently excavated material, it is possible to determine D,
by one of two methods (or a combination of both): in situ gamma spectrometry (us-
ing a hand-held gamma spectrometer), or by collecting soil/sediment from the deposi-
tional environment of the sample and carrying out ICP-MS analysis (inductively coupled
plasma mass spectrometry)—or NAA analysis, or ICP-AES/-OES analysis or by alpha/-

beta counting®®—on the sediment. All these methods produce an elemental analysis of

0 Although ICP-MS analysis is the preferred method to work with for the MET, is should be noted
that neutron activation analysis (NAA), inductively coupled plasma atomic/optical emission spectroscopy
(ICP-AES/OES), or alpha/beta/gamma counting can also be used. However, with the small sample sizes
resulting from extraction using the MET, alpha/beta and gamma-counting cannot be carried out within a
feasible time frame. NAA is no longer routinely used, because it is now considered outdated compared to
the ICP methods and requires a larger sample size. ICP-AES/OES, AAS or FES are considered by some to
be preferable to ICP-MS (due to the problems surrounding the potential flooding of the K concentration
by the Argon carrier gas used in ICP-MS (Preusser and Kasper 2001: 22; Bailey et al. 2003: 11). However,
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the depositional environment, which allows the calculation of the concentrations of the
three radioisotopes of interest.

One of the major considerations when working with museum material, and thus for
this project, is accurate reconstruction of Dext, as without this, measurement of Dext
is likely to contribute the highest uncertainty in final D calculations for coarse grain
material. In the absence of sediment/soil in direct association with the sample (which
would be present with recently excavated material), it can be a challenge to reconstruct
D.; accurately. Museum material is routinely cleaned thoroughly prior to being put
on display or into storage. This can therefore complicate the calculation of the external
dose rate. In order to achieve an accurate estimation of the external dose rate, it is
necessary to procure samples from museum material which still have some sediment
material adhering to it. In this way, the material can be analysed by ICP-MS analysis to
determine the concentrations of U, Th, and K in the sediment, which can act as a suitable
alternative to soil material collected in situ. It is of course necessary to ensure that
this material is indeed from the original depositional context, by visual and microscopic
analysis.

In the absence of such material, there are two other possible options for reconstruct-
ing the external dose rate. The first is to go to the original excavation site and conduct in
situ gamma spectroscopy in the approximate or exact location of the original find spot
(i.e. the same methodology used for recently excavated material).?* Alternatively, if this
is not possible, one can estimate the external dose rate based upon careful reconstruc-
tion of the depositional environment using available environmental data. Environmen-

tal data for the surrounding region can often be found, and the reported findings can

which analysis is chosen is often entirely dependent upon resources available at the time. Any of the
above methods can be considered suitable. For this project, ICP-MS is the method used for determining
isotopic concentrations within the Dezt.

! In theory gamma spectrometry is a distinct possibility for working on material within Egypt and
something that would improve OSL dating on Egyptian material considerably. It was originally intended
to carry out in situ measurements in the field (as the locations of most of the ceramic material sampled for
OSL dating came from known contexts). However, travel to Egypt and carrying out such measurements
in the field were not advisable in the current political instability in Egypt, from 2011 to the present. In the
future, in situ gamma spectrometry should be used to verify D.,; measurements.
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Table 5.3: Concentrations of radioisotopes in sediment samples in direct association with
several Bét Khallaf ceramic vessels.

Location of | Concentration of | Concentration of | Concentration of
Sample 232 22 238
sample K (%) Th (ppm) U (ppm)
Xsa58 | mteror of 1.38 4.4 13
vessel
Xs459 | nterior of 0.88 3.9 15
vessel
Interior of
X5463 nterior o 0.88 4.6 1.8
vessel
X467 | mterior of 0.41 1.38 0.45
vessel
Xa120 | Interior of 0.81 3.2 2
vessel
X5458 Under rim 0.98 3.4 1.2
X5459 Under rim 0.71 3.2 1.4
Average 0.86+0.11 3.44+0.40 1.3840.19

be used as a proxy for D.,;. For example, this approach has been successfully applied
elsewhere in the study of Iron Age pottery from South Africa (Zink et al. 2012) and for
a luminescence study carried out upon a collection of Tanagra Terracotta figures (Zink
and Porto 2005).

For the Bét Khallaf material, it was noticed during the sampling process that several
vessels had material adhering to their interior surface (vessels X5458, X5458, X5463,
X5467, and X4120), or lodged tightly up under the rim of the vessel (vessels X5458 and
X5459). It was possible therefore to collect this material for ICP-MS analysis and use the
radionuclide concentrations as a proxy for the entire assemblage (see Table 5.3).

Although visual analysis (using a light microscope) of the material strongly indicates
that the material came from the original depositional environment, there was a concern,
particularly for the vessels from which the material was collected under the rim (X5458,
X5459), that this may have been the remains of mud-sealings, commonly found upon

vessels of the type yielding this material. However, it was noted that the ICP-MS analysis

*ppm = parts per million mass.
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Table 5.4: Published dose rates for regions surrounding the Bét Khallaf area and other
archaeological sites across Egypt. NB Only research providing full disclosure of U, Th,
and K values and how these were measured and obtained were used.

Site/location Publication Concentrations | Concentration | Concentration
of K (%) of **Th (ppm) | of ***U (ppm)
Upper Egypt
(greater region Harb et al. 2008 0.70 3.08 265
surrounding (mean)
Bét Khallaf)
Giza, Egypt Sekkzlgf)‘;t al. 0.93 4.77 2.67
. Abdel-Wahab
Giza, Egypt et al. 1996 1.7 3.35 1.49
Average 1.11 3.73 2.27
Standard 0.52 0.91 0.68
Deviation

across all six samples showed quite a strong degree of internal consistency (although less
so for sample X5467). Furthermore, the literature also indicates that a fairly uniform
natural dose rate is present in Egypt in the region surrounding Bét Khallaf, and indeed
across other archaeological sites throughout much of the country.?® Table 5.4 illustrates
these findings.

Given the results from ICP-MS analysis on the Bét Khallaf material, alongside com-
parable results from the available literature, it can be assumed that a fairly accurate
determination of the external dose rate from the surrounding sediment of the Bét Khal-
laf assemblage has been achieved. However, here it is of course necessary to assume
that the sediment adhering to the vessels in the Penn Museum collection is fully rep-

resentative of the burial environment which would have surrounded the vessel during

* Literature exists on radionuclide concentrations from non-archaeological sites throughout Egypt,
too, and over a larger geographical spread, such as along the Red Sea coast, and the Nile delta, as well
as the Nile valley (see for example: El-Arabi 2005; El-Bahi et al. 2005; El-Gamal et al. 2013; El-Taher and
Abbady 2012; Fahmi et al. 2011; Nada et al. 2009; Ramadan and El-Mongy 2001; Sroor et al. 2002; Uosif
2007; Uosif et al. 2013). However, a wider spread of radionuclide data is seen across this material, probably
due to the geological spread of the data but also to the varying areas of sampling (that is, habitation sites
or costal/desert zones as opposed to archaeological sites). For the purpose of this study we have only
examined the data available from archaeological studies or studies based within the direct Bét Khallaf
region.
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its deposition, to at least a radius of 30 cm. This is because it is the material contained
within a sphere of radius 30 cm around the vessel which will govern its environmental
(i.e. external) dose rate, as this is the typical penetration depth of gamma rays in burial
contexts. Of course, such an assumption can never be fully verified. However, based
on the good agreement between the literature and the ICP-MS results obtained from the
Bét Khallaf material, it can at least be assumed that there is a fair degree of consistency
in the natural environmental dose rates in the region where Bét Khallaf is located, and
certainly within the direct area of the cemetery. Furthermore, Caton-Thompson and
Whittle also illustrated that the radioactivity within the surrounding environs of eight
pottery samples measured from Hemamieh, Egypt were comparable across several ar-
chaeological layers surrounding the sherds, again indicative of a fairly consistent soil
matrix (Caton-Thompson and Whittle 1975: 96).

As such, the combination of the ICP-MS results obtained from the sediments adher-
ing to vessels, and the available environmental data presented in the above-mentioned
literature, allowed us to determine a good estimate for the external dose rate which
would be used in our final age calculations. As the Bét Khallaf ceramic collection was
held in storage for ~110 years prior to being sampled for OSL dating, it is possible to fac-
tor in an approximate contribution of background radiation in the museum environment
to Dem (following Castaing et al. 2004). However, due to the very small contribution to
D, that this measurement is likely to have (and given that a proxy following Castaing
et al. 2004 would have to be used rather than exact measurements from the Penn Mu-
seum, the Garstang Museum and the Ashmolean), it was decided that this factor could
be removed from analysis of the Bét Khallaf material without significantly affecting the
final results.**

The ICP-MS values for this project which will be used to determine D, are pre-

sented in Table 5.3, with the average value being used. It was decided that an average

?* In addition to this factor being only a small contribution to D.yt, ICP-MS measurements indicate
that D, contributes significantly more to the total dose rate than D.,., further reducing the importance
of this factor for the final age determination.
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value would be the best value to use for Dezt calculation, even though the values varied
slightly between the individual vessels yielding external sediment. This was because the
long attenuation depth of the external gamma radiation means that D, is affected by
a larger body of material than the sediment in direct contact with the vessel. In this
case, an average value will be more representative than an individual measurement as
it will compensate for the variation in composition of the surrounding sediment. How
these values are used in final age calculation will be discussed below, when discussing
the use of a radiation simulation software program, DosiVox, to calculate the external

dose rate.

5.3.3 Calculation of Dmt

As already discussed, with the MET sampling protocol, the top ~2 mm of the extracted
sample (typically weighing ~1-~5 mg) is reserved for calculation of D;,,, the rate at
which a vessel receives an annual dose from itself, owing to the presence of naturally
occurring radioisotopes of U, Th, and K in the ceramic fabric. It is usually possible to
calculate the concentrations of U, Th, and K using standard ICP-MS analysis.

It can, of course, often be difficult to accurately quantify the concentrations of ra-
dioisotopes when dealing with the minute sample sizes yielded for D;,; calculation by
the MET sampling method (in particular because the sample may be too small to contain
a uniform distribution of the naturally occurring radioisotopes within the whole vessel).
This can result in a larger-than-normal error range. However, these considerations are
usually very dependent upon the individual assemblage being worked on. For example,
it is sometimes possible to gain a better understanding of the internal dose rate for MET
samples if the assemblage contains a number of vessels composed of the same material,
or material similar enough to allow the results for ICP-MS analyses to be combined,
resulting in a measurement based upon a larger sample size.

For this project, the ICP-MS analysis was carried out on the Bét Khallaf samples by

the Department of Earth Sciences, University of Oxford. Samples were prepared using

83



5.3. Measurement of the dose rate (D)

an acid digestion protocol: the samples were weighed into a Teflon beaker and then 3 mL
of 27M HF and 1.5 mL of 16M HNO; were added to the beaker. The beakers were sealed
and then heated at 90°C overnight. Samples were then evaporated to dryness at 90°C.
After evaporation, 2 mL of 16M HNO; was added to the sample and then evaporated to
dryness (this step was repeated twice). Next, an additional 2 mL of 16M HNO; and of
18M-OHM water was added to the samples, following which the beaker was sealed and
heated overnight. Finally, the sample was made-up to 10 mL with 18M-OHM water.*

After acid-digestion, all samples were run on a Thermo Finnigan Element 2 ICP-MS.
After acid digestion was carried out, each sample was diluted using a 2% HNO; solution
(prepared using in-house distilled nitric acid and 18.2M-OHM DI water). The analysis
technique involved calibration using standard addition analysis, where a standard of a
known K concentration was spiked onto replicates of selected samples at increasing ra-
tios. Additional quality checks were conducted using an external standard (High Purity
Standards 10ppm ICP-MS-68 A solution) and an internal standard (each sample, stan-
dard and blank, was additionally spiked with 1ng/g of Rhodium). All data were reported
as elemental concentrations and were measured from a mass to charge ratio (m/z) of 39,
232, and 238 for K, Th, and U respectively.?® These were then converted into ppm for
ease of use in the DRAC program.

Table 5.5 shows the concentrations of U, Th, and K measured for each of the Bét
Khallaf samples, which were in turn used to calculate Dmt in Gy/ka, using attenuation
factors to account for grain size (Brennan 2003) and the infinite matrix assumption—an
assumption commonly used to evaluate dose rates, which states that the radionuclide
emissions in a matrix are equivalent to the amount absorbed (Guérin et al. 2012). For a
ceramic object this assumes that the attenuation depth of both alpha and beta radiation

is smaller than or comparable to the depth of the sample location within the vessel wall,

> The author is indebted to Steve Wyatt (Department of Earth Sciences, University of Oxford) for
providing this description of the acid digestion process carried out upon these samples prior to ICP-MS
analysis.

?¢ The author is indebted to Phil Holdship and Steve Wyatt (Department of Earth Sciences, University of
Oxford) for providing the information concerning the ICP-MS sample preparation and analysis protocols.
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Table 5.5: Concentrations of U, Th and K (to three significant figures) for each Bét Khallaf
ceramic sample, measured using ICP-MS analysis, used to determine D,,,;.

Sample K (%) 232Th (ppm) 38y (ppm)
X4114 0.987 4.32 1.03
X4115 1.26 5.82 1.44
X4116 0.977 7.30 1.99
X4117 1.25 7.49 1.85

X4118% 1.42 5.79 1.48
X5458 0.972 6.70 1.82
X5459 1.01 7.69 2.45

X5460% 1.42 5.79 1.48
X5461 1.51 5.56 1.31
X5462 1.32 4.90 1.19
X5463 1.45 5.95 1.24
X5464 1.33 5.78 1.27
X5465 1.41 7.06 1.70
X5466 1.59 17.6 3.68
X5467 1.48 5.63 1.15
X5468 1.04 6.95 1.88
X5470 1.27 6.05 1.14
X5472 1.37 5.15 1.43
X5473 1.22 5.64 1.77

and this is true given that the depth of the sample is 2 mm-4 mm below the surface of
the vessel wall and that the attenuation depth of beta particles is ~2 mm and that the
alpha attenuation depth is far smaller than this. A standard error of 5.6% was given to
each sample when input into DRAC, based on the percent error calculated for the instru-
mentation process (2.5%) and approximated for the acid digestion process (5%), which
were combined in quadrature, assuming the errors were independent (Pers. Comm. Phil

Holdship and Steve Wyatt).

?’X4118 and X5460 were measured by a commercial company at the very beginning of the project.
The measurements for X4118 were %K=1.54; ***Th (ppm)=6.3; ***U (ppm)=2.3. The measurements for
X5460 were %K=1.83; ***Th (ppm)=6.2; **U (ppm)=1.9. The company measured four samples, but returned
the remainder and said they were unable to process the rest of the sample set. This was because the
sample size was too small for them to work with. While the remainder of the samples, upon re-sampling
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5.3.4 Calculation of DCOS

A small, yet integral part of D comes from cosmic rays and is known as the cosmic dose
rate (DCOS). As the name would suggest, this source of radiation comes from interstellar
space and is calculated as a function of four primary factors: burial depth of a sample,
the altitude of the find spot, its geomagnetic latitude as well as an average over-burden
density (Prescott and Stephan 1982; Prescott and Hutton 1988; Prescott and Hutton 1994).

When working with museum materials, and in particular from excavations carried
out over 50 years ago, it can often be difficult to determine these four factors, depending
on how detailed the excavation reports for the site are. Although it is usually straightfor-
ward to determine the altitude and latitude of the site, the burial depth and over-burden
density, if not recorded in the original excavation report, are more difficult to recon-
struct.

For the Bét Khallaf assemblage, the altitude and co-ordinates of the site were deter-
mined using Google Earth? as the satellite imaging accompanying this program allows
ease of recognition of exact find locations, that is, the Bét Khallaf mastabas (the super-
structures above the burial location), from which the ceramic material studied in the
project came, were easily identifiable in this program (Figure 5.4).

Excavation reports exist for the majority of the ceramics within this assemblage

(Garstang and Sethe 1903), and therefore we can reconstruct a relatively good approx-

according to an improved sample storage protocol (gelatine capsules, as discussed above), were measured
by the Department of Earth Sciences, University of Oxford (DESUO), who were confident in working
with such small sample sizes (they are used to working with sub-milligram seawater material), X4118 and
X5460 could not be re-sampled. X4114, however, was the single sample measured by both the commercial
company and DESUO and the results between the two labs were vastly different. In contrast to the values
produced by DESUO (see Table 5.5), the commercial company’s values for X4114 were: %K=1.21; **Th
(ppm=10.1); **U (ppm)=3.0. These values, particularly for **Th and ***U are significantly higher than
those produced by DESUO. Such occurrences have been discussed elsewhere and are not unusual (Preusser
and Kasper 2001: 20). The fact that the laboratory felt they were not set up to deal with such small
quantities of material indicates that these measurements were unreliable. So that these results did not
adversely affect the D measurements and thus the age estimates for these two vessels, it was decided that
an average value of the entire Bét Khallaf Nile silt clay assemblage measured by DESUO would be used. It
is this value that appears in Table 5.5. NB Table A.1, found in Appendix A presents all the ICP-MS values
obtained for the entire assemblage independently upon each vessel, whereas Table 5.5 only presents those
values corresponding to the ceramics from the assemblage which produced D, measurements. Thus, it is
Table A.1 that should be consulted for the calculation of the average elemental values for the assemblage.

*® (Google Earth V 7.1.2.2041 (July 2013)), Bét Khallaf, Egypt. Lat: 26.296983°, Long: 31.773725°, Eye
alt 352 m, DigitalGlobe 2013. http://www.earth.google.com [July 17, 2015].
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Figure 5.4: Satellite image of the Bét Khallaf archaeological Site (Mastaba K1) taken from
Google Earth, used to determine certain elements of the cosmic dose rate (elevation
above sea-level, latitude/longitude co-ordinates).

imation of the over-burden density and burial depth. Similarly, Garstang’s excavation
reports allowed a fairly accurate reconstruction of the approximate location of the ce-
ramic finds. Although specific vessels are not individually discussed, Garstang does
mention the location of the ceramic finds in written description, which can in turn be
located upon the plan and section drawings of each tomb. This then allows a decent
reconstruction of the size of the chamber containing the pottery and its depth below the
surface, all essential components in accurately reconstructing Dcos.

DRAC allows a user-defined input for the factors contributing to DCOS as well as
allowing user-defined error for each individual factor, which can be determined based
on the confidence level in how accurately the excavation reports allow reconstruction
and interpretation. Table 5.6 presents the user-defined input components for calculating
D,,s for the Bét Khallaf material (based upon Garstang and Sethe 1903). DRAC uses the
seminal work of Prescott and Hutton to determine Dcos once the user-defined input

parameters are established (Durcan et al. 2015: 58; cf. Prescott and Hutton 1994).
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Table 5.6: Factors and accompanying measurements contributing to D, of the Bét Khal-
laf assemblage

Burial chamber
depth below the
Tomb Number Location of the tombs| Height above sea | surface or below
at Bét Khallaf level of site surface still-standing
mastaba
superstructure
Bét Khallaf K1 94 m 27 m
Bét Khallaf K2 | Lat: 26.295483 94 m 12m
Bét Khallaf K3 | Long: 31.7717979 94 m 12m
Bét Khallaf K5 94 m 11m

5.3.5 Radiation attenuation

Radiation is attenuated, that is, absorbed, in both coarse and fine grains as the radiation
interacts with the quartz crystal lattice. Thus, it is necessary to determine radiation
attenuation factors in order to more accurately calculate D (i.e. from both internal and
external sources), where D comprises Da (the alpha dose rate), DB (the beta dose rate),
and Dv (the gamma dose rate). Factors to be considered here are: alpha efficiency, grain
size attenuation, HF treatment (etching), and moisture content (Durcan et al. 2015: 56).

Alpha particles differ from beta and gamma particles in that they are highly ionising,
which means that the deposited luminescence is proportional to the track length (the
path made by the alpha particle) throughout the quartz crystal lattice. While beta and
gamma particles deposit luminescence only at their final point of absorption, the alpha
particles deposit energy along the whole track length. The alpha efficiency, or a-value,
provides a way of determining the ratio of luminescence produced per unit of alpha
track to the luminescence produced per unit absorbed beta dose (Durcan et al. 2015: 56).
This is to say that it is necessary to convert the amount of alpha track to the amount of

beta radiation that would give the same luminescence which is determined during D,
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measurement in the OSL/TL reader.?* Within DRAC, a-values can be selected from the
available literature (dependent upon grain size and mineral type) or can be user-defined
if an alpha source has been used to determine the a-value for a specific sample. Given
that an alpha source was not available to us for this study, the published values for quartz
fine grains, 0.038 + 0.002 (Rees-Jones 1995), and coarse grains, 0.10 + 0.02 (Olley et al.
1998) were used, as recommended by Durcan et al. 2015: 56.

Grain size attenuation must also be considered as the differing sizes of grains used for
OSL measurement will affect the extent to which the alpha and beta radiation penetrate
the interior of the grain, and thus the overall quantity of radiation received by the grain.
Within DRAC, grain size attenuation factors calculated by Brennan et al. 1991 have been
used to determine this grain size attenuation (Durcan et al. 2015: 56-57; cf. Brennan et
al. 1991). These attenuation factors relate the actual absorbed dose to the radiation which
would be absorbed by a thin target, as calculated from the measurement of radionuclide
concentrations provided by ICP-MS analysis of Dmt and Demt.

As already discussed in Chapter 4.1.3.3, generally in OSL dating, a HF treatment is
carried out in order to remove the alpha dose attenuation layer from the surface of a
quartz grain. Given that for this project only a 30-second HF treatment was used, it
must be assumed that etching did not occur and that, therefore, the contribution of the
alpha dose to the OSL signal must still be included in the final age calculation. Following
Brennan et al. 1991, DRAC provides the facility to specify the etch depth obtained during
an HF treatment (in the case of the samples reported for this project, a depth of 0 pm
was specified), which is used to calculate the resulting alpha contribution (Durcan et al.
2015: 56—57; cf. Brennan 2003).

The moisture content of a sample is another factor that influences radiation atten-
uation in the calculation of D, because the presence of water causes a greater degree
of attenuation within the object: a sherd that has been affected by water during depo-

sition will produce systematically younger ages than expected. In the case of museum

?** NB The luminescence produced per unit absorbed gamma dose is considered to be the same as that
per unit absorbed beta dose.
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material, where it is often impossible to accurately reconstruct the moisture content of a
site over an object’s often long-lived depositional history,** moisture correction factors
(Aitken 1985) are used, which consider an average moisture content over the duration
of burial. It has been noted that given the natural environmental conditions of many
Egyptian sites, it may be possible to expect relatively low degrees of error due to the
favourable climatic conditions (hot and dry), which limit the uncertainty of past varia-
tions in water on the environmental (external) dose rate (Shortland 2000: 93). Measured
water contents for Egyptian material are found in the literature which can also assist
in determining a water content for the Bét Khallaf material. Sekkina et al. reported a
3.1+0.2% water content for Egyptian pottery at Giza, determined after water extraction
was carried out by heating to 100°C over 3 days (Sekkina et al. 2003: 98). This error is
quite low, and elsewhere larger errors have been more routine. Bubenzer and Hilgers
2003 also presented data with very low moisture content (2%) due to hyperaridity for
their examination of Holocene playa sediments in the Western dessert. Although the
measured water content was 2%, when calculating the OSL ages a larger error factor
was incorporated (up to 10%), to factor for wetter periods within the depositional his-
tory, as the timescales for dating were significantly broader, being geological rather than
anthropogenic (Bubenzer and Hilgers 2003: 1083). Liritzis et al. reported a water uptake
value of 0% for the environment in Abydos (Liritzis et al. 2013: Table 2). Finally, Hygue
et al., who dated geological sediments in association with the Qurta petroglyphs, also
recorded a soil water content of 3+1% (Huyge et al. 2011: 1188).

Based upon Bét Khallaf’s geographic position (positioned away from the cultivation
area in the low desert plateau, in an hyperarid environment), it is expected that the ce-
ramics from the assemblage will not have been exposed to excessive moisture through-

out its depositional history. Given that these excavations were carried out before the

** When not working on museum material, it is possible to collect a sherd in situ and measure its water
content directly under laboratory conditions; this was not possible for the Bét Khallaf material as although
afragment of sample X5460 was given to us by the Penn Museum to carry out experimentations, this sherd
had been out of its original depositional environment for over 100 years and thus the water content would
have been negligible (i.e. it would have long since evaporated).
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building of the Aswan High Dam this context is not affected by the rising water table.
The Bét Khallaf tombs are well above the water table (and no mention of damp condi-
tions were mentioned by Garstang during excavation). When it came to determining
a water content value for the Bét Khallaf assemblage, it was considered acceptable to
use a similar value to those found in the literature. Indeed, the several studies noted
herein, although across a large geographic region, all produced very similar water con-
tent values for both pottery and soil sediments. Therefore, for the Bét Khallaf material
a standard moisture content value of 3+2% was used.

An additional factor that can affect the dose rate of a sample is the additional mineral
components which may or may not be present in a vessel. In the case of this project it
was concluded that additional minerals had very little effect upon the final dose rate

calculation. This is presented briefly in Appendix F.

5.3.6 Modelling with DosrVox

Figure 5.5: Tomb 4/123 at Helwan, Egypt, providing an example of how a burial chamber
is rarely filled with 100% fill. Photo courtesy of The Helwan Project ©.

We have already discussed the determination of Demt using the U, Th, and K values
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from ICP-MS analysis of the sediment material adhering to some of the Bét Khallaf ves-
sels. Once attenuated, these values can be converted into a dose rate (Gy ka~!) and used
to calculate a final OSL age. However, this initial value comes with the assumption of
100% geometry for Dv—that is, the assumption that the deposition environment of the
vessel entirely surrounded by a sediment matrix of at least 30 cm on all sides, which is
both homogenous and densely packed. For Egyptian tomb contexts this concept of being
entirely buried to a depth of 30 cm on all sides is very rarely the true state of the depo-
sitional environment—Figure 5.5 presents a representation of a commonly encountered
pottery deposit from chamber tombs. As discussed above, a major benefit of the Bét
Khallaf material is that Garstang’s excavation records (Garstang and Sethe 1903) were
of excellent quality for the early twentieth century and they allow us to reconstruct with
a reasonable degree of confidence the exact burial environment of each vessel, which is
further strengthened by finding parallels within the literature for similar temporal con-
texts. This research shows that the geometry of the Bét Khallaf samples is unlikely to be
100% as these vessels were found in underground chamber tombs cut into the bedrock,
which contained only a relatively small amount of fill.

Thus, the true D'y is determined by a number of factors, some of which will require

assumptions to be made; these are:

1. The orientation of the vessel: the pot can be either standing (upright or upside
down), or lying on its side. Since the OSL sample is drilled from the base in all
instances in this project, the orientation of the pot in its burial environment will

affect Dw (i.e. was the sample location submerged in fill or exposed to air?)

2. Whether standing or lying on its side, the pot can be buried from 0% to 100% in

fill, with the remainder surrounded by air (or other material).

3. The vessels can be filled from 0% to 100% with either fill or other contents (e.g.
organic bulk residue—it is unlikely that any of the Bét Khallaf material con-
tained contents: had the vessels been sealed with mud seals with intact contents,
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Garstang would have felt that these were worthy of mention in his excavation re-
port. It is, however, very possible that a small amount of debris or fill was found

within the vessels).
4. The density of the vessel’s clay matrix.
5. The density of the fill.

6. The vessel’s proximity to the tomb walls, that is, its location within the tomb. Was

it in the centre, corner, or along a side of the tomb?

7. The moisture content of the burial environment.

With regard to the position and burial situation of the vessels found within chamber
tombs, to fully understand the likelihood of each possible scenario/assumption, it is first
necessary to look at parallels for recently excavated material from the same historical
period which have been well documented. We can find such parallels at the site of
Helwan. Figures 5.6a—e show a variety of different depositional scenarios for ceramic
vessels (see figure captions) and although all scenarios are in theory possible, it is more
likely that the majority of large vessels are either standing upright with their bases in
fill (e.g. Figure 5.6a), or that they are lying on their sides, either on or slightly within
the surrounding fill (i.e. Figure 5.6a,c,d,e) (Pers. Comm. E.C. Kéhler, 2015; and author’s
personal observations during excavation). For smaller vessels (i.e. bowls) it is most
probable that they are resting, on their bases, on top of the fill, or slightly buried within
that fill—this is because their dimensions would not allow them to rest on their sides
naturally. In some cases it is likely that the bases of the storage vessels would not have
been buried in fill, rather exposed to air and simply resting on the fill, that is, if the vessel
was lying on its side, for example, wine, beer or storage jars (e.g. see Figure 5.6b).

With all these assumptions to consider when examining sample geometry, it is nec-
essary to approximate a percentage of the sample geometry when calculating a final age

estimate. Thus, for the gamma output of the DRAC program, although it gives a value
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Figure 5.6: a—e): various, common depositional scenarios for vessels found within cham-
ber tombs. All photos are courtesy of The Helwan Project ©.

for 47 (i.e. 100%) geometry, it would be necessary to scale this value in a way that ac-
counts for the degree of burial of the vessel; given that, as described above, the vessels
are unburied or only slightly buried one might consider a value of 27 (i.e. 50%) to be
appropriate (following, for example, Rhodes et al. 2009). Of course, choosing a scaled
figure for sample geometry is fraught with possible errors and is not an ideal solution for
accurately determining the Dw yet up until recently, such assumptions were necessary
when working with complex depositional environments such as we see at Bét Khallaf.
Fortunately, new methods are now available which can overcome this problem.

With several possible scenarios for complex depositional geometries, traditionally it
has been necessary to approximate the geometry of a pot’s deposition by assigning a

percentage multiplier to Dext. This produces significant errors attached to Dewt values,

94



5.3. Measurement of the dose rate (D)

yet has been standard practice until recently; however, from July 2015, the Luminescence
Laboratory at the Université Bordeaux Montaigne, France has released an open-source
software program, DosiVox, which allows the dose rate to be simulated for various
depositional scenarios (Martin et al. 2015).

Although the DosiVox program has only just been released (and not yet in its final
version (Pers. Comm. L. Martin, 2015)), the benefits of using this software to reconstruct
the dosimetry of the Bét Khallaf samples, even at this early stage of release, are signifi-
cant. Therefore, it was decided in July 2015 that DosiVox would be used to examine the
Bét Khallaf material and to use a model of the reconstructed depositional environment
to calculate Dm.“ Thus, Dos1iVox was used to assess the varying scenarios discussed
above and to determine which assumptions about the burial environment governed each
vessel’s final calculated dose rate.*?

The excavation reports of Garstang provided us with a good starting point for recon-
struction of the burial environment through Dos1Vox. Although the reports are far from
being as comprehensive as a modern-day excavation report, Garstang does discuss the
pottery and gives precise locations of the pottery deposit within each tomb, allowing an
accurate find spot of the ceramics to be determined (Garstang and Sethe 1903: 8-16). In
the case of Mastaba K1, it is even noted that ‘the main passage hereabouts was strewn

. with large wine jars and pots’ (Garstang and Sethe 1903: 10). This indicates that
the vessels were visible to him upon entering the chamber, and thus not fully buried.
Although some ‘sifting of sand [fill]’ was necessary (Garstang and Sethe 1903: 12), this
only appears to be in context of small finds such as jewellery, not larger objects such as

the ceramic vessels. This information allowed us to choose a ‘most likely’ base assump-

' 1t is beyond the scope of this thesis to present a full description of the DosiVox software and a
discussion on its full potential as a tool in luminescence dosimetry. The reader is referred to Martin et al.
2015.

% The research carried out using DosiVox was a collaborative effort between the present author and
E. Highcock. The present author would like to express her thanks to Dr Highcock for this help and for his
assistance in compiling the following section. Furthermore, Dr L. Martin, the developer of the DosiVox
software, has been of incredible help to the present author and Dr Highcock in learning to use this software
in a very short period of time, and for this they extend their sincere thanks. The results of the DosiVox
simulations employed in this thesis will be published jointly by the present author and Dr Highcock in
the future.
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tion for the burial environment: that the vessels were situated on top or only slightly
buried in the tomb fill.

Owing to time constraints caused by the significant simulation time needed to test
each case, this project limited itself to testing the first five assumptions listed above at
high resolution, as these were deemed the most likely to affect Dm. Of the final two as-
sumptions (assumptions 6—7), Assumption 6 was considered, but at low resolution (the
attenuation of radiation through air with low moisture content is such that it should not
matter where the vessel is located as it will, in theory, still receive radiation from all
four walls of the tomb). Assumption 7 was not tested as the literature consulted seemed
unanimous that the correct approximate value for water content within the burial envi-
ronment was 3+2% (Sekkina et al. 2003; Bubenzer and Hilgers 2003; Liritzis et al. 2013;
Huyge et al. 2011; see discussion above). One thing that can not be tested for is the
proximity of other vessels to the case vessel. If a vessel was surrounded by other vessels
in close proximity, it is likely that these will also contribute a D,,; to the case vessel.
However, due to the nature of Garstang’s publications, it is impossible to determine the
order or arrangement in which the vessels were located in the tomb. Thus, each vessel
was modelled to be the only vessel in the modelled tomb. Although it may be possible
in future to include at least the vessels which were in the tomb within the simulation,
as the Dos1Vox program is in its early stages of development and release, it is currently
only possible to model a single pot (i.e. one sub-voxelised voxel) in each tomb. In the
future, as the capabilities of DosiVox continue to expand, it will be possible to re-visit
this assumption.

Even with the limited simulation time available, almost 550 simulations were carried
out for this project (using approximately 5000 CPU hours). High-resolution simulations
used 8 million particles; lower-resolution simulations used 2 or 4 million particles. For
each case, six individual simulations were run in parallel (i.e. the same case, and hence
the same input file, was run in parallel). As DosiVox uses a Monte Carlo method it

was possible to take the mean of the 6 simulations and combine these to increase the
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simulation resolution to 48 million particles per high-resolution case, that is, 6 parallel
simulations x 8 million particles (Pers. Comm L. Martin, 2015).

The tomb shape and size was reconstructed using the figures provided by Garstang,
and based on these figures, the tomb dimensions were replicated using voxels—a theoret-
ical three-dimensional pixel (with user-defined x, y and z axes)—which can be combined
with others in a three-dimensional grid that makes up the base structural component
for a Dos1Vox radiation simulation model. Together, the voxels compose a dosimetric
model. Each voxel (sized 30 cm x 30cm x 15 cm) within the model contains necessary in-
formation, mainly the material that it is modelling and this material’s radionuclide data
(Martin and Mercier 2015). The components of the tomb included air (within the tomb
chamber), a sand-based fill (on the floor of the tomb), and gebel-Egyptian bedrock—
which composed the walls and roof of the tomb. Although gebel would be the natural
floor of the tomb, given that the excavation report states that fill was present, this has
been used as a more accurate representation of the floor, because Dem is determined by
the solid material approximately 30 cm away from the sample site. Thus the gebel floor
is likely to be too far away to affect the Dext of the vessels when fill is present.

A single sub-voxelised voxel®® in each simulation was used to represent the ceramic
vessel. Each vessel was simulated using a simplified model of the vessel composed of
lcm X 1 cm x 1cm sub-voxels forming a regular rectangular shape (for the bowls and
the pot stand other approximate shapes were used).** Within the sub-voxelised voxel

the dose rate® is recorded separately for each sub-voxel, and average dose rates are

** A sub-voxelised voxel is a voxel that has been divided up into smaller sections (sub-voxels), allowing
a higher spatial resolution in a given section of the tomb (i.e. the section that contains the vessel, without
the cost of having such a high spatial resolution across the whole tomb (Martin and Mercier 2015).

** An upgrade to Dos1Vox is currently being developed that will make it possible to scan in a 3D image
of the vessel (once reconstructed from a 2D line drawing) and upload the exact shape of the vessel into
the model. However, although this will eventually lead to further refining of Dezt, it is likely that this
will not affect the D, results significantly (because the correct dimensions are already being used) and,
almost certainly, any corrections will still remain within error. (Pers. Comm. L. Martin, 2015).

% Strictly speaking, DosiVox does not calculate dose rates but rather the total dose absorbed by a given
sub-voxel during the simulation. This can be converted to a dose rate because Dos1Vox also records the
total dose emitted by a sub-voxel during a simulation. The rate of emission is a known function of the
concentrations of radionuclides (Guérin et al. 2011), and thus the recorded dose can be converted to a dose
rate by multiplying by the ratio of the emission rate divided by the dose emitted during the simulation.
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recorded for each material (air, clay, fill, and so on) The sub-voxels within the vessel were
classified as two separate materials—'Clay’ and ‘ClayBase’—so that the average dose
rate was recorded for the base (i.e. the OSL sample location) and the rest of the vessel
separately. However, these two clay sub-voxel types were identical in their composition.

Figure 5.7 presents a set of schematic representations of DosiVox simulation models

used in this project.

Figure 5.7: Wire frame representations of the DosiVox model for X5472. The whole
tomb is subdivided into voxels which are filled with different components: yellow =
gebel/bedrock, green = fill, blue = air, red = vessel walls, cyan = vessel base where the
dose is recorded. A-D represent different views of the model: A) whole tomb; B) whole
tomb cut away to reveal the detector (the sub-voxelised voxel which contains the vessel);
C) close up view of the detector, D) detector cut away to reveal the vessel. NB these
figures represent an unburied vessel.

Dos1Vox also requires the user to specify both the radionuclide concentrations in
the clay, specifically the U, Th, and K quantities which were obtained by ICP-MS (see

Table 5.5), and the chemical composition (i.e. the chemical compounds that make up the
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5.3. Measurement of the dose rate (D)

Table 5.7: Chemical breakdown of five ceramic vessels from Bét Khallaf obtained using

ICP-MS

Sample | SiO, | AL,Os | Fe,O3 | MnO |MgO | CaO | Na,O | K,O | TiO, | P,Os |Vacuum| Total
X5460 | 57.62 | 13.01 8.2 0.124 | 249 | 358 | 2.11 | 2.2 | 1.52 0.6 8.54 91.46
X4112 | 51.49 | 14.6 8.5 0.251 | 1.87 | 6.07 | 1.41 | 1.62 | 1.661 | 0.64 11.89 88.11
X4114 | 67.02 | 11.98 | 8.17 | 0.209 | 2.26 | 3.54 | 1.96 | 1.46 | 1.524 | 0.52 1.36 98.64
X4118 | 61.49 | 11.96 7.9 0.131 | 24 |4.68| 2.18 | 1.85| 1.587 | 0.72 5.09 94.91
X4119 | 65.15 | 11.99 | 7.79 | 0.123 | 2.11 | 3.53 | 1.7 | 1.86| 1.462 | 0.56 3.74 96.26
Mean

Value 60.55 | 12.71 | 8.11 0.17 | 2.23 | 428 | 1.87 | 1.80 | 1.55 | 0.61 6.12 93.88

bulk of the clay, such as SiO, and Al,Os ). For the latter, the data for the Nile silt clay
was provided by five bulk samples initially tested by a commercial laboratory, which in
addition to the elemental analysis provided a breakdown of the main components of the
clay in percentages. With only five samples analysed it was not possible to know the
specific chemical breakdown of each individual vessel from the Bét Khallaf assemblage.
Instead, based on these five samples, an average breakdown was determined (See Table
5.7). These values are well supported by Redmount and Morgenstein’s values for Nile
clay vessels (Redmount and Morgenstein 1996: Table 2). Unfortunately, no such chem-
ical breakdown data was available for the marl clays within the assemblage. However,
based on the comparability between the Bét Khallaf results and the Redmount & Mor-
genstein results for the Nile clay, it was thought that the two marl clay values provided
by the latter could be used as a proxy for the marl clay assemblage from Bét Khallaf.
Although this is not ideal—as marl clays show the most variability in composition and
furthermore the two samples analysed by Redmount & Morgenstein are of Ballas clay, a
very distinct clay type—the absence of raw data for this project, coupled with the absence
of such data within the literature means that this is currently the only option available
to us. It is generally accepted that these values are fairly standard across most speci-
mens, so it was felt that this was an acceptable alternative. Table 5.8 gives the chemical

composition breakdown of marl clay and Nile clay used in the DosiVox simulations (i.e.
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5.3. Measurement of the dose rate (D)

Table 5.8: Chemical breakdown of Nile clay, take from Table 5.7, and marl clay, taken
from Redmount and Morgenstein 1996, used in the DosiVox simulations.

Clay SlOz A1203 Fe203 MnO MgO CaO NazO Kzo TIOZ P205 Vacuum | Total

Nile 60.55 |12.71 |8.11 0.17 |2.23 |4.28 |1.87 |1.80 [1.55 |0.61 |6.12 93.88

marl 413 |21.95 |6.76 0.05 |1.8 |188 |1.39 |1.20 [{0.90 |0.45 |1.3 98.7

the mean value of the 5 bulk samples analysed from Bét Khallaf for the Nile clay, and
the mean value of the marl clay samples taken from Redmount & Morgenstein).

Earlier a list was given of seven properties of the burial environment which could
affect D7 and which cannot be conclusively determined from archaeological publica-
tions. Since these were not known, DosiVox simulations were carried out for various
different assumptions for each of these unknowns and the effect on D, was assessed.
A full description of these tests and the effect of their changes is given in Table 5.9 and
illustrated in Figure 5.8.

Overall it was found that changing these assumptions only had a weak effect (i.e.
if there was an effect its magnitude was lower than the error of the simulation result
at the given resolution).** Thus, even though the incomplete archaeological literature
produced unavoidable uncertainty in the model, this did not give rise to significant un-

certainty in the calculated Dv-

*¢ This somewhat unexpected result is certainly worthy of further study. It is likely to be a consequence
of the particular circumstances being considered here (specific dosimetries and so on). However, it may
be hypothesised that it could be due to the characteristics of the emission spectra of the radionuclides.
The emission spectra of U and Th are dominated by lower-energy, short-range gamma rays. Since the
concentrations of U and Th are larger in the clay than in the surrounding fill, it might be expected that
the dose rate from these radionuclides is dominated by the dose rate coming from the clay of the vessel
(effectively the internal gamma dose rate) and will thus be unaffected by most of the assumptions tested
here. By contrast the K spectrum is dominated by one high-energy, long-range gamma emission, for which
the attenuation rate in any of the components of the model of the tomb will be low. Therefore, whatever
the orientation of the vessel or its immediate surroundings, the absorbed K dose rate will effectively be
an average of the tomb as a whole, i.e. it will be affected by whatever material is within 30 cm of it, or
30 cm of the material which is separated from the pot by air (as the gamma radiation will travel directly
through air with low moisture content).
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5.3. Measurement of the dose rate (D)

Table 5.9: The assumptions tested by DosiVox, illustrating the modelled cases whose

outcome was initially unknown (left column) and the outcome of the DosiVox modelling

which gives modelled answers for each assumption (right column).

Modelling Unknown

Effect on modelled dose rate of the Bét Khallaf

assemblage

1. The pot can be 1) standing (upright or upside
down), or 2) lying on its side. Since the OSL sample is
drilled from the base in all instances, it also matters
whether the sample location was on the upper or
lower side of the vessel (i.e. was the sample location

submerged in fill or exposed to air)?

Two scenarios were considered: the pot standing on
its base or lying on its side. These were considered the
two limiting cases and as no measurable change was
observed, it was concluded that the orientation of the
pot and the location of the sample had no significant
effect. To further examine the seeming minimal effect
of vessel orientation on the measured D, it would be
possible in the future to determine D, for a set of
samples taken from different locations on the same

vessel.

2. Whether standing or lying on its side, the pot can
be buried up to 100% in fill, or be unburied and thus
exposed to air up to 100%.

Two scenarios were considered: the vessel lying on
the surface of the fill or buried ~15 cm, which for
bowls means they are completely buried and for
storage jars, they are buried up to half their height.

Again, no measurable change was observed.

3. The vessels can be filled from 0% to 100% with

either fill or other contents (e.g. organic bulk residue).

NB No mention of organic residue was found in
Garstang’s report or present in the vessel today, so
this was discounted as usually, if an ancient organic
substance was recovered from a vessel during

excavations in this era, these were left in situ.

Two scenarios were considered: the vessel was filled
with fill or it had no fill inside it. Again, no

measurable change was observed.
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5.3. Measurement of the dose rate (D)

Table 5.9: (continued)

Modelling Unknown

Effect on modelled dose rate of the Bét Khallaf

assemblage

4. How does the density of the vessel’s clay matrix

affect the external D?

Although we were not able to measure the clay
density of all vessels, a single sherd (X5460) was
measured as having a density of 1.4g/cm?>. In the
visual analysis that accompanied each of the vessels
the density of the vessels was determined as being
‘high’, ‘medium’, or ‘low’. Independently of the
density measurement carried out upon X5460, the
vessel this sherd came from was deemed to have a
‘low’ density. Thus, based on this information, we
were able to extrapolate that the density for vessels
deemed to have a medium density was likely to be
~1.6g/cm?, and for vessels with a ‘high’ density,
~1.8g/cm> .

Two scenarios were considered: the clay density was
either set to its known value or to a reference value of
1.8g/cm®. No measurable change was observed
between the two scenarios and thus it was concluded
that although the clay densities are not known
precisely for each vessel, variation within the likely

range of values will not affect the result.

5. How does the density of the fill affect the external
D?

Two different fill densities were considered: 1.2g/cm?
and 1.7g/cm® and no measurable change was
observed. Thus while the density of the fill is very
much an unknown quantity, given that the fill density
is visibly less than that of the low density clay whose
density was measured (as above), the value of
1.2g/cm? was used in final dose rate calculation. Thus,
while the exact density of the Bét Khallaf tomb fill can
not be reconstructed accurately, simulation of two
different scenarios illustrates that within the likely
range of fill densities which could be present at Bét
Khallaf, variation within this range will not affect the

modelled dose rate.
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5.3. Measurement of the dose rate (D)

Table 5.9: (continued)

Modelling Unknown

Effect on modelled dose rate of the Bét Khallaf

assemblage

6. The vessel’s proximity to the tomb walls, that is, its
location within the tomb. Was it in the centre, corner,

or along a side of the tomb?

A limited study of this was carried out at low
resolution and no measurable changes were observed.
Given the very low attenuation rates of gamma rays in

air with low moisture content, this is to be expected.

As well as specifying the chemical composition and radionuclide concentrations for
the pottery, it is also necessary to specify them for the fill and tomb walls, that is, the
surrounding burial environment. For both the fill and the tomb walls we were able to
use the radionuclide concentrations obtained directly from the seven samples of depo-
sitional material adhering to vessels from the Bét Khallaf assemblage. These have been
discussed and presented above in Table 5.3. As was mentioned above, an average value
was calculated from all seven samples, because the long attenuation depth of gamma
radiation means that it is more important to have a value which represents the entire
burial environment rather than just the immediate surroundings of the vessel, consid-
ering complex geometries such as we see at Bét Khallaf. Assuming the external dosime-
tries represent independent samples of the mean levels of radionuclide concentrations
within the burial environment, we can estimate the error of this mean as the standard
error of the seven samples (given in Table 5.3). It is assumed that this error will lead to
an additional relative source of error in the dose rates calculated from the DosiVox sim-
ulations that is not more than the relative size of the error in the mean concentrations,
and thus we include this error in quadrature with the relative error from the DosiVox
simulations.

After these considerations were tested, final gamma dose rate calculations (composed
of individual U, Th, and K simulated measurements) were obtained using DosiVox for

each sample, and these are presented in Table 5.10.

%" Ideally one would wish to measure the exact density of each vessel. However, given the restrictions
on this (and the unlikelihood of museums permitting this measurement), for this project it was essential
to extrapolate this information.
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5.3. Measurement of the dose rate (D)

Table 5.10: Final dose rates determined by Dos1Vox for each Bét Khallaf sample.

Sample 238y 2380 err 232Th 252Th err 0K 40K err Total Err
ID (Gyka™!) | (Gyka™') | (Gyka™!) | (Gyka™') | (Gyka™!) | (Gyka™!) | (Gyka™') | (Gyka™!)

X4114 0.125 0.02 0.152 0.06 0.230 0.04 0.507 0.099
X4115 0.180 0.08 0.166 0.04 0.254 0.06 0.600 0.132
X4116 0.166 0.04 0.183 0.02 0.233 0.03 0.582 0.091
X4117 0.163 0.02 0.171 0.03 0.241 0.03 0.575 0.087
X4118 0.131 0.03 0.171 0.04 0.249 0.02 0.551 0.088
X5458 0.150 0.07 0.166 0.04 0.230 0.01 0.546 0.107
X5459 0.152 0.03 0.172 0.02 0.232 0.03 0.556 0.085
X5460 0.120 0.03 0.162 0.05 0.244 0.03 0.526 0.094
X5461 0.156 0.07 0.157 0.02 0.278 0.06 0.591 0.121
X5462 0.155 0.04 0.150 0.03 0.260 0.02 0.565 0.090
X5463 0.134 0.02 0.164 0.02 0.262 0.04 0.560 0.086
X5464 0.108 0.02 0.205 0.06 0.211 0.04 0.524 0.100
X5465 0.147 0.04 0.169 0.02 0.243 0.03 0.559 0.089
X5466 0.169 0.05 0.197 0.05 0.272 0.02 0.638 0.109
X5467 0.159 0.04 0.169 0.03 0.245 0.02 0.573 0.091
X5468 0.172 0.03 0.163 0.02 0.229 0.04 0.564 0.090
X5470 0.157 0.05 0.152 0.04 0.229 0.04 0.538 0.102
X5472 0.144 0.03 0.135 0.05 0.273 0.03 0.552 0.096
X5473 0.133 0.03 0.169 0.02 0.235 0.04 0.537 0.087

These values were determined under the following assumptions (these are consid-

ered to be the ‘best assumptions’, though we note that since changing these assump-

tions produced negligible change it does not matter strongly which final assumptions

we choose):

Fill density: 1.2 g/cm?®

Clay density: estimates of actual ceramic densities (see Table 5.9, point 4)

Unburied and empty of fill

Standing upright (tall vessels only) on their bases

Appendix G presents a sample input file for a DosiVox simulation.
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Table 5.11: OSL ages calculated for each Bét Khallaf sample, including alpha, beta, and cosmic dose rates calculated

by DRAC, and gamma dose rates calculated by DosiVox.

Alpha Gamma Cosmic
Fine/ | Alpha Beta dose | Beta dose | Gamma Cosmic Total |Total dose D, Age
Sample dose rate dose rate dose rate D, Age
coarse| dose rate rate rate error | dose rate dose rate dose rate | rate error error err
ID error error error (Gy) (ka)
grain | (Gyka™!) (Gyka=!)| (Gyka™!) | (Gyka™1) (Gyka™!) (Gyka™!) | (Gyka™1) (Gy) (ka)
(Gy ka_l) (Gy ka~1) (Gy ka_l)
X4114 | CG 0.072 0.026 0.931 0.053 0.507 0.099 0.051 0.005 1.561 0.115 7.45 | 0.94 | 4.773 | 0.698
X4115| CG 0.110 0.030 1.239 0.064 0.600 0.132 0.051 0.005 2.000 0.150 7.31 | 0.25 | 3.655| 0.301
X4115| FG 0.260 0.022 1.333 0.065 0.600 0.132 0.051 0.005 2.244 0.149 8.33 | 0.74 | 3.712 | 0.412
X4116 | CG 0.143 0.039 1.133 0.054 0.582 0.091 0.056 0.006 1.914 0.113 6.66 | 1.31 | 3.480|0.715
X4117 | FG 0.333 0.028 1.424 0.067 0.575 0.087 0.051 0.005 2.383 0.113 12.53 | 1.94 | 5.258 | 0.852
X4118 | CG 0.108 0.030 1.397 0.074 0.551 0.088 0.056 0.006 2.112 0.119 12.00 | 0.46 | 5.682 | 0.388
X4118 | FG 0.256 0.021 1.500 0.075 0.551 0.088 0.051 0.005 2.358 0.118 11.59 | 1.04 | 4.915 | 0.505




Table 5.11: (continued)

Alpha Gamma Cosmic
Fine/ | Alpha Beta dose | Beta dose | Gamma Cosmic Total |Total dose D, Age
Sample dose rate dose rate dose rate D, Age
coarse| dose rate rate rate error | dose rate dose rate dose rate | rate error error err
ID error error error (Gy) (ka)
grain | (Gyka™!) (Gyka=!) | (Gyka™!) | (Gyka™1) (Gyka™!) (Gyka™!) | (Gyka™1) (Gy) (ka)
(Gyka™1) (Gyka™!) (Gyka™!)
X5458 | CG 0.131 0.035 1.091 0.053 0.546 0.107 0.018 0.002 1.786 0.124 10.50 | 0.37 | 5.879 | 0.459
X5458 | FG 0.311 0.026 1.179 0.054 0.546 0.107 0.018 0.002 2.054 0.122 9.22 | 0.45 | 4.489 | 0.346
X5459 | CG 0.147 0.052 1.201 0.062 0.556 0.085 0.018 0.002 1.922 0.117 7.68 | 2.32 |3.996 | 1.231
X5460 | CG 0.098 0.035 1.374 0.079 0.526 0.094 0.051 0.005 2.049 0.127 9.98 | 0.60 |4.871 | 0.421
X5460 | FG 0.256 0.021 1.500 0.075 0.526 0.094 0.051 0.005 2.333 0.122 10.79 | 0.75 | 4.625 | 0.402
X5461 | CG 0.102 0.028 1.400 0.075 0.591 0.121 0.051 0.005 2.144 0.145 10.56 | 0.40 | 4.925 | 0.381
X5461 | FG 0.241 0.020 1.502 0.076 0.591 0.121 0.051 0.005 2.385 0.144 9.02 | 1.17 |3.782 | 0.541
X5462 | CG 0.054 0.010 1.184 0.063 0.565 0.090 0.056 0.006 1.859 0.110 8.37 | 0.90 | 4.502 | 0.553




Table 5.11: (continued)

Alpha Gamma Cosmic
Fine/ | Alpha Beta dose | Beta dose | Gamma Cosmic Total |Total dose D, Age
Sample dose rate dose rate dose rate D, Age
coarse| dose rate rate rate error | dose rate dose rate dose rate | rate error error err
ID error error error (Gy) (ka)
grain | (Gyka™!) (Gyka=!) | (Gyka™!) | (Gyka™1) (Gyka™!) (Gyka™!) | (Gyka™1) (Gy) (ka)
(Gyka™1) (Gyka™!) (Gyka™!)
X5463 | CG 0.094 0.034 1.334 0.077 0.560 0.086 0.051 0.005 2.039 0.121 8.95 | 0.39 | 4.389 | 0.323
X5463 | FG 0.245 0.020 1.456 0.074 0.560 0.086 0.051 0.005 2.312 0.116 9.08 | 0.26 |3.927 | 0.226
X5464 | CG 0.103 0.029 1.267 0.067 0.524 0.100 0.051 0.005 1.945 0.124 8.57 | 0.24 | 4.406 | 0.307
X5464 | FG 0.243 0.020 1.362 0.068 0.524 0.100 0.051 0.005 2.180 0.123 9.13 | 0.23 | 4.188 | 0.258
X5465 | CG 0.131 0.036 1.408 0.072 0.559 0.089 0.051 0.005 2.149 0.120 8.87 | 0.87 | 4.128 | 0.466
X5465 | FG 0.310 0.026 1.517 0.074 0.559 0.089 0.051 0.005 2.437 0.119 9.80 | 0.28 | 4.021 | 0.227
X5466 | CG 0.278 0.102 1.991 0.101 0.638 0.109 0.051 0.005 2.958 0.181 2.92 | 0.20 | 0.987 | 0.091
X5467 | CG 0.088 0.032 1.338 0.078 0.573 0.091 0.056 0.006 2.055 0.124 8.10 | 0.47 |3.942 | 0.330




Table 5.11: (continued)

Alpha Gamma Cosmic
Fine/ | Alpha Beta dose | Beta dose | Gamma Cosmic Total |Total dose D, Age
Sample dose rate dose rate dose rate D, Age
coarse| dose rate rate rate error | dose rate dose rate dose rate | rate error error err
ID error error error (Gy) (ka)
grain | (Gyka™!) (Gyka=!) | (Gyka™!) | (Gyka™1) (Gyka™!) (Gyka™!) | (Gyka™1) (Gy) (ka)
(Gyka™1) (Gyka™!) (Gyka™!)
X5467 | FG 0.229 0.019 1.458 0.075 0.573 0.091 0.056 0.006 2.316 0.119 6.84 | 1.13 | 2.953 | 0.511
X5468 | CG 0.136 0.037 1.156 0.056 0.564 0.134 0.051 0.005 1.907 0.150 8.65 | 0.55 | 4.536 | 0.459
X5468 | FG 0.323 0.027 1.250 0.058 0.571 0.086 0.051 0.005 2.195 0.108 9.37 | 0.35 | 4.269 | 0.263
X5470 | CG 0.092 0.034 1.193 0.068 0.538 0.102 0.051 0.005 1.874 0.127 8.11 | 0.44 | 4.330 | 0.376
X5470 | FG 0.238 0.020 1.304 0.065 0.538 0.102 0.051 0.005 2.131 0.123 9.87 | 0.93 | 4.632 | 0.511
X5472 | CG 0.092 0.033 1.282 0.073 0.552 0.096 0.051 0.005 1.977 0.125 9.25 | 0.20 | 4.679 | 0.313
X5472 | FG 0.242 0.020 1.398 0.070 0.552 0.096 0.051 0.005 2.243 0.121 10.19 | 1.78 | 4.543 | 0.830
X5473 | CG 0.119 0.032 1.245 0.063 0.537 0.087 0.051 0.005 1.952 0.112 8.35 | 1.21 | 4.278 | 0.667




Table 5.11: (continued)

Alpha Gamma Cosmic

Fine/ | Alpha Beta dose | Beta dose | Gamma Cosmic Total |Total dose D, Age

Sample dose rate dose rate dose rate D, Age
coarse| dose rate rate rate error | dose rate dose rate dose rate | rate error error err

ID error error error (Gy) (ka)
grain | (Gyka™!) (Gyka=!) | (Gyka™!) | (Gyka™1) (Gyka™!) (Gyka™!) | (Gyka™1) (Gy) (ka)

(Gyka™!) (Gyka™!) (Gyka™!)

X5473 | FG 0.283 0.024 1.341 0.064 0.537 0.087 0.051 0.005 2.212 0.111 9.39 | 0.35 | 4.245 |0.265




5.3. Measurement of the dose rate (D)

Final age calculations were made by using the Dos1Vox gamma dose rates and the

attenuated internal alpha and beta dose rate values obtained from using the DRAC pro-

gram. The final age calculations, and the associated dose rate measurements, for the Bét

Khallaf assemblage are presented in Table 5.11.

Table 5.12: A comparison of the DosiVox gamma dose rate and the gamma geometries

(50% and 100%) obtained using DRAC.

DRAC D, | DRACD, | DRACD, | DRACD, | Dosivox D
Sample ID (100% error (100% (50% error (50% DosiVox D, error v

geometry) geometry) geometry) geometry) (Gyka-1) 1

Gyka™!) | (Gyka™) | (Gyka™!) | (Gyka™) (Gyka™)
X4114 0.523 0.033 0.262 0.017 0.507 0.099
X4115 0.523 0.033 0.262 0.017 0.600 0.132
X4116 0.523 0.033 0.262 0.017 0.582 0.091
X4117 0.523 0.033 0.262 0.017 0.575 0.087
X4118 0.523 0.033 0.262 0.017 0.551 0.088
X5458 0.600 0.039 0.300 0.020 0.546 0.107
X5459 0.459 0.029 0.230 0.015 0.556 0.085
X5460 0.523 0.033 0.262 0.017 0.526 0.094
X5461 0.523 0.033 0.262 0.017 0.591 0.121
X5462 0.523 0.033 0.262 0.017 0.565 0.090
X5463 0.619 0.039 0.310 0.020 0.560 0.086
X5464 0.523 0.033 0.262 0.017 0.524 0.100
X5465 0.523 0.033 0.262 0.017 0.559 0.089
X5466 0.523 0.033 0.262 0.017 0.638 0.109
X5467 0.523 0.033 0.262 0.017 0.573 0.091
X5468 0.523 0.033 0.262 0.017 0.564 0.090
X5470 0.523 0.033 0.262 0.017 0.538 0.102
X5472 0.523 0.033 0.262 0.017 0.552 0.096
X5473 0.523 0.033 0.262 0.017 0.537 0.087

Table 5.12 shows the gamma dose rates calculated by DosiVox compared to those

calculated by DRAC using an infinite matrix assumption and an assumption of either

27 or 41 geometry. As discussed above, prior to the incorporation of DosiVox into this

project, the archaeological evidence indicated that a 27 geometry assumption would
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5.3. Measurement of the dose rate (D)

be the most appropriate, following prior researchers (Rhodes et al. 2009), and that this
would constitute the ‘best guess’ for the Bét Khallaf geometry situation. However, it
was also considered that given the lack of moisture present in the tomb, the radiation
attenuation radius would be much larger than the standard, assumed 30cm radius; this
is because the part of the pot unburied, and thus surrounded by air, would receive a dose
from the closest radiation-emitting material that the vessel was separated from by air, in
this case, the tomb walls. Due to the low levels of moisture, the radiation from the tomb
walls would have passed straight through the air and thus would have also affected the
radiation received by the vessel. In this case one could predict that a 47 geometry might
be closer to the true radiation absorbed. The difference between a 27 and a 47 geometry
would significantly alter the calculated ages, and thus, the benefit of the DosiVox pro-
gram was again that it could accurately determine the gamma dose rate without having
to rely upon assumed geometries based upon the infinite matrix assumption. Table 5.12
illustrates the significant difference of dose rate calculations determined by DosiVox as
compared to using an infinite matrix assumption of 27 geometry: in fact, the DosiVox
gamma dose rates are more similar to the figures for an assumption of 47 geometry.
Thus, the use of a 2 geometry assumption, would have resulted in a significant error,
although initially, prior to the application of Dos1Vox, this assumption would have been
considered the most likely ‘best guess’ scenario.

It is clear therefore that the incorporation of DosiVox radiation transport modelling
into this project has been of immense value. Without this program, the results gener-
ated would have been far more unreliable as they would have had to rely on educated
guesswork, rather than direct modelling. Furthermore, DosiVox has allowed us to test
a variety of assumptions and see how these affected the dose rate, something that would
have been impossible when using approximate scaled geometries. This project has in fact
been the first ‘real-world” application of the DosiVox program to archaeological material
and the results of this work presented here show very clearly the powerful potential this

program can offer. This project has used DosiVox on a non-ideal situation (i.e. museum

112



5.4. OSL age estimates for the Bét Khallaf assemblage

material without detailed excavation accounts) with powerful results, so the benefits
of using this program with ideal situations (i.e. recently excavated, well-documented
contexts) would be significant. Based on the results of this project, we would strongly
recommend Dos1Vox be used for all future luminescence dating projects which require
the reconstruction of external dose rate calculations.

It is important to note that the values of the DosiVox dose rates are higher on av-
erage than the 100% geometry assumption (with a t-test confidence level of 95%), and,
furthermore, that we are not asserting that the closeness of the DosiVox value to the
100% geometry value is a general result (see for example, the results from the Tomb of
Djer given later in Chapter 8). The particular closeness for the tombs of Bét Khallaf is
likely to have resulted from two properties: first, that the walls and floor of the tomb are
made uniformly from the local bedrock, and the fill is derived from it, and secondly that
the air in the tomb has a low water content (3£2%) which limits the attenuation of the
radiation originating from the tomb walls and ceiling. The fact that the DosiVox values
are slightly higher is possibly a result of including the gamma radiation originating from

the vessel, something which is not included in the DRAC calculation.

5.4 OSL age estimates for the Bét Khallaf assemblage

As already discussed, Table 5.11 presents the OSL ages calculated for the Bét Khallaf
samples. Given the nature of the samples (i.e. very small sample sizes and thus a smaller
number of accepted aliquots for each sample) it is very encouraging to see results which
are in good agreement. We do, however, see in these results larger errors than is common
in OSL dating of non-MET samples. It can also be seen that the main source of error in
the Bét Khallaf samples comes from the variations in D, measurement, rather than dose
rate calculations for Demt or Dmt

It has become common practice in radiocarbon dating (and increasingly in OSL dat-
ing too—see references provided in Section 3.1.3) to address the occurrence of measure-

ment scatter and error by applying Bayesian modelling to the data. As already discussed
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in Section 3.1.3, this technique employs mathematical models based upon Bayes’ theo-
rem, which allows one to infer the most likely age range of a set of archaeological dates
based upon not only the measurements themselves, but a priori information from the
archaeological record which may be able to inform further the likelihood of a specific
date range.

Given the wide error ranges associated with the OSL dates for the Bét Khallaf mate-
rial, Bayesian modelling was applied to the data set, using the latest version (Version 4.2)
of the OxCal program (Bronk Ramsey 1995; Bronk Ramsey 2009), in order to examine
the most likely age range of the material.

The a priori assumptions used in the construction of this model were:

1. Based upon the architectural design of the tombs, the diagnostic ceramic as-
semblage, and the inscriptional material present in the tombs (i.e. seal impres-
sions with the name of Djoser), we can assume that the Bét Khallaf tombs from
where the pottery comes (K1, K2, K3, and K5) are contemporary with one another

(Garstang and Sethe 1903: 14,19).

2. Both the morphology of the ceramic assemblage, as well as the OSL data, suggest
that three phases of ceramic material are present at Bét Khallaf: a primary context
of diagnostically distinct late Naqada III/early Old Kingdom ceramics; a secondary
context of late First Intermediate Period material; and a tertiary context consist-
ing of a single object whose OSL age suggested an mediaeval Islamic date. The
multiphase model incorporated these three distinct phases seen in the OSL data,

which were further supported by the observable ceramic typology.

In general, it is not considered best-practice in Bayesian modelling to allow abso-
lute dates to govern phase erection. However, in this case the majority of vessels
in each phase were supported by a priori typological information. Only in a few
cases do we allow an undiagnostic vessel to be clustered with a phase due to its

date when it is typologically undiagnostic. This was considered acceptable in this
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case given the absolute date is the only diagnostic information (furthermore, ad-

ditional models were run excluding the undiagnostic vessels, and the results were

essentially the same). Additionally, an overall boundary was assigned to the model

to limit the model to search for solutions between 4000 Bc and AD 500 (i.e. these

boundaries were broad enough not to peremptorily truncate the errors associated

with the OSL results, but limiting enough for the model to run more efficiently).

Table 5.13: The final OSL ages used in OxCal, based upon the combination of fine and
coarse grain measurements from the same sample where applicable (i.e. where both
grain types were present for a single sample)*®. Where a combination of both fine and
coarse grains were used, the robustness of combining both values was determined by a
chi squared (x?) test, using the R_combine function in the OxCal programme. The
degree of freedom for each sample was 1 and the 5% confidence threshold value is 3.8
(i.e. above this value, the \? test fails.) *°

Sample ID Age (ka) Err (ka) Type X
X4114 4.773 0.698 CG N/A
X4115 3.675 0.243 Combined 0.0
X4116 3.684 0.247 CG N/A
X4117 5.258 0.852 FG N/A
X4118 5.435 0.309 Combined 1.4
X5458 5.134 0.490 Combined 6.1
X5459 3.996 1.231 CG N/A
X5460 4.747 0.291 Combined 0.2
X5461 4.639 0.316 Combined 2.8
X5462 4.502 0.553 CG N/A
X5463 4.096 0.186 Combined 1.4
X5464 4.282 0.198 Combined 0.2
X5465 4.042 0.204 Combined 0.0
X5466 0.987 0.091 CG N/A
X5467 3.732 0.281 Combined 2.5
X5468 4.340 0.228 Combined 0.3
X5470 4.443 0.303 Combined 0.2
X5472 4.663 0.293 Combined 0.0
X5473 4.250 0.246 Combined 0.0

**In this table the ages are presented in ka, as opposed to years Bc because this is the input value
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5.4. OSL age estimates for the Bét Khallaf assemblage

3. Fine grain aliquots and coarse grain aliquots from the OSL samples come from the
same vessel and can therefore be considered to be the same age archaeologically.
These two measurements were combined using kernel density estimation (KDE)
using the R Luminescence Shiny package KDE function.** The final age results of
the combined fine and coarse grain data can be seen in Table 5.13 and these values

were used within the modelling program.

4. All vessels were assigned an outlier probability of 5%.

The first case model run in OxCal (Case 1, see Appendix H for the OxCal model
input file), with the above-mentioned assumptions factored into a multiphase model,
produced a model with an agreement index of 49.1, that is, just shy of the 60.0 agree-
ment index which indicates a good model agreement and consistency (Bronk Ramsey
1995). However, vessel X4115 gave very poor agreement (10.0 agreement index) and
from the OSL results it was seen to be of a much younger age than the rest of the as-
semblage. We know, however, that this vessel type (i.e. internal rim bowls with early
rim development) is particularly diagnostic and is classically late Early Dynastic/early
Old Kingdom in style. There is sufficient archaeological evidence (see discussion in Sec-
tion 2.1 and Section 6.2) to indicate that this vessel type must be grouped with the Early
Dynastic cluster. Upon further visual investigation of this vessel, it was realised that it
had burn marks upon it which were consistent with a post-manufacture heating event.
It is very likely therefore that the OSL measurement for X4115 is for a secondary firing
event, that is, the OSL signal was reset at a later point in time (perhaps pertaining to

secondary depositional activities occurring in the tomb). This phenomenon seems to be

required for the OxCal program.

3°0f the samples presented here only X5458 failed to pass the x? test. It would generally be deemed
prudent to remove this sample from analysis. However, here we have retained this sample as there was no
a priori archaeological or scientific reason to exclude this sample: we make a similar argument below for
two vessels (X4116 and X4118) which show low agreement in our Bayesian model. It is worth noting that
should this vessel be removed from the analysis or removed the coarse grain value for the vessel (i.e. if
we deemed measurement error to be the cause of this discrepancy), this would improve the final analysis.
However, for the sake of ensuring that excessive data-smoothing is not occurring at any stage in this
project, we have made the decision to include this sample in the analysis at the expense of an increased
degree of error in the final calculated ages.

** Available at: http://zerk.canopus.uberspace.de/R Lum/
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5.4. OSL age estimates for the Bét Khallaf assemblage

localised to this vessel only. It is interesting to note that the determined OSL date of
this vessel (which is probably dating the secondary burning), seems consistent with the
modelled ages of the second ceramic phase seen in the model (this will be discussed fur-
ther in Chapter 6). To prevent the anomalous OSL age for X4115 skewing the model, a
second case model was created (Case 2) in which X4115 was given an outlier probability
of 100%, that is, it was considered an outlier (see Appendix I for the OxCal model input
file).

This second model (Case 2, i.e. the model which saw the removal of X4115 from anal-
ysis) produced an overall agreement index of 74.3%. Within this second model vessels
X4116 and X4118 showed poor agreement (with agreement indices of 48.7% and 23.9%
respectively). However, as there was no archaeological reason for these vessels being
given a 100% outlier probability the values were not rejected. As this second model pro-
duced an overall agreement index of 74.3%, this model was accepted and it is this model
which provides this project with its final OSL ages and accompanying error estimates.

Figure 5.9 illustrates the multi-plot phase model for this project (based upon the
second OxCal case model for Case 2) and Figure 5.10 presents the output table from
OxCal which provides the accompanying data for Figure 5.9. A summary of Figures 5.9
and 5.10 is given in Table 5.14, which also provides the ages produced by the model to 1
and 2 o (i.e. 68.2% and 95.4% probability).

From the OSL results and the Bayesian modelling of these results we see three clear
chronological phases within the Bét Khallaf assemblage. After modelling, the central age

model (CAM)** was used to determine the most likely central age of each phase. Figures

*! The central age model (CAM) is one of the most common ways in OSL dating to estimate the central
age of a group of age values with associated individual errors. The CAM weighs the data points to take
into account a natural phenomenon in luminescence dating which sees older ages systematically coupled
with higher errors. In fact, for OSL it is the relative error which gives an indication of data quality,
not the absolute error, and the CAM corrects for this. It does this by calculating the weighted mean of
the logarithm of the D, values (the absolute errors for the logarithms are in fact the relative errors for
the actual D, values). Thus, calculating the weighted mean of the logarithms uses the relative errors
as weights as is most appropriate for luminescence analysis. The CAM also corrects for over-dispersion
(which comes from underestimating associated errors) within the data set by adjusting all individual errors
simultaneously, adding a correcting factor to these errors which is adjusted until the over-dispersion is
removed (Galbraith and Roberts 2012).
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Table 5.14: Summary of Figure 5.10. All ages are in BC (i.e. negative ages are AD dates).

95.4% Probability 68.2% Probability
From To From To " o
Boundary Start 3442 2380 3020 2504 2848 280
X4114 3093 2192 2751 2360 2599 213
X4115 2147 1175 1904 1416 1662 243
X4116 2935 2148 2684 2334 2529 194
X4117 3139 2202 2765 2364 2619 225
X4118 3249 2319 2891 2433 2730 424
—_ X5458 3152 2246 2970 2388 2643 222
2 X5459 3101 2154 2744 2326 2580 213
E X5460 3005 2274 2752 2402 2611 181
X5461 2973 2246 2723 2388 2584 177
X5462 3021 2197 2728 2352 2577 198
X5468 2778 2203 2632 2356 2493 141
X5472 2972 2257 2731 2391 2590 175
X5473 2770 2180 2625 2340 2481 143
Boundary End 2621 2061 2494 2199 2343 143
Boundary Start | 2445 1881 2285 2004 2156 141
X5463 2280 1764 2157 1898 2023 128
% X5465 2276 1732 2150 1885 2008 135
é X5467 2275 1578 2145 1831 1953 172
~ X5470 2337 1758 2185 1909 2046 143
Boundary End 2226 1215 2086 1688 1795 285
- Boundary Start | 1570 —1169 141 —1116 —185 |792
< X5466 —827 —1208 —923 —1110 —1015 |98
E Boundary End —930 —1882 —962 —1493 —1313 |263

5.11 and 5.12 are Abanico plots** which illustrate the data and the calculation of the CAM
for the first and second phases. Phase 1 produces a date which is consistent with the
later phases of the historical Third Dynasty (according to the Shaw 2000 chronology) or

the end of the Second Dynasty/beginning of Third Dynasty (following the Hornung et al.

*?An albanico plot is a data visualization tool used in luminescence dating which incorporates both a
radial plot and a histogram (Dietze et al. 2016).
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Figure 5.11: Abanico plot of the first phase of the Bét Khallaf ceramic model. The central
age model (CAM) is used to calculate the best estimate of the age of the assemblage.

2006 chronology; Table 2.1), with a central age of 2622 Bc1128 years. Phase 2 produces
an age cluster with a central age of 2082 Bc1115 years, which corresponds to the late
First Intermediate Period (Shaw 2000). Finally, Phase 3, which includes only one object
is chronologically much later in date that the first two phases, being consistent with a
mediaeval Islamic age of around Ap 1000.

In Chapter 6, we will now discuss the archaeological significance and implications

of these OSL results.
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Bét Khallaf Phase 2
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Figure 5.12: Abanico plot of the second phase of the Bét Khallaf ceramic model. The
central age model (CAM) is used to calculate the best estimate of the age of the assem-
blage.
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CHAPTER 6

Comparison of the OSL dates with the

relative ceramic chronology at Bét Khallaf

The OSL results from the Bét Khallaf assemblage, presented in Chapter 5, clearly illus-
trate three periods of archaeological activity at the cemetery site: the late Naqada III
period/early Old Kingdom, the First Intermediate Period, and the Medieval Islamic pe-
riod. This chapter will look at this assemblage, with its three represented archaeological
periods, in more detail. It will examine how the archaeological record and material cul-
ture support the OSL measurements and lend to their interpretation. It will also offer a
critique of the OSL measurements, leading to a discussion of the benefit of future OSL
dating on similar material. This chapter will also examine how the OSL measurements
compare to radiocarbon dates from material from the same relative chronological period.
Finally, we will also discuss how these OSL results have contributed to our understand-

ing of the Bét Khallaf site, and the archaeological processes that formed its use history.
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6.1 Assessment of the uncertainty of the OSL results

when used in combination with Bayesian
modelling and the relative chronology

Before comparing the OSL results to the relative chronology, it is necessary to discuss
the implications of the Bayesian modelling for the Bét Khallaf results. First, it is im-
portant to clarify the difference between the multiple individual events which comprise
the final firing of each vessel, the three phases used in the Bayesian model, the three
archaeological events whose properties we infer from the modelling and the three ar-
chaeological phases or periods in which we infer the events occurred. When we con-
struct the Bayesian model, we group the individual events of each vessel being fired into
three individual phases (i.e. we use a multiphase model) which are governed both by
the OSL ages, and by the typological information assessed from the ceramic assemblage
itself. However, at this stage, no assumptions are made about the duration of each of the
three phases, simply that there are three phases, during which all of the vessel firings
occurred, and that the three phases occurred in a particular order. Based on these model
parameters, and additionally the OSL ages and errors, the Bayesian model gives proba-
bility distributions for the start and end date of each phase and probability distributions
for the time of firing of each vessel.*> In other words, if we consider, for example, the
first phase, the Bayesian model has suggested that the most likely explanation of the
OSL results (given the model parameters), is that the pots were fired over a period start-
ing in 2848 BC + 280 years and finishing in 2343 Bc £ 143 years. It further suggests the
most likely age of firing of each vessel from within that period, which is expressed by

the modelled mean age, and associated error, for each pot. However, this is only the

** These probability distributions are characterised in this project by the 95.4% and 68.2% confidence
intervals, as well as the mean and standard deviation (as can be seen in Table 5.14). In the following dis-
cussion, we generally use the 68.2% interval to discuss age ranges for individual vessels. This is justifiable
in this case as we are relying on a small data set, and it is difficult at this stage to discuss the archaeological
implications of the data using the 95.4% interval. It is hoped that in the future, with increased data, a 95.4%
interval range can be used.
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most likely scenario: if one considers the range associated with the start and end of the
first phase, it is not inconsistent with the results to suggest that in fact the start and end
of the phase occurred at the same time—that is, it is not inconsistent to suggest that all
the pots were fired and buried at approximately the same time (i.e. a single burial event).
Given prior knowledge of burial practices in ancient Egypt, it is more likely than not that
the deposition of all vessels grouped together in a Bayesian phase happened at a single
time (although not necessarily: as will be discussed below, the addition of more OSL
dates in the future to this data set might indicate that the first phase represents a long
or even additional depositional events) (e.g. Ikram 2015: 184, Grajetzki 2003:11, Baines
and Lacovara 2002: 11). Thus it is possible to suggest that each Bayesian phase can be
attributed to a single depositional event. In Section 5.4 the central age model (CAM)
was used to calculate an estimate for the age of this depositional event and associated
error. Finally, using archaeological evidence (in this case the relative ceramic typology),
it is possible to place each of these events within an archaeological phase or period (and
thus associate a calendar age with this phase or period).

It is also useful to present here a discussion of the accuracy achieved for OSL dates
using the MET in combination with Bayesian modelling, prior to discussing the dates
in relation to the relative ceramic typology. Here we demonstrate the effectiveness of
combining a priori archaeological information in conjunction with OSL ages. Table 6.1
presents four estimates of the measurement error determined throughout the five stages
of the modelling process, illustrating the improvement of error estimations achievable.
The first error encountered with the OSL data is that associated with the equivalent dose
and dose rate measurements. These errors are presented for each of the analysed vessels
in Table 5.11. At this stage no prior information has been attached to the data and so
significant errors are observable. The second stage is to determine the average mod-
elled age of each individual vessel after multiphase modelling. At this stage we have
included the information, coming from the relative ceramic typology, that the vessels

can be loosely divided into three groups with a known chronological order. As a re-
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sult of including this additional information we can achieve, for each individual vessel,
a lower level of uncertainty (the second error in Table 6.1; of course, in general fur-
ther improvements can be made if stratigraphic information is available in addition to

ceramic morphology).

Table 6.1: Different measures of the error associated with the five stages of the modelling
process. All values are in absolute years. In the first two rows of this table, OSL errors
refer to the standard deviation of the ages given in Table 5.11 and modelled OSL errors
refer to the standard deviation of the modelled OSL ages given in Table 5.14.

Phase 1|Phase 2|Phase 3

Mean of OSL Errors| 494 244 91

Mean of Modelled OSL Errors| 188 145 98
Standard Deviation of the Unmodelled OSL Ages| 531 291 N/A
Standard Error of the CAM| 128 115 N/A

This can be resolved further by combining the data in the central age model, which
assumes that each of the three phases represents a single depositional event, that is,
the burial of the group of ceramic vessels, and therefore that all of the vessels in a phase
have approximately the same age (while sometimes this assumption could be questioned
with the inclusion of an ancestral ceramic form, for this assemblage, as it presently
stands, no such indications for this assumption are present). This results in a single
date—the central age—for this event. At this stage we are provided with a new way of
determining the error of the OSL measurements. Since we have assumed that all vessels
are the same age, the error in the individual measurements can now be estimated as
the standard deviation of the unmodelled ages, which is an indication of how much the
age of each individual vessel deviates from the central value. This gives an error closer
to the initial error estimation in the OSL results (which in turn gives confidence to the
original unmodelled error estimates). The final error is the standard error associated
with the central age model. This gives a value—assuming that the age of the vessels in
each phase is a single date—of the corresponding error in the date of the depositional
event as a whole (as opposed to the error associated with each individual vessel). This

provides an uncertainty which is in accordance with the best possible estimate for the
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date of each of the three events seen in the Bét Khallaf assemblage, and demonstrates
the importance of having as many individual dates as possible for a given assemblage.**

To summarise, what we have demonstrated here is that while the error of OSL dat-
ing using the minimum extraction technique is large (i.e. up to 10%) when considering
individual vessels, accuracy can be improved (i.e. to less than 3%) when considering
multiple ages from a number of ceramics from a single assemblage or phase, using both

the central age model and Bayesian analysis.

6.2 The late Naqada period: the primary context

within the Bét Khallaf assemblage

The first period of occupation at Bét Khallaf illustrated in the OSL dates, and correspond-
ing to Phase One in the Bayesian model, is the late Naqada III period, corresponding
to the Third Dynasty within the historical chronology.*> The OSL measurements, af-
ter analysis by the CAM, produce a central age of 2622 Bc 1128 years, indicating the
date of the most likely age of the assemblage. This date is wholly expected as the ar-
chaeological material, since its excavation by Garstang in the early 1900s, was known
to belong to this time period, evidenced by the similarities in both the material cul-
ture and the architectural features, seen between Bét Khallaf and other comparable sites
across Egypt from the same archaeological period. Additionally, in all five tombs that
Garstang excavated, textual evidence exists at the site in the form of clay sealings which
carry the name of ‘Djoser’, known historically to be the first king of the Third Dynasty,

and builder of the Step Pyramid at Saqqara (Garstang and Sethe 1903). This archaeo-

* Of course, any systematic error will not be eliminated by any of these modelling steps. Examples
of systematic error would be machine calibration error or erroneous assumptions in the DosiVox mod-
elling. However, as already discussed above, the OSL reader was re-calibrated to minimise the chance
of systematic error, and, as mentioned in Section 5.3.6 the effect of changing several important DosiVox
assumptions was measured and found to be small. Of course, in the future this should be further clarified
with complimentary in situ gamma spectroscopy readings.

* Remembering here that the late Naqada III period is generally considered to be the early Third Dy-
nasty, but that the Third Dynasty in itself can be considered ‘late Early Dynastic’ or ‘early Old Kingdom’,
depending on which chronological system is in use.
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logical evidence, alongside radiocarbon dating and the absolute historical chronology,
can provide age estimations for this period, and these ages are comparable to the re-
sults of the OSL measurements. Bronk Ramsey et al. 2010, who have arguably produced
the most reliable radiocarbon dates for this period to date, place the accession of Djoser
between 2691-2625 Bc (95.4% confidence level). Of the two absolute historical chronolo-
gies in common use, the ‘high-chronology’ of Shaw 2000, which is the chronology most
frequently cited by Egyptologists, places the reign of Djoser between 2667-2648 BC. In
contrast, the ‘low-chronology’ of Hornung et al. 2006, places the reign of Djoser between
2592 and 2566 BC. Although the OSL results presented here seem to agree slightly more
with the radiocarbon dates and the ‘high-chronology’, they really straddle both histor-
ical chronologies, and, with an error of £128 years, at present cannot robustly support
one chronology over the other: this will be discussed further in Section 6.2.1. What we
can say is that the absolute date range we see for Phase One in the OSL results is most
likely contemporary with the construction of the tombs, and that the ceramics clustering
around this date are probably part of the funerary deposit of the original tomb owner(s).
While the OSL dates cannot yet achieve the same chronological precision as radiocar-
bon dating (and this is in part owing to the small number of samples we have in this
project), it is still clear from these results, and their fit with already established absolute
chronological dating methods, that the OSL technique has worked very well for the Bét
Khallaf material and can contribute to chronological discussion for this period.

With regard to the relative ceramic typology, the assemblage we see from the first
phase at Bét Khallaf is clearly diagnostic and typical of other late Naqada III assem-
blages known from elsewhere across Egypt. The most frequently occurring type within
this assemblage is the so-called ‘wine jar’ (X4116, X4117, X5458, X5459, X5469). In this
assemblage, these vessels are the elongated ‘torpedo’ shape which are indicative of a
late Naqada ITID style, where we see a reversion of the wine jar vessel index. The wine
jar vessel index is a concept introduced in Table 2.2, which demonstrates that the height

to maximum width ratio is chronologically dependent for the wine jars from their first
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Figure 6.1: Two wine jars from the late Second Dynasty from the Early Dynastic tombs
under the Tomb of Meryneith, Saqqara (Hood, unpublished data).

Figure 6.2: Two almost identical pot marks on wine jars from the late Second Dynasty
from the Early Dynastic tombs under the Tomb of Meryneith, Saqqara (Hood 2010a) and
from the Tomb of Khasekhemwy at Abydos (Engel 2000).

development up until the Nagada IIID period (Kohler and Smythe 2004), together with a
slight tapering in of the vessel walls beneath the banded decoration (Kohler and Smythe
2004; Hendrickx 2006; Hartmann 2006), an observation made at Helwan (Kohler 2004;
Kohler and Smythe 2004; Kohler 2014a), at Saqqara (in the Early Dynastic tombs be-
neath the Tombs of Meryneith and Maya (Hood 2010a), in the Tomb of Ninetjer (Lacher
2011: 218; Hartmann 2015, and author’s personal observations in the field), Abydos in
the Tomb of Peribsen (Petrie et al. 1953: Pl. XXIII; Hartmann 2006: 104), and in the

Tomb of Khasekhemwy (Engel 2000), as well as at Bét Khallaf. By contrast, during the
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earlier stages of the Naqada III period, the wine jars follow a distinctive typological de-
velopment, which sees the vessel with a more bulbous vessel wall profile, with a lower
vessel index ratio (i.e. the maximum diameter is larger when compared to the height
of the vessel), as opposed to the later stages of development which see a much higher
vessel index (Kohler and Smythe 2004). The later Naqada IIID style of wine jar present
at Bét Khallaf is more often made of a marl, or at least a marl-Nile mixed clay, which is
in contrast to the earlier types, which are more often made predominately of Nile clay
(Kohler et al. 2011: 107). Additionally, it seems that another diagnostic feature of this
style of wine jar is that it frequently displays a pot mark upon the shoulder of the ves-
sel (above, or just below the banded decoration), and parallels exist at Helwan (Kohler
2014a: Tombs Op 4/ 8, 28; author’s personal observations in the field), Saqqara (Hood
2010a; Hood unpublished data (Figure 6.1); Hartmann 2015), and Abydos (Engel 2000;
Hartmann 2006).*¢

From a luminescence dating perspective, the wine jars present a challenge and it

should be noted here that when considered individually, the wine jars do not lend them-

* A translation of these potmarks has yet to be achieved, although suggestions for their meaning
include potter’s marks, a distribution/counting mechanism, or a symbol depicting the commodities which
they contained. From this author’s point of view, for the wine jars she has observed, it is most likely
that the potmarks are either a potter’s sign or a distribution indicator. This is because distinct markings
often appear on several vessels within a single assemblage (such as we see at Saqqara (Hood 2010a cf.
Hood unpublished data, Figure 6.1), where it is likely the same potter (or workshop) was employed to
manufacture or selected as supplier). Now it can also be observed that some identical potmarks can
be found across regions: for example, the same potmark, Figure 6.2, is seen on two vessels, one from
Saqqara (Hood 2010a: Fig. 14), and the other from the Tomb of Khasekhemwy at Abydos (Engel 2000:
Fig. 6). While this may suggest that a traded commodity is present within the jars (and this observation
is supported to a limited extent by Hendrickx et al. (Hendrickx et al. 2002), who observed a similarity
between the later hieroglyphic symbol for milk ‘mr’ being used as a potmark on small carinated jars
at the site of Elkab; it was suggested that the potmarks, owing to their being incised prior to firing,
were probably indicative of function (Hendrickx et al. 2002: 283-284)), but in that case, the symbols
of these traded commodities would be more uniform and thus easier to decipher than they seem to be.
Furthermore, the potmarks do not seem to offer a universality in their distribution, which one might
expect should they be indicative of the contents of the vessels. Therefore, considering, the pot mark to
be a symbol of the workshop/potter, interregional correlation of potmarks might indicate that a wide
distribution network is in place, or may indicate patronage between the royal court and a provincial elite
subject. (Of the matching potmarks at Abydos and Saqqara, one example is found in the tomb of a king,
while the other is found in an elite tomb.) Indeed, Engel has suggested that such marks found in the
Early Dynastic period may reflect a high degree of administration across the country (Engel 2015). The
interpretation of potmarks on ceramic vessels in the late Naqada III period is still very much open to
interpretation and indeed the most recent summary of potmark scholarship has indicated that all these
options are plausible at this time and that exact meanings are most probably dependent on region and
type of vessel (Budka and Engel 2015).
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selves to precision OSL dating. As can be seen (Figure 5.9 and Table 5.11), the wine jars
each yielded an age range which was far broader than those of the other vessels. Indeed,
without using Bayesian modelling to mathematically project a priori information onto
the age ranges of the wine jars, it would be difficult to assign a useful date range for these
vessels. It is interesting that all five wine jars display this quality, and that it is only this
type of vessel which displays a larger-than-expected age range in the OSL dates. The
significant age ranges seen in all five of the wine jar vessels stems from the fact that we
see a large error associated with the D, measurement. This is not an uncommon obser-
vation in OSL dating, where some samples show low sensitivity and scatter in the D,
measurements. It is most likely that this is largely owing to the quartz sensitivity: not
all quartz behaves in a manner conducive to OSL dating. The reason for this variation in
quartz sensitivity remains unknown, although it is thought that it is an as-yet unquan-
tified property of the quartz crystal lattice structure, the properties of which are largely
governed by both depositional and sedimentary history (e.g. Duller 2004; Pietsch et al.
2008; Preusser et al. 2009; Sawakuchi et al. 2011). Given that we see low sensitivity and
large sample scatter mainly within the marl clay wine jars, it is very possible that they
share a similar clay source which has a depositional environment which has resulted in
low sensitivity within the quartz found within the clay. It is unlikely that this variation
and broad D, range stems from the firing process, that is, that the OSL signal was not
fully reset, because in all instances the ceramic material displays evidence of being fired
at a high enough temperature to fully reset the OSL signal in sensitised quartz. Addi-
tionally, though the large scatter seen in the OSL ages of the wine jars could also be a
result of the sampling method, this would not affect the observed low quartz sensitivity.
It should be remembered that the age calculation and thus age range is derived using the
central age calculation for all aliquots that yielded an OSL signal and cleared all rejec-
tion criteria (see Appendix D). It was noted during the drilling process that often, owing
to the nature of the marl fabric, less sample was collected (even though the same size

sample was taken) because some of the drilled ceramic fraction was so fine that it could

131



6.2. The late Naqada period: the primary context within the Bét Khallaf assemblage

not be collected since it was dispersed during the drilling process. This means that less
sample was available for aliquot preparation and this may have created a random error
in sample age distribution. It is also possible that two types of quartz were found in the
ceramic which had differing luminescence properties. For example, clay itself will gen-
erally contain a quartz component, but the potters may have chosen to add additional
sand to the ceramic as temper. It might be that if two distinct geologically provenanced
quartz samples were present, they may behave differently and give rise to a more com-
plex luminescence signal than usual. Unfortunately, the scope of this project did not
allow this to be examined further, although future work on this material may be able to
shed light on this possibility. Finally, although more unlikely, it is possible that the light
coloured clay fabric was more susceptible to light penetration, and thus some near-the-
surface bleaching could have affected some of the quartz grains near the surface of the
sample. This would have caused a similar bi-modal distribution as is seen in the aliquot
data for each of the wine jars. This is an observation which is worth considering in fu-
ture projects and the colour of the clay fabric should be examined to see whether any

light penetration occurs in lighter coloured ceramics.

Figure 6.3: Beer jar typology, showing Types 1-5 following Kohler and Smythe 2004 and
Hood and Valentine 2012. Figures not to scale.

After the wine jars, the most frequently occurring vessel type seen at Bét Khallaf is
the so-called ‘beer jar’, of which there are four present: X5461, X5462, X5471 and X5472.
An Early Dynastic beer jar chronology was established (Kohler and Smythe 2004), which

shows the development of this vessel form from the Naqada IIIA to Naqada IIID period,
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over four identified ceramic types. An additional type, “Type 5’, was further discussed
in Hood and Valentine 2012 where the typology is extended to include the beer jar with
a distinct collared rim (cf. Kohler 2004: 306; Kohler 2014a: 37; Figure 6.3). From the
available evidence, it would appear that Type 5 is present in the late Nagada IIID period
and continues into the early Old Kingdom, and an increasingly developed collared rim
form is identified at several sites (e.g. Helwan Tomb Op4/19, 32, 42, 44, 49, 50 (Ko6h-
ler 2014a), Buto (Kohler 1998: PL. 14), and Elephantine in a Third and Fourth Dynasty
context (Raue 1999: 182, 184)). Of the four beer jars in the Bét Khallaf assemblage, we
see the latter half of the typology represented—a Type 3/4 vessel (X5472), two Type 4
vessels (X5471 and X5462) and a Type 4/5 which shows an early development of the col-
lared rim (X5461)—indicative of a mid Second Dynasty to Third Dynasty date and thus
typologically consistent with the OSL age of the Bét Khallaf assemblage. Interestingly,
the suggestion has been made that although the beer jar typology does have underly-
ing chronological significance, there could also be a degree of ritual preference being
observed, as often, when Type 4 vessels are observed in conjunction with Type 3, the
latter are usually found in the burial chamber whereas the Type 4 are often found in
associated offering deposits (Pers. Comm. E.C. K6hler, 2015). It is also possible that
the Type 5 vessel serves a subtly different cultic function in the burial environment,
although further examination of the archaeology and its interpretation are required be-
fore such a suggestion can be substantiated (Hood and Valentine 2012; Hood in press).
The OSL ages associated with each vessel, although consistent with a late Early Dynas-
tic/early Old Kingdom date, are not high-precision enough to examine the chronological
implications of the beer jar typology at this point in time. However, in future studies,
this would be a valuable question to consider, should additional data be available for
OSL dating. Of the four vessels, X5471 did not yield an OSL date. Again, it appears that
the fabric of the vessel did not yield quartz conducive to OSL dating, and interestingly,
the fabric of this vessel was far more silty than was seen in the other vessel types. It had

a finer, mud-like quality to it, which may indicate a very different clay provenance to
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the other vessels.

10cm

Figure 6.4: Illustrating the development of the Internal Rim Bowls at Elephantine, from
a short shallow lip to a longer, deep lip. Figures taken from Raue 1999.

The Bét Khallaf assemblage also includes two Internal Rim Bowls (X4115, X5464).
The development of the Internal Rim Bowl is well documented across several Early Dy-
nastic sites, notably Helwan (Kohler 2004; Kohler 2014a), Elephantine (Raue 1999; Hood
in press; Kohler et al. 2011), and Buto (K6hler 1998). The vessel type also occurs in the
Tomb of Khasekhemwy (Engel 1997). Considered to commence in the Second Dynasty,
in the Naqada IIID period (Koéhler 2004; Raue 1999; Hood 2007; Hendrickx 2006: 87) the
typological development of this ceramic ware shows a clear stylistic change in the rim
characteristics, namely that the rim is initially shallow (i.e. 2 cm) with a steep gradi-
ent, which then develops into a deeper rim with a lower gradient. A perfect example
of this development, which spans the Second to Fourth dynasties, is illustrated at Ele-

phantine (Figure 6.4). The Internal Rim Bowls at Bét Khallaf are of an early form, that is,
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with a shallow, short rim, and are most similar to those attributable to late Second/Third
Dynasty contexts from other sites (e.g. in the Tomb of Khasekhemwy (Engel 1997), at
Helwan (Kohler 2005; Kohler 2014a), and at Elephantine (Raue 1999)). The relative date
attribution for this vessel type thus fits wells with the OSL dating for the Bét Khallaf
assemblage. With regard to the OSL ages of the two Internal Rim Bowls at Bét Khallaf,
one vessel, X5464, produces an OSL age range in good agreement with the relative age
range assigned to the Bét Khallaf assemblage (see Table 5.11). However, X4115, as al-
ready discussed in Section 5.4, has an OSL age which is much younger than the other
measurements from Phase One of the Bét Khallaf assemblage, even though typologi-
cally it is a perfect fit with the remainder of the assemblage. As discussed in Section
5.4, the reason for this is believed to be that, unlike other vessels in Phase One, this
vessel has secondary burning marks upon it (visible in the photo appearing in the ce-
ramic catalogue, Appendix C). It is likely therefore that the burning seen in this vessel
is post-depositional and that the OSL measurement is representative of this secondary
event, rather than the original manufacturing firing event. Interestingly, the OSL date
range obtained for X4115, 1904-1416 BC at 68.2%, does not correspond very well to any
of the absolute phases represented at Bét Khallaf (although it is most comparable to the
First Intermediate Period cluster) and thus might pertain to an additional archaeological
event at the site—although an exact reconstruction of the events leading to this vessel’s
re-use is impossible to reconstruct, it is possible to hypothesise instances of cultic activ-
ity, curious exploration by later Egyptians, tomb robbing or secondary/tertiary burial.
It has been observed that secondary contexts and deposits can contain ceramic vessels
or fragments which show clear signs of post-manufacture heating (i.e. the presence of
soot/ash on a vessel). It is impossible to know exactly the nature of this reuse (although
prior examples indicate use in cooking or as a light source), however it is being increas-
ingly observed in recent excavations (Kohler 2014a:43; Author€ps personal observations
in Helwan and Saqqara; Pers. Comm. E.C. Kohler). Future excavations at Bét Khallaf

may shed light on additional phases of archaeological activity at the site which might
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explain the D, obtained for X4115.

We also see in Phase One a vessel type that is not yet regularly considered a diag-
nostic feature of the late Naqada III assemblage, yet it is the opinion of this author that
it should be. This is the flat-based jar with restricted neck and high shoulder (hereafter
called a ‘flat-based jar’) and it is found at Bét Khallaf (X5460), but also at Saqqara (Hood
unpublished data, Figure 6.5), at Elephantine (Hood in press), at Helwan in Tombs Op4/1,
10, (Kohler 2014a) and in the Tomb of Khasekhemwy (Engel 2000). It is possible that this
form may derive from the earlier Second Dynasty flared rim squat jars (Figure 6.6), seen
mainly at Helwan Tombs Op 4/7, 35 and 42 (Koéhler 2005; Kohler 2014a), where it seems
possible that there may be a visual transition present between the two vessels (author’s
personal observations in the field). This observation, however, must be more thoroughly
examined before it can be stated with confidence, although this may soon be achievable
with the application of cladistic analysis to the ceramic typology (see Section 7.2). That
this vessel form belongs to the late Nagada III period is further evidenced by its OSL
date, which places it securely within the age range for Phase One of the Bét Khallaf

assemblage, with an age range of 2752-2402 BC at 68.2% (mean: 2611 BC).

Figure 6.5: Flat-based jar from the late Second Dynasty from the Early Dynastic tombs
under the Tomb of Meryneith, Saqqara (Hood, unpublished data).
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Figure 6.6: Squat vessel with flared rim found in early to mid Second Dynasty contexts
at Helwan. Figure taken from Koéhler 2004: 305.

Within the Bét Khallaf Phase One assemblage there is a single example of an Early
Dynastic bread mould, X5473, which produced an OSL date range of 2625-2340 Bc at
68.2% confidence. Although it is likely that originally the offering deposit would have
included many more of this vessel type, it is common that bread moulds do not survive
deposition as well as other ceramic types. This is owing to their being often under-fired,
with an exterior hardened shell giving way to a silty centre, which can often disintegrate
during burial or upon excavation (author’s personal observations in the field). However,
X5473 is relatively well fired and has remained intact. In terms of bread mould typology,
there is a significant degree of morphological variation seen in this vessel type in the
earlier periods of Egyptian history, before the vessel type became more standardised
in the Old, Middle and New Kingdoms. The variation in this vessel type is probably
due to these vessels being locally produced, with many pottery workshops across the
region producing similar, but varying, morphological forms. It thus appears unlikely at
this stage that the variation seen across bread mould types during the late Naqada III
period should be considered a chronological indicator, but rather a product of regional
and/or workshop variation. Although a ‘tentative bread mould typology was produced
by Jacquet-Gordon 1981, the study lacked the quantity of data required for meaningful
typological enquiry. A form similar to X5473 was not present (and indeed the study did

not include late Naqada III material). Fortunately, parallels can be found outside this
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study. From a comparison with the (limited) available literature, the form of X5473 is
slightly less common, as it lacks the shorter neck coupled with a more distinctive sharp
shoulder profile than appears to be most common for the late Nagada III period (e.g. such
as can be seen in Helwan Tombs Op4/1, 7, 11, 15, 35, 42 (Kohler 2014a), at Tell el-Farkha
(Chlodnicki 1995: 25) and at Buto (K6hler 1998: P1. 43-46), and see Figure 6.7). Rather,
X5473 has a slightly softer shoulder profile, with a much longer neck profile (and thus
shorter conical base), and is most similar to a bread mould found at Maassara, Tomb 3,

dating to the late Naqada III period (Larsen 1939: 195).

Figure 6.7: “Typical’ bread mould from the site of Helwan. Figure taken from Kéhler and
Smythe 2004: Plate 5.

In addition to the vessels already discussed, Phase One at Bét Khallaf also included
several undiagnostic vessel types, which although appearing Early Dynastic in character
(based upon general morphology and clay type) are not of particular use as chronological
indicators. For example, X4114 is a plate/bowl and X4118 is a pot stand, similar forms of
which are seen throughout the Naqada III period (and beyond). It is their OSL ages and
their clustering with Phase One at Bét Khallaf which are their most diagnostic feature
at this stage. However, it is intriguing to note that of all the assemblage, it is only these
two vessels (with the exception of the wine jars as already discussed), which have a
larger than typical error range, and whose final age range is more heavily influenced
by the application of Bayesian modelling than the other vessels in the assemblage. It is
possible that these vessels might be slightly older than the rest of the assemblage. At
present there is no archaeological evidence to suggest a reason for this, which is why

it was not justifiable to remove them from the analysis or to create another phase in
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the model to account for their slightly older age spread than most of the rest of the
assemblage. Another vessel, X5468, is difficult to place as no genuine parallels for it
are known and it is an unusual vessel form: again, its most diagnostic feature is that it
clusters well with the Phase One groups based upon its OSL date range, 2632-2356 BC
at 68.2% probability. It is possible that this is a regional form, and it does show some
similarities to the large egg-shaped, marl clay storage vessels known from Elephantine
in Second and Third Dynasty contexts (Raue 1999; Hood unpublished data: Figure 6.8;
and a specimen is also known from as far north as Saqqara, see Hood 2010a: Fig. 10).
However, X5468 lacks the distinctive deep neck groove usually seen on this vessel type,
and the clay type in X5468 is a Nile clay (although it is possibly mixed with a marl fabric
too, which is supported by its ICP-MS analysis, see Appendix A). Furthermore, X5468
is also similar to a vessel recovered from the tomb of Khasekhemwy at Abydos (Képp
2011: 88), although, again, it is difficult to call this vessel a direct parallel as there are

distinct differences between the neck characteristics between the two vessels.

Figure 6.8: A marl storage jar, representative of those found frequently at Elephantine
(Hood, unpublished data).

Another two vessels within the assemblage were also undiagnostic, and in addition

failed to produce an OSL date: X4113 and X4120. X4113 was a simple plate/bowl, many
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parallels of which can be found throughout many periods of Egyptian history. For the
purposes of chronology, both in terms of its morphology and lack of OSL date, this
vessel cannot contribute to the present discussion. X4120, a small, fine marl clay jar
with remains of a bright red slip, could potentially be Early Dynastic in nature, but it
could equally be part of an Old Kingdom or First Intermediate Period assemblage, based
upon its fabric type and slip decoration, which are more reminiscent of the latter two
periods. X4120 will be discussed in greater detail below in Section 6.3. Another vessel,
X4119 also did not yield an OSL date. However, this vessel type does have a known
parallel from the late Naqada III period, in the Tomb of Khasekhemwy (Engel 1997).
It is unfortunate that an OSL date was not forthcoming for this piece. According to
Garstang’s publication (Garstang and Sethe 1903), two vessels of this type were found in
the Bét Khallaf assemblage. As this is an infrequent type from this period, although with
a very informative parallel found in a royal tomb, it would be ideal to be able to find this
second vessel from Bét Khallaf and subject it to OSL analysis (its current whereabouts
is unknown).

Thus far, the majority of the Phase One ceramics found at Bét Khallaf and attributed
to the early Third Dynasty by Garstang when first excavated have clearly reaffirmed this
date, with both the OSL ages (CAM: 2622 Bc+128 years) and the archaeological evidence
illustrating a late Naqada IIl/early Old Kingdom date range. However, there are some
vessel types which one would expect to find in an assemblage from this period which
are absent. Notably, the Meydum bowl, a bowl with a distinct carinated rim (Figure
6.9), whose first occurrence dates to the mid Second Dynasty (Kéhler 2004). The early
form of the Meydum bowl, whose development continues well into the Old Kingdom,
is a deeper vessel shape, with a more vertical rim, and indeed, its development can be
related to a vessel index developed by Op de Beeck (Op de Beeck 2004), which illustrates
that the rim width to vessel height increases over time. Many assemblages dating to this
period feature this ceramic type and it is curious that no trace of them survive at Bét

Khallaf. As Garstang collected only intact vessels, it maybe that sherd evidence of this
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vessel type still exists at the site to be recovered by future excavations.

10cm

Figure 6.9: Illustration of a typical early Meydum bowl. Figure taken from Raue 1999.

Additionally, in Garstang’s original publication of the Bét Khallaf ceramic material
(Figure 6.10 and Figure 6.11), the two pages on which illustrations of the vessels appear
contain a total of 35 vessels, as opposed to the 24 we have sampled here. (One of the 24
vessels in this project, X5466—discussed below—was not included in Garstang’s original
publication as Garstang undoubtedly recognised the non-Early Dynastic nature of the
piece; the situation is similar for X4120, which also does not appear in the book, and is
also probably non-Early Dynastic, although an OSL date was not obtainable to verify
this). An additional vessel is recorded as being stored at the Penn Museum; however,
it was unavailable for OSL sampling because its current location within the museum is
unknown. At this point in time, it remains unclear where the rest of the ceramic assem-
blage is stored, or indeed if it was ever removed from the site, or if it went into private
collections. It appears that we are currently missing from our data set: an additional
wine jar; a spouted bowl (which is of interest as chronologically it remains uncertain as
to whether this is a late Naqada III form, see discussion below in Section 6.3); two ad-
ditional beer jars; four additional assorted bowls (possibly including two more Internal
Rim Bowls); and another spherical vessel. If access to this additional Bét Khallaf ceramic
material was possible, it would potentially refine the OSL date ranges further.

Indeed, what we see in the Bét Khallaf OSL results is a high degree of spread in the
data, although this spread can be compensated for through the application of Bayesian

modelling. What this means, however, is that at present the dating results, while being
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Figure 6.10: Plate XXX from Garstang and Sethe 1903, depicting the ceramic vessels
excavated at the site of Bét Khallaf.
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Figure 6.11: Plate XXXI from Garstang and Sethe 1903, depicting the ceramic vessels
excavated at the site of Bét Khallaf.
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the first examples of the OSL technique used on Egyptian material, cannot yet improve
upon the precision achieved by radiocarbon dating, or indeed by the relative histori-
cal chronology. However, it should be remembered that high chronological precision
was not the goal of this project, rather it was to provide the first application of this
technique to museum material and to illustrate the usefulness of the technique and ad-
vocate its inclusion in future chronological studies. Indeed, the Bét Khallaf results have
clearly demonstrated the benefits of applying OSL dating to Egyptian material, in order
to assist in providing good (although not excellent) anchor points between an absolute
and relative chronology. Additionally, the OSL results clearly illustrate how different
chronological phases can be discerned between archaeological material at a particular
site, which will be discussed further in Section 6.4. That we see a not-insignificant spread
in the OSL data (see Table 5.2) is in part owing to the particularly wide spread we see in
many of the marl clay (in particular wine jar) dates, which is attributable to the low sen-
sitivity in the quartz contained in the pottery. Additionally, a reason for a broader age
range than would be expected for a single use tomb could be that within the assemblage
we are seeing a longer use history than a single burial (discounting, of course, Phase
Two and Phase Three as discussed below), possibly a multi-generational family tomb.
Neither the OSL results, nor the archaeology can suggest evidence of this at present, but
it could be that future investigations, and with an increased data set from Bét Khallaf,

may find further evidence for this possibility.

6.2.1 Radiocarbon dating, the historical chronology and OSL

dating: a common consensus among absolute dates?

It is also important to consider these OSL dates in their broader chronological frame-
work. Above, we have discussed the ceramics themselves in detail, but it remains to
be considered what this project has offered the broader absolute time frame established
for this period, specifically its relevance, its comparison to radiocarbon dating, and how

it ties in with the historical chronology. Of course, the OSL results are from a single
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assemblage, from just one site, but it is an important one: it sits upon the cusp of the
latest stages of the Naqada culture as it transitions into the Old Kingdom. Given the
importance of this time period, our OSL results, while not being able to offer, at this
stage, the high chronological precision seen in radiocarbon dating, can still contribute
significantly to the general chronological discourse surrounding this period.

Prior to this project, the absolute dates for this transition from the Early Dynastic to
the Old Kingdom (and consequently for the end of the Second Dynasty and beginning
of the Third Dynasty), have traditionally been based on the historical chronology; more
recently, AMS radiocarbon dates*” have added significantly to the debate surrounding
the absolute dates for this historical marker.

The historical ‘absolute’ chronology does not rely upon direct scientific analysis, but
rather observations of historical records and reconstruction of astronomical events, thus
its accuracy and interpretation can be—and frequently is—subject to much debate. As is
generally known, the first major body of evidence for Egyptian chronology is Manetho,
a Greek priest living in Egypt in the third century Bc who wrote a history of ancient
Egypt, including a record of the ruling pharaohs and the length of their reigns. It is
assumed that Manetho was able to reconstruct a long chronology of Egypt given that
his position would have given him access to temple records. Traditionally, Manetho has
been used as a starting point for which to count backwards from his time, to the begin-
nings of pharaonic history, using additional sources along the way (e.g. Kitchen 1991).
However, Manetho’s Aegyptiaca is fraught with problems. First, the original document
compiled by Manetho does not survive to modern day; only handwritten copies exist,
which contain scribal errors: even contemporary versions of the text can vary between

one another. Secondly, the historical texts of any civilisation are subject to political

"It should be noted here that initial radiocarbon dates for this period were obtained prior to the advent
of AMS dating (e.g. Barker et al. 1969; Barker et al. 1971; Berger et al. 1965; Berger and Libby 1967; Hassan
1980; dates presented in Hendrickx 1999; Libby 1980, and see discussion in Rowland 2008). However,
these have lacked the precision that more recent studies, since the 2000s, have achieved, specifically the
work carried out by the Egyptian Chronology Project at the University of Oxford (e.g. Dee et al. 2013;
Bronk Ramsey et al. 2010). Therefore, this discussion will only draw upon the most recent radiocarbon
chronological work carried out on Egyptian material, following primarily Dee et al. 2013, Bronk Ramsey
et al. 2010 and the radiocarbon date summary presented in Kéhler and Thalmann 2014.
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bias, and ancient Egypt is no exception to this, with unfavoured rulers—the classic case
being that of Akhenaten—being erased from the common history and thus impacting
adversely upon the reconstruction of a reliable historical chronology. Finally, not all
periods of history are recorded equally, and records become lost, thus also affecting ac-
curate reconstruction. In addition to Manetho’s Aegyptiaca, there exist king lists from
ancient Egypt, which can help confirm certain events and can add to history when they
have recorded additional events. The major king lists surviving for ancient Egypt are the
Palermo Stone, the Turin Canon and the inscribed texts on the wall of the Temple of Seti
I at Abydos, the Hall of Records at Karnak, and the tomb chapel of Tjunuroy at Saqqara
(e.g. Gardiner 1959; Redford 1986; Ryholt 2004; Shortland 2013; Wilkinson 1999: 218;
Wilkinson 2000). Additionally, to help refine the information provided by Manetho and
the king lists, there also exists for the reigns of certain rulers a ‘fine-tuning’ of sorts, in
that regular events are recorded within a pharaoh’s reign. One such example is the heb-
sed festival which, theoretically, occurs after the first 30 years of king’s reign and then
every 3 years after the initial 30 years, although it is uncertain whether such festivals
were carried out prior to the accepted 30-year period (Shaw and Nicholson 2002: 256;
Murnane 1981). Other regular events included the burial of the Apis Bull, annual cat-
tle counts and genealogical texts which discuss family chronology of priests and viziers
under specific rulers (Shortland 2013: 23).

In order to anchor or pinpoint these events to an absolute timescale, ‘dead-reckoning’
is used: a known, observable event which can be dated to an exact year, is used as an
anchor, and, based on evidence from written records, years of rulers can be counted
back from that single point. In Egyptian history, there are three main ‘dead-reckoning’
events, albeit anchored late in Egyptian history. The first such date is in 664 Bc, referring
to the sacking of Thebes by Ashurbanipal and resulting in the establishing of the 26th
Dynasty. The other two dates are both based upon observations of solar eclipses in 610
BC and in 763 BC (Shortland 2013). Theoretically, lunar and Sothic observations can also

help refine the historical chronology, although these to date have had limited success (a
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full discussion of astronomical events in relation to Egyptian Chronology can be found
in Hornung et al. 2006, and a brief summary in Shortland 2013). With ‘dead-reckoning’
dates and their relevance to the study of the earliest dynasties, an immediate problem
is observable: when counting back from ‘dead-reckoning’ events to the Old Kingdom,
around 2000 years prior to these events, the inaccuracies in such a method accumulate
and the final resulting date entails a degree of guesswork—educated guesswork, but
guesswork none the less.

As discussed at the beginning of Section 6.2, the two most commonly accepted his-
torical chronologies for ancient Egypt are those of Shaw 2000, referred to as the ‘high
chronology’, and that of Hornung et al. 2006, referred to as the ‘low chronology’. The
names speak for themselves, as in general, the Shaw system results in higher absolute
ages and the majority of events are considered to have taken place at an earlier time than
the dates suggested by the ‘low chronology’. With regard to the time period in history
(i.e. the reign of Djoser) that the Bét Khallaf ceramics are dated to, the ‘low chronology’
suggests 2592 BC as a date for the accession of Djoser (Hornung et al. 2006), whereas
the ‘high chronology’ suggests a 2667 Bc (i.e a difference of 75 years between the two
proposed dating systems).

The results of the most recent (and in this author’s opinion, most reliable) radiocar-
bon dates produce an accession date for Djoser between 2691 and 2625 Bc at 95.4% prob-
ability (Bronk Ramsey et al. 2010), also reported as 2670 Bc (Barta 2013: 221), and 2680
BC (following the amalgamated radiocarbon dates presented in Koéhler and Thalmann
2014, and Kohler 2013). All of these dates are more consistent with the ‘high chronol-
ogy’ model of Shaw 2000. Additionally, in Dee’s modelling work on the Old Kingdom,
which examined four independent historical models and established chronologies, none
supported the ‘low chronology’ system (Dee 2013c).

So where do the OSL results for Bét Khallaf fit in to this discussion? First, it should
be remembered that the ‘high chronology’, the ‘low chronology’ and the radiocarbon

dates all discuss the most likely date for the accession of Djoser, that is, the beginning
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of the Third Dynasty. We lack the archaeological precision to know exactly when in
the reign of Djoser the Bét Khallaf burials took place; all we know is that seals bearing
the name of Djoser were placed in the tomb, which would indicate that they occurred
at some point during Djoser’s reign. The OSL results, after Bayesian modelling, suggest
that the most likely date for the assemblage, following the CAM, is 2622 Bc£128 years;
in other words, a date almost exactly in-between the low and the high chronologies.
One could deduce from these results that an agreement with the ‘high chronology’ is
more likely than the low, by arguing that it is more probable that the Bét Khallaf burials
were during the reign of Djoser, rather than his year of accession, thus it would be
expected that a plausible date for the Bét Khallaf tombs would be slightly later than the
accession date, as indeed 2622 Bc is. However, the error of this date is broad, sitting at
128 years. Thus, we must reiterate here that OSL (at least using the MET method and
with only a small number of samples), while adding significantly to our body of evidence
and absolute chronological information for this period, lacks the chronological precision
needed to resolve the debate between these two competing high and low chronologies.
Nevertheless, it must be remembered that this project presents the first-ever attempt at
using OSL dating in Egyptian archaeology and that high-precision dating in unlikely
to be achieved in any such first attempt. The future is promising, however, and it is
hoped that, when a larger data set becomes available, fine-tuned OSL chronologies can
be determined. Such a larger data set could be achieved by incorporating more MET
samples from museum collections. In addition, if samples can eventually be exported
from Egypt, still more precision can be achieved using the larger sample sizes (and with
a greater degree of certainty in the external dose rate calculations if in situ measurements

are obtained), which would yield even more conclusive OSL data for this time period.
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6.3 Two additional ceramic phases seen at Bét

Khallaf

Although Phase One, as determined by OSL dating, certainly represents the majority
of the Bét Khallaf ceramic assemblage, Bayesian modelling of the OSL results, alongside
ceramic typology, clearly shows a multiphase occupation at the site, with two additional
chronological phases being observed. The second depositional event, corresponding to
Phase Two in the Bayesian model, is represented by four ceramic vessels: X5463, X5465,
X5467 and X5470. The OSL dates associated with these four vessels produce a peak
modal distribution of 2082 Bc 115 years, which in contrast to Phase One, places these
four vessels within late First Intermediate Period (FIP) following Shaw 2000, or the mid
FIP following Hornung et al. 2006. When establishing the multiphase model in OxCal for
the Bét Khallaf material, in addition to the OSL ages which indicated a distinct chrono-
logical phase, the vessels in the Phase Two assemblage (with the exception of X5463)
were recognised as being uncharacteristic of an Early Dynastic assemblage, based upon
their morphology. X5463 was unfortunately an undiagnostic ceramic beer jar, which
may indeed have dated to any time between the late Early Dynastic and First Intermedi-
ate Period, and it was the OSL date for this vessel which led to its inclusion in Phase Two
over Phase One. Fortunately the three other vessels were more diagnostic, in particular
X5470. X5470 was an interesting artefact as it has long been considered an Early Dynas-
tic type. This is because it appeared in Petrie’s Proto-dynastic Corpus as belonging to
S.D. 87, that is, the late Naqada III period (Petrie et al. 1953: Pl. XXX). However, when
this claim is investigated further, it is realised that seemingly the only reason it is incor-
porated into this sequence date is owing to its having been excavated alongside the late
Naqgada IIT assemblage at Bét Khallaf. Petrie’s inclusion of the form is based solely upon
vessel X5470’s inclusion within the Bét Khallaf assemblage; it is thus a cyclical argu-
ment. It was therefore particularly interesting to observe its OSL date pointing to a later

date that the Phase One group, but additionally that existing archaeological parallels
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also firmly point to a First Intermediate Period date. Six vessels which are morphologi-
cally similar to X5470, albeit on a slightly smaller scale, are known from the sites of Qau
(UC18033, UC18097, UC18099, and UC20500 from the Petrie Museum, London cf. Bour-
riau 1981: 53) and Mostagedda (MM10664 and MM10666, from the Medelhausmuseet,
Stockholm), and have been dated to the First Intermediate Period. Additionally, the style
of manufacture used in the construction of X5470 is possibly similar to that of UC20500,
where ‘the marks on the jar suggest ... the upper body was drawn on up on the wheel
and joined to the lower body. This was modelled by hand and supported by three lines
of rope where the join was made’ (Bourriau 1981: 54). A corresponding rope imprint
can be found on X5470. X5465 and X5467 additionally display what is considered a
characteristic trait of First Intermediate Period pottery, in that they continued ‘the Old
Kingdom traditions of applying a red coat and polishing the surface’ (Wodzinska 2009:
147). Red slip is not unknown in the Early Dynastic period, but it appeared to have lost
its popularity at the end of the Naqada period and it was in the Old Kingdom onwards
that it became increasingly popular once more (Hendrickx et al. 2002: 280). Given that
vessels X5465 and X5467 also clearly cluster around a well-established First Intermediate
Period ceramic type (X5470), their attribution to this date is reasonable and probable. It
is difficult to find direct parallels for X5465 and X5467 as the number of ceramic types
increases in the First Intermediate Period, due to the rise in the number of local ceramic
production centres and the corresponding decrease in the centrally organised workshops
of the Old Kingdom (Wodziniska 2009: 147; Bourriau 1981: 51). X4120, discussed above
as being one of a small number of vessels not producing an OSL date, might also well fit
in with the ceramics seen in this phase. The ‘sealing-wax red’ slip (Bourriau 1981: 51; cf.
Wodzinska 2009: 113) on its surface is more similar to an Old Kingdom/First Interme-
diate Period style, and the morphology of the vessel is not typical of an Early Dynastic
form. Of course, it is impossible to speculate further given the absence of an absolute
date, and the absence of parallels for this vessel.

Finally, there is one vessel recorded in Garstang’s catalogue, a spouted bowl (Figure
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6.10, vessel 19), which, like X5470, is usually attributable to the Early Dynastic period
based solely on the fact that Petrie included in it his Proto-dynastic Ceramic corpus
based on Garstang’s recovery of the vessel at Bét Khallaf in 1903. The form itself is
more similar to later Old Kingdom types, and it might be that this vessel too would
more likely cluster with Phase Two, rather that the Early Dynastic assemblage. Once
again, in the absence of an OSL age, this is based upon conjecture only. Unfortunately
the whereabouts of this vessel is currently unknown, and thus an OSL date is currently
unachievable.

The final depositional event, corresponding to Phase Three in the Bayesian model, is
represented by a single ceramic object, X5466. When the assemblage was first assessed
visually, it was immediately obvious that this piece was not consistent with an Early
Dynastic assemblage, based upon its clay type and morphological characteristics. Ad-
ditionally, the ICP-MS values for the clay of X5466 were significantly different to the
other vessels within the assemblage (see Table 5.5, cf. Appendix A). However, no ad-
ditional information for this vessel could be obtained, and thus the OSL results were
relied upon to produce chronological information for this vessel. As can be seen from
the OSL results (Table 5.14), this vessel is distinct chronologically from the rest of the
assemblage and sees a OSL age of AD ¢.800-¢.1200 (Table 5.11). Although broad, this date
places this piece securely in the medieval Islamic period. Unfortunately, even though
the OSL results were able to attribute this piece to a specific period of Egyptian history,
no parallels could be found for this vessel. This is because non-decorated Islamic pottery
remains very under-represented in the literature (Pers. Comm. G. Scanlon, 2006). It is
therefore not possible to discuss X5466 in any further detail, but OSL dating has cer-
tainly been able to successfully illustrate that this vessel is an intrusive object in the Bét
Khallaf assemblage and shows that a degree of archaeological activity, however small,

was present at the site of Bét Khallaf in the medieval Islamic period.
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6.4 'The implications of the Bét Khallaf OSL results

and their impact on the existing ceramic
chronology

The application of OSL dating to the Bét Khallaf ceramic material has clearly demon-
strated the usefulness of OSL dating in the study of Egyptian archaeology. Although
luminescence dating in Egyptian archaeology has previously been considered of limited
use (e.g. Goedicke 2006), it is hoped that the OSL work presented here for the Bét Khallaf
assemblage has demonstrated otherwise. While this is only a study carried out upon a
single site, it is a proof of concept that this technique can be used on Egyptian material,
even though at present legal requirements in place in Egypt (and given that an OSL facil-
ity is not available to archaeologists within Egypt) mean that only work upon ceramics
housed in museums outside Egypt is possible. Indeed, if in the future such requirements
are lifted, then the application of OSL dating to material within Egypt would be of even
more benefit as it would allow a more controlled assessment of factors contributing to
the final age calculation, in particular the external dose rate. Museum material is often
overlooked for scientific analysis, but it is hoped that with the development of the MET
technique, museum material will gain more interest for the application of OSL dating.
The research carried out upon the Bét Khallaf material has added to the study of the
late Naqgada III ceramic assemblage by providing yet another independent chronomet-
ric dating technique (albeit one with a larger error range than is seen in radiocarbon
dating) which has produced dates in good agreement with existing absolute chronolo-
gies, both radiometric and based upon the historical records from ancient Egypt itself.
It is important to note that these OSL dates have been obtained directly from the ce-
ramic material themselves, and not from material thought to be in association with the
original depositional context. Furthermore, it has helped resolve inconsistencies within
the original museum data set which had labelled all associated finds as ‘Early Dynastic’,

whereas our results demonstrate that the use history of the tombs at Bét Khallaf is more
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complex, with three independent periods of occupation being represented within the
burial complex. The Early Dynastic is certainly the dominant period of occupation (as
would be expected), but there was also archaeological activity present during the First
Intermediate Period and the Islamic period.

While we believe this study has added significantly to the discourse for the chronol-
ogy of the late Naqada III period, it is also important to acknowledge where improve-

ments could be made and address how future work should be directed.

6.5 Future directions

It would be ideal, in a future continuation of this project, to complete OSL analysis upon
the 13 or so Bét Khallaf ceramics which are currently unaccounted for (as discussed
above). Additionally, these measurements would benefit from additional in situ mea-
surements of the external dose rate at Bét Khallaf, something which may be possible
if permission is obtained to take a gamma spectrometer to the field.** By carrying out
external dose rate measurements in the field, it is thought that a more accurate dose rate
determination could be achieved than by ICP-MS analysis of soil sediment adhering to
ceramic material throughout the storage period in museums. Another valuable mea-
surement that could only be taken in the field is testing the density of the depositional
matrix in which the ceramics were buried. This would impact dose rate estimations
given by the Dos1Vox calculations (at present the density is an assumption, rather than
a specific measurement).

Measurement of the equivalent dose could also be improved upon to some degree.
When the MET was developed for this project, the sampling protocol was designed to
ensure that museum curators would be willing to allow sampling to occur by keeping
damage to the vessel through sampling to an absolute minimum. While the MET proto-

col has been shown to work well, in certain cases it is undeniable that additional sample

*® It was originally hoped that such measurements could be carried out for this project, but given the
political climate in Egypt between 2011 and 2015, this was decided against at the time.
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material would have been of great benefit. This is particularly true for specimens where
sample yield was low due to the loss of a super-fine drilled sample fraction. If it was
possible to drill down to 5 mm or 6 mm (rather than 4 mm) in some instances this would
probably double our aliquot yield and produce a more robust data set for a given sample.
It is therefore important to continue to engage with museums and discuss methodolog-
ical considerations and progress. This is likely to become an easier task now that this
project presents a proof of concept and demonstrates that OSL dating can be successfully
applied to museum ceramics. Additionally, further confidence in the sampling process
might be gained if a new method was developed to help screen for samples which do
not yield OSL results. As discussed, some vessels simply did not produce an OSL signal
and thus no OSL measurement or age calculation was achievable. It might be possible
to develop a technique by which individual quartz grains upon the surface of the vessel
(which could be identified using a hand-held lens), were extracted and the sensitivity of
the quartz could be assessed prior to a full MET sample being taken. This would mean
that if the test sample indicated low or no sensitivity, it would not have to be subjected
to unnecessary drilling. This test extraction would not have to be carried out in subdued
lighting conditions as the sensitivity of the quartz can be determined using samples with
a reset crystal lattice.

Finally, the site of Bét Khallaf is only one late Naqada III site, and future work would
ideally extend the scope of the dating programme to include other material from this
period across the various sites which have material available in museum collections. It
is of course also the logical progression of such a project to go beyond the time period
of the late Naqada III period and conduct OSL analysis upon the wider Naqada culture.
By extending research in such a manner, it would be possible to start using OSL dating
(in conjunction with other techniques) to start examining regional variation with the
ceramic assemblage.

Although the benefits of applying OSL dating have been demonstrated, OSL, like

any other dating technique, should not be considered a stand-alone technique. Rather,
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to achieve the most comprehensive understanding of a data set that is reasonably achiev-
able, each technique should be used alongside additional methodologies. As this thesis
has set out to apply a multidisciplinary approach to the study of Egyptian ceramics, the
following part of this thesis will now further the application of a multidisciplinary an-
alytical programme by examining additional techniques which can be used alongside

OSL dating.
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CHAPTER 7

Cladistic analysis of Naqada III ceramics

OSL dating is a powerful tool in ceramic chronological studies, but its strength lies in
being part of a multidisciplinary approach to these studies. We have already seen how
OSL dating coupled with Bayesian modelling can bring new dimensions and greater
clarity to our interpretations of the Bét Khallaf results. However, scientific techniques
must also continue to draw upon more established and traditional methods of ceramic
studies, in particular relative dating techniques, which have always lent themselves to
refining ceramic typology and chronology, in order to further increase the impact of

absolute dating techniques.

7.1 Seriation analysis

One of the main relative dating methods used in archaeology is seriation analysis, a
standard procedure in archaeology for simultaneously correlating artefact types with
archaeological assemblages. It is based on the assumption that artefacts adhere to the
‘like goes with like’ principle, and thus it should be possible to arrange assemblages into
typological or successive order based on the similarity or dissimilarity of type attributes
(Orton et al. 1993: 190). Seriation also relies on a basic principle of archaeology: that a
noticeable change in material culture is most likely to reflect the passing of time (Kemp

1975: 262).
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Seriation is essentially a theoretical approach to typological and chronological stud-
ies, based on a number of assumptions which were largely established by Wilkinson in
his seminal work on the topic (Wilkinson 1974).

Seriation was initially prominent in Egyptian archaeology, because the first attempt
at seriation analysis performed on archaeological data was in Egypt, the work of Flinders
Petrie, who established his corpus of early ceramics based on his findings at the Naqada
and Ballas excavations in 1894-1895 (Petrie 1896). He ascertained that a relative se-
quence of excavated tombs could be established based on the contents of each tomb—
essentially employing contextual seriation,*” which is governed by the variation and
continuation of artefact attributes over a period of time, which in turn can be placed
into a sequence based on the aforementioned qualities (Kemp 1975: 259; Petrie 1899;
Renfrew and Bahn 2008: 126—127).

In the case of the late Naqada III period only a small amount of research has focused
upon seriation of the ceramic assemblage. This is primarily owing to the preliminary
nature of most current research. However, the present author set out to achieve a pre-
liminary seriation analysis of late Naqada III ceramics based upon published data, and
Kohler has incorporated seriation analysis recently in her analysis of the ceramic mate-
rial from the site of Helwan (Hood 2007; Kohler et al. 2011: 105; Pers. Comm. E. C. K6h-
ler, 2013; Kohler 2014a: 36). Furthermore, the sequence date system established by Petrie
(Petrie 1899; Petrie 1901a; Petrie 1921; Petrie et al. 1953; Petrie and Quibell 1896) is still
useful up to a point, as are later assessments carried out by Kemp 1975, Kaiser 1957, Hen-
drickx 1989, Hendrickx 1994, Hendrickx 1996, and Wilkinson 1995, as discussed above
in Section 2.1.

The application of seriation to this period has been extremely limited in part owing
to the preliminary nature of the majority of ceramic studies produced for this period
over the past decade. The study of late Early Dynastic culture has really only taken off

since the late 1990s, and as the field generally experiences a significant time lag between

** Frequency seriation, in contrast, seeks to produce a typology through observing the frequency and
abundance of artefact/attribute types over a period of time (Renfrew and Bahn 2008: 126-127).
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excavation and publication, it is only now we are beginning to see in the literature more
comprehensive reports and studies resulting from the ceramic finds. Seriation relies on
a vaster body of data than is available at present (though this material will become avail-
able over the next decade). This is because seriation relies on metadata from complete
publication of results relaying entire assemblage information, not just a select scattering
of the more interesting finds published in preliminary reports. When such material be-
comes available, it will be possible to engage in a comprehensive analysis of the ceramic
data from multiple regions across Egypt simultaneously looking at regional and inter-
regional ceramic assemblages, and it is likely that such an endeavour will contribute

greatly to the our present state of understanding of the late Naqada III period.

7.2 Cladistic analysis

Another method of analysis, based on a similar concept, which has been long overlooked
in Egyptian archaeology (and indeed archaeology as a whole), is cladistic analysis. Bor-
rowing from the biological sciences, cladistic analysis has the potential to significantly
aid in artefact classification and typology. It can use all published data, even preliminary
reports where only a selection of data is obtainable, as it relies only on the properties of
the vessels themselves and not on the detailed contextual information that is required
in seriation (this does not negate the value of seriation analysis: cladistics is useful in a
different, yet complementary way to seriation).

Already briefly introduced in Section 3.2.2, cladistics is a well-developed method
used in the biological sciences that establishes and studies evolutionary relationships
between organisms, based on shared derived characters. Shared derived characters are
features that occur in two or more taxa that have changed from the ancestral condition.
Such characters can be physical (i.e. morphological), molecular (i.e. genetic), or be-
havioural, many of which have a genetic basis and are therefore inheritable. The result
of a cladistic analysis is a branching, hierarchical tree, called a cladogram, that repre-

sents a hypothesis about the evolutionary relationships between the organisms included.
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Given the potentially limitless number of hypotheses that could be generated to explain
the evolutionary relationships between a group of organisms, the principle of parsimony
(also known as Occam’s razor) is employed, which advocates that the simplest hypothe-
sis should be accepted. Based on this principle, cladograms are constructed to minimise
the number of evolutionary transformations required to explain the variation between
the organisms included. As a result, organisms that share many derived characters are
grouped more closely together in a cladogram than those that do not (Wiley et al. 1991;
Kitching et al. 1998, Lipscomb 1998).

Formulated by the German entomologist, Willi Hennig (Hennig 1950), cladistics did
not become well known until translated into English (Hennig 1966), but has now be-
come a common and widespread technique throughout palaeontological and biological
disciplines. More recently, cladistics has also been successfully employed in other re-
search areas including linguistics (e.g. Gray and Jordan 2000; Holden 2002; Rexova et al.
2003; Johnson 2008), textural criticisms (e.g. Robinson and O’Hara 1996), ethology (e.g.
Proctor 1992; Paterson et al. 1995), and even business studies (e.g. McCarthy et al. 2000;
Baldwin et al. 2005; McCarthy 2005).

The use of cladistics to explore phylogenetic trends in material culture, both in ar-
chaeology and anthropology, has been gaining momentum, particularly over the past
decade. In this field, cladistics has been used to investigate hominin and human mi-
gration patterns based on assemblages of stone tools such as hand axes and projectile
points (e.g. O’Brien et al. 2001; Darwent and O’Brien 2006; Buchanan and Collard 2007;
Buchanan and Collard 2008; Lycett 2007; Lycett 2009), cultural evolution based on tex-
tile designs and weaving techniques (e.g. Tehrani and Collard 2002; Tehrani and Collard
2009), the influence of language and geographic proximity on California Indian basketry
assemblages (Jordan and Shennan 2003), and the spread of Neolithic crop-based agricul-
ture (e.g. Coward et al. 2008). However, only a small handful of examples of cladistics
being applied to ceramics is known in the available literature ( Cochrane 2008; Cochrane

2009; Cochrane and Lipo 2010; Collard and Shennan 2000;Hart and Engelbrecht 2012).
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In 2009 a collaboration between the present author and a colleague, James Valen-
tine, from the Department of Biological Sciences, Macquarie University, Sydney, began,
which sought to assess the applicability of cladistics to Egyptian archaeology. It was
thought that such a project could be of value to the study of late Naqada III ceramics,
and could shed light upon the development of ceramic types. This was because cladistics
holds the ability to fine-tune ceramic typology, uncovering stylistic changes and mor-
phological variation that might not be immediately identified by the naked eye alone.
The results of this project to date are presented below. First, a set of Egyptian beer jars
are examined, followed by assessment of bowls and wine jars. These results are the first
instance of cladistics being carried out upon Egyptian ceramic material. However, there
are currently projects being carried out at Durham University by Michel de Vreeze who
is looking at the application of cladistics to Tell el-Yahudiya ware (Vreeze 2016), as well
as at Macquarie University and Charles Darwin University by Aaron de Souza and James

Valentine who are looking at the application of cladistics to Nubian pottery.

7.2.1 Cladistic analysis of Naqada III beer jars

The most complete analyses carried out to date on Egyptian material are for the beer jar
data set.>

The ceramic material used for the cladistic analysis of the late Naqada III beer jars is
based primarily upon the ceramic assemblage from current excavations at Helwan, by
the Helwan Project under the direction of E.C. Kohler. In particular, this work uses data
from excavation area Operation 4, Tombs 1-50 (Kohler 2014a). The Helwan data was
further supplemented with published material from Buto (Kéhler 1998), Minshat Abu
Omar (Kroeper and Wildung 2000) and Elephantine (Raue 1999). This combined data set
ranges from the late First Dynasty through to the early Old Kingdom. The decision to

focus this initial cladistic analysis on beer jars was for three main reasons. First, beer jars

** The following section on cladistic analysis for beer jars is a modified extract from Hood and Valentine
2012, which was jointly written by the present author and her colleague James Valentine from Charles
Darwin University (formerly Macquarie University).
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are a common component of the Early Dynastic ceramic assemblage, allowing a large
data set for analysis to be established. Indeed, 123 complete beer jars are available from
Helwan Operation 4, Tombs 1-50. Secondly, Kéhler and Smythe 2004 had undertaken
a preliminary typological assessment of Naqada IIIA/B to IIID beer jars from Helwan
based on changes in morphology and surface features. Finally, chronological assessment
for the typological sequence of Helwan beer jars (Kohler and Smythe 2004) provides a

robust time frame against which the results of this cladistic analysis can be compared.

7.2.2 Establishing beer jar types and characters

In cladistic analysis, the description of ceramic objects is of paramount importance. Gen-
erally, description of ceramics in archaeology focuses upon documenting and describing
the overall morphology, surface features and composition of individual vessels, rather
than focusing on the specific morphological features of types of ceramic vessels. This
situation is akin to describing the morphological features of each individual member of
a species without establishing the common morphological feature or features that not
only unite those individuals as members of the same species, but also separate them
from closely related species. As cladistics determines evolutionary relationships be-
tween species (or higher taxonomic ranks) rather than individuals, the establishment of
ceramic taxa is required. As described by O’Brien et al. (O’Brien, Lyman, Saab, et al.
2002), this is one of the greatest challenges in using cladistics to create phylogenetic
histories of material culture.

To establish ceramic taxa or types (equivalent to the classes of O’Brien et al. (O’Brien,
Lyman, Saab, et al. 2002) and the ‘Operational Taxonomic Units’ of Lycett 2007), a com-
bination of 13 morphological characters were defined for each of the four main beer jar
types identified by Kohler and Smythe 2004 which are referred to herein as type 1-4
beer jars (Figure 7.1; Table 7.1). Characters were defined primarily following Aston’s
descriptions of ceramic vessels (Aston 1998) and include those characters typically used

to classify ceramic vessels, such as vessel shape (closed or open), rim type (modelled
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Figures not to scale

Figure 7.1: Early Dynastic beer jar typology (Types 1-4), taken from Kéhler and Smythe
2004.

Base Shape

Rounded

Rim Type
Direct Modelled Rolled

Figure 7.2: Base shape and rim type terminology based on Aston 1998.
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Table 7.1: Distribution of morphological features across beer jar types and forms. The frequency of occurrence of each feature is indicated
as a percentage.

Type 1 beer jar

Type 2 LSJ (n=2)

Type 1 LSJ (n=16)

Type 2 beer jar

Type 3 beer jar

Type 4, Form 1

Type 4, Form 2

Type 5 beer jar

outgroup) (n=14 n=27 n=19 beer jar (n=32 beer jar (n=4 n=9
group J J
° vessel shape closed closed closed closed closed closed closed closed
E 1 index 1.34-1.90 (mean = 1.61-1.73 (mean = 1.54-1.82 (mean = 1.66—2.29 (mean = 1.57-2.01 (mean = 2.01-2.42 (mean = 1.92-2.15 (mean = 1.64-2.38 (mean =
@ | vesselmde 1.69) 1.67) 1.72) 1.80) 1.82) 2.19) 2.05) 2.13)
o position of . . . . . . - .
§ maximum high middle middle (81%); high | high (81%); middle | high (74%); middle high (94%); middle middle high
s . (19%) (19%) (26%) (6%)
g diameter
L .
o . subangular (94%);
8 section profile subangular subangular subangular subangular subangular rounded (6%) subangular subangular
combined
body surface scraped scraped scrape scraped (scraped/wavy) wavy wavy wavy
. modelled (79%); rolled (88%); rolled (74%); rolled (63%); modelled (97%);
rim type rolled? (21%) rolled modelled? (12%) |  modelled (26%) modelled (37%) rolled (3%) modelled modelled
g mor:)l}?(:logy external external external external external direct direct direct
& : :
. subangular (64%); angular (50%); subangular (75%); subangular (59%): subangular (63%); subangular (56%); rounded (75%); rounded (56%);
rim character rounded (29%); rounded (32%);
angular (7%) ’ subangular (50%) angular (25%) rounded (41%) angular (5%) ’ rounded (44%) subangular (25%) subangular (44%)
. . . . straight (70%); . . .
neck profile straight (647%); straight straight (81%); concave (26%); concave (53%); straight (947%); straight straight
convex (36%) concave (19%) straight (47%) concave (6%)
convex (4%)
'§ neck shape convergent (93%); convergent convergent (75%); con;zrug;n(tél(lf)‘?); convergent (89%); convergent (56%); convergent (75%); convergent (89%);
V4 P parallel (7%) & parallel (25%) (I;ivergent (7;; parallel (11%) parallel (44%) parallel (25%) parallel (11%)
striated (44%);
type of collar collar absent collar absent collar absent collar absent collar absent collar absent collar absent ridged (44%); ribbed
(11%)
-
o) . . .
!; shoulder angular (50%); rounded (69%); rounded (70%); subangular (687%); subangular (59%); subangular (67%);
H rofile subangular (50%) angular subangular (31%) subangular (26%); rounded (16%); angular (25%); shoulder absent angular (33%)
= p angular (4%) angular (16%) rounded (16%)
rounded (63%); rounded (47%); pointed (53%):
2 flat (86%); pointed . . pointed (26%); pointed (37%); o pointed (75%); rounded (56%);
Cg base shape (8%); rounded (8%) lentoid lentoid flattened (7%); flat | flattened (11%); flat rounded (38%); rounded (25%) pointed (44%)
(4%) (5%) flattened (9%)
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or rolled), neck profile (straight, convex or concave), shoulder profile (angular, suban-
gular or rounded) and base shape (rounded, flattened, flat, pointed or lentoid) (Figure
7.2; Table 7.1). Although fabric is an important component of all ceramic vessels, fabric
type was not included as a character at this stage of analysis. At present, no correla-
tion between fabric type and morphology is observable in our beer jar data set. When
further material is collected for future studies, fabric will be assessed for its suitability
for inclusion in future cladistic analyses. At present, however, fabric type appears to be
more indicative of the region of manufacture rather than phylogeny, and so is unlikely
to be a useful character in cladistics. Here it is also worthwhile remembering that Petrie
observed that certain ceramic forms pass through several different fabric types (Petrie
1921: 6). As a result, Petrie did not always pay particular attention to the fabrics of early
Egyptian ceramic assemblages during typological assessment. It must be understood
that this does not in any way detract from the importance of fabric in the overall as-
sessment and study of ceramics, but it does support an assertion that fabric type is not
a useful character in cladistic analyses at this early stage.

The same 13 characters were then defined for all 123 beer jars in the data set, which
allowed 96 to be identified as either a Type 1, 2, 3 or 4 beer jar. Additionally, through
personal observation, Type 4 beer jars could be subdivided into two morphologically
distinct form variants: those with a distinct shoulder (Type 4, Form 1) and those with
the more traditional ‘bullet’ shape (Type 4, Form 2). The morphological features of the
remaining 27 beer jars were considered sufficiently different to warrant two additional
beer jar types being defined. The first, a fifth type of beer jar, the distinctive ‘collared
beer jar’ (e.g. Kohler 2004), which exhibits a prominent collar, is named a Type 5 beer
jar here for convenience (Figure 7.3). Type 5 beer jars appear to have developed directly
from Type 4 beer jars and continue well into the Old Kingdom assemblage (Raue 1999;
Koéhler 2004; Kohler and Smythe 2004). Secondly, although not defined as a separate
type or form within the cladistic analysis, two additional morphological form variants

of Type 2 beer jar were discerned, both displaying a characteristic ‘lentoid” base, here
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called ‘lentoid-based beer jar 1’ (LSJ 1) and ‘lentoid-based beer jar 2’ (LSJ 2) (Figure
7.3(b)). It remains to be clarified whether this vessel is a type in its own right, or rather a
form variant of Type 2 resulting from regional variation, form function or another cause

(see below for further discussion).

Type 5 Lentoid Lentoid
Beer Jar Storage Jar 1 Storage Jar 2

Figures not to scale

Figure 7.3: (Left to right): Type 5 beer jar; lentoid-based storage jar, Form 1 and lentoid-
based storage jar, Form 2 (line drawings courtesy of the Helwan Project).

At the end of this process, eight morphologically distinct beer jar types and forms
had been defined (Figure 7.4 and Table 7.1).%!

The 13 characters described for each beer jar type and form indicated a high level
of morphological variation in each one (i.e. interspecific variation or variation within
types) (Table 7.1). This variation may be the result of ‘mistakes’ being made during the
manufacturing process, or that there are additional beer jar type variations in the data set
that have not been recognised. Furthermore, it is possible that these high levels of vari-
ation may result from the inclusion of transitional forms between types. For example,

Type 1 beer jars are defined as having a flat base (Kéhler and Smythe 2004), but several

° It is important to note here that although the variations or ‘forms’ are established as ‘Types’ for
the purpose of the cladistic analysis in this chapter (i.e. LS] 1, LSJ 2 and Type 4 Form 1 and Form 2),
we do not believe that there is as yet sufficient evidence in the archaeological record or ceramic analysis
to determine these forms as ‘types’ within the Egyptological literature. Indeed the lentoid-based vessels
will need far more examination before they can be confidently defined in the literature as a distinct type.
However, in the case of the Type 5 beer jar, we feel that it is now possible to start considering this an
individual type in its own right.
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OS] Type 4, Form 1 OS] Type 4, Form 2

Figures not to scale

Figure 7.4: The eight morphologically distinct beer jar/LS] types and forms identified in
this study (line drawings: Types 1-3 taken from Kohler and Smythe 2004; LSJ 1, LS] 2,
Type 4 Form 1, Type 4 Form 2 courtesy of the Helwan Project). NB OS] (ovoid storage
jar) is an alternative designation for ‘beer jar’.

vessels in our data set that have the overall body shape and general characters of a Type
1 beer jar display a rounded or pointed base. As a true Type 1 beer jar would only have
a flat base, those with non-flat bases could be considered a transitional type in between

Type 1 and Type 2. Such high levels of variation have the potential to collapse nodes
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(the branching points in cladograms) due to the fact that too many potentially equally
parsimonious evolutionary relationships can be established. To counter this, only those
characters occurring with a frequency of more than 10% of individuals for each beer
jar type in Table 7.1 were considered to be cladistically informative and included in the
cladistic analysis. For instance an ‘angular’ shoulder profile of Type 2 was not consid-
ered to be cladistically informative since it only occurs in 4% of individual Type 2 beer
jars. Since cladistics is based upon the presence of shared derived characters, only those
characters presented in Table 7.1 that appear in two or more beer jar types are cladis-
tically informative and included in the analysis. Although some ceramic vessels may
have a highly distinctive and unique morphological feature, such as the striated, ridged
or ribbed collar of Type 5 that allow it to be quickly and easily identified, unless such
features are present in two or more vessels they do not provide any information on evo-
lutionary relationships. The overall body shape is also cladistically uninformative since
all beer jars in our data set have an oval body shape, apart from Type 1 which has an
inverted triangle body shape. Such features (known as autapomorphies) evolve after the
split from the common ancestor with the most closely related species. Likewise, mor-
phological features common to all beer jars in Table 1, such as a closed vessel shape, do
not shed any light on evolutionary relationships either. Such character states merely
indicate the presence of an ancestral feature (called symplesiomorphies) retained within
the group from the ancestral form and therefore were not included either. Such unin-
formative characters do not help establish evolutionary relationships. Ultimately, the
characters considered to be cladistically informative in Table 7.1 were used to define 15
binary (e.g. absent/present) and one unordered, multistate character (e.g. absent/pre-
sent, state 1/present, state 2) for each of the eight beer jar types and forms. These 16
characters derived from Table 7.1 define the list of characters and character states in
Table 7.2, as well as a character matrix that shows the distribution of these character

states across the eight beer jar types and forms (Table 7.3).
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Table 7.2: List of characters and character states (derived from Table 7.1) that were used
in the cladistic analysis of beer jar types and forms.

1. Mean vessel index: 9. Concave neck:
0. 1.60-1.79 0. absent
1. 1.80-1.99 1. present
2. >2.00
2. Middle maximum diameter: | | 10. Parallel neck:
0. absent 0. absent
1. present 1. present
3. High maximum diameter: 11. Angular shoulder:
0. absent 0. absent
1. present 1. present
4. Rolled rim: 12. Subangular shoulder:
0. absent 0. absent
1. present 1. present
5. External rim: 13. Rounded shoulder:
0. absent 0. absent
1. present 1. present
6. Direct rim: 14. Rounded base:
0. absent 0. absent
1. present 1. present
7. Angular rim: 15. Pointed base:
0. absent 0. absent
1. present 1. present
8. Rounded rim: 16. Lentoid base:
0. absent 0. absent
1. present 1. present

Table 7.3: Character state matrix of the 16 characters used in the cladistic analysis of
beer jar types and forms. See Table 7.2 for character state definitions.

1234567891011 12 13 14 15 16
Typelbeerjar 0 01110010 0 1 1 0 0 0 O
Type1LSJ,Form1 010110100 0 1 0 0 0 1
Type1lSJ,Form2 011110101 1 0 1 1 0 0 1
Type2beerjar 111110011 1 0 1 1 1 1 0
Type3beerjar 111110011 1 1 1 1 1 1 0

Type 4,Forml1beerjar 2 01001010 1 1 1 1 1 1 0
Type 4, Form2beerjar 21 0001010 1 0 0 0 1 1 0
Type5beerjar 201001010 1 1 1 0 1 1 0
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7.2.3 Determining ingroup and outgroup beer jars

As discussed above, the beer jars from Helwan Op 4, particularly the material from
Tombs 1-50 (Kohler 2014a), supplemented by additional material from Buto and Ele-
phantine (Kohler 1998, Raue 1999, respectively) were chosen for cladistic analysis. These
beer jars form the ingroup, or the group of ceramic vessels for which evolutionary rela-
tionships will be established. Another major challenge in using cladistics to establish a
phylogenetic sequence of material artefacts is the selection of an appropriate outgroup
(O’Brien, Lyman, Saab, et al. 2002). The role of the outgroup is to define ancestral and
derived character states within the ingroup. To achieve this, the outgroup should be
closely related to the ingroup and display the ancestral character states of that group
(Smith 1994). As such, selection of an appropriate outgroup is an essential requirement
of any cladistic analysis (Nixon and Carpenter 1993; Smith 1994, Lyons-Weiler et al.
1998). In this analysis, the Type 1 beer jar as described by Koéhler and Smythe 2004 in
their typological sequence of beer jars, supplemented by published material from Min-
shat Abu Omar (Kroeper and Wildung 2000), was selected as the outgroup. The Type 1
beer jar, whose first occurrence dates to Naqada IIIA/B, is not only absent in the Hel-
wan Op 4, Tombs 1-50 material, but is also significantly older than any of the material
in our data set (see discussion of chronological placing of this vessel type in Koéhler 1998,
Kroeper and Wildung 2000, Kohler and Smythe 2004). Although such a stratigraphic ap-
proach to outgroup selection is not without critics (e.g. Eldredge 1980; Aiello and Dean
1990; O’Brien and Lyman 2003), the stratigraphic position of individual taxa should not
be ignored in phylogenetic analyses (e.g. Harper 1976; Gingerich and Schoeninger 1977;
Fortey and Chatterton 1988). The Type 1 beer jar was therefore accepted as being the

most likely candidate to represent the ancestral beer jar condition.

7.2.4 Beer jar results

The cladistic analysis was conducted using PAUP* (Phylogenetic Analysis Using Parsi-

mony) version 4.0 beta 10 (Swofford 2002). The specific program parameters used in this
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process can be found in Hood and Valentine 2012.

Cladistic analysis of the character matrix presented in Table 7.3 generated a single
tree, 26 steps long, with a consistency index (CI) of 0.65 and an retention index (RI) of 0.68
(Figure 7.5), both ‘goodness of fit’ measures to assess cladogram robustness (as discussed
in Hood and Valentine 2012: 52). Synapomorphic features supporting numbered internal
nodes of the strict consensus tree (Figure 7.5) are listed in Table 7.4. Monophyly of the
beer jars is not supported by this analysis and the preliminary typological sequence
established by Kohler and Smythe 2004 of Naqada ITIIA/B to IIID beer jars from Helwan
is not entirely consistent with this analysis either. The evolutionary relationships at the
base of the strict consensus tree between the Type 1 beer jar (outgroup), LSJ 1 and 2 and
beer jar Types 2-5 are unclear. LSJ 1 and LS] 2 form a clade supported by 93% of bootstrap
replicates®® (Figure 7.5 and Table 7.4). Synapomorphic features supporting this clade
include an angular rim (character 7, state 1) and a lentoid base (character 16, state 1). Beer
jar Types 2-5 form a clade supported by 87% of bootstrap replicates. Synapomorphic
features supporting this clade include a vessel index of 1.88-1.99 (character 1, state 1),
neck with parallel sides (character 10, state 1) and a rounded (character 14, state 1) or
pointed (character 15, state 1) base.

The CI for the single most parsimonious cladogram (Figure 7.5) was 0.65 indicat-
ing a fairly high level of homology (i.e. similarity within the assemblage, owing to a
shared ancestry between forms which indicates evolutionary relationships). Sanderson
and Donoghue 1989 and Hauser and Boyajian 1997 have demonstrated that as the num-
ber of taxa and characters included in a cladistic analysis increase, the CI is reduced.

Therefore the CI cannot be simply compared between different studies. The regression

**Bootstrapping (Efron 1979; Efron 1981; Efron 1982) is a heuristic tool which allows a test of robust-
ness of branching points in a cladogram to be determined by subjecting a dataset to random resampling.
Each time this happens the analysis is re-run (here, a total of 10,000 times) and a cladogram determined
based on the randomly generated dataset. Although some character states may be eliminated from the
dataset and others may be selected multiple times during the random resampling, the more character
states supporting each branching point, the more likely that branching point will appear in a cladogram
generated by random resampling. In each replicated analysis, we can compare what are the common
branching points in each cladogram and from these, determine the bootstrapping value (the percentage
of times when each individual replicate reproduces the same branching point in a cladogram).
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Type 5 OS]

Figures not to scale

Figure 7.5: Single cladogram produced by cladistic analysis of the character matrix
shown in Table 7.3. Synapomorphic characters and bootstrap support values for num-
bered internal nodes are presented in Table 7.4.

equation provided by Sanderson and Donoghue 1989 indicates that for eight taxa (as in
this analysis), a CI of 0.73 is expected. This slight disparity can be explained by each
beer jar in our data set possessing several character states for some characters such
as rim type and base shape (Table 7.1). The retention index of 0.68 for the cladogram

presented in Figure 7.5 falls within the range (and above the mean) of the RI values ob-
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tained by Collard et al. 2006 for their biological and cultural based data sets. Based on
the results of Collard et al. 2006, an RI of 0.68 for our data set indicates phylogenetic,
rather than ethnogenetic, processes are responsible for the observed variation in the beer
jars. That is, there is an inferred evolutionary relationship governing these observations,
rather than external influences. The bootstrap support values indicate the percentage of
times that a particular clade appears in a number of cladograms (in this case 10 000) con-
structed from randomly resampled versions of the character matrix presented in Table
7.3. The high bootstrap support values obtained here (Table 7.4) shows that each clade
is supported by many characters and therefore remains relatively immune to the effects
of random resampling. The bootstrap support values indicate that a strong phylogenetic

signal occurs in the data set.

Table 7.4: Synapomorphic features and bootstrap support values for numbered internal
nodes of the cladogram present in Figure 7.6.

Bootst .
Node Ootstrap Synapomorphic characters
support values

, 93% angular or rounded rim present; lentoid
’ base present

2 85%

3 8797 mean vessel index 1.80-1.99; rounded or
’ pointed base present

4 949 mean vessel index >2.00; rolled and
’ external rims lost; direct rim present

5 57%

7.2.5 Discussion of cladistic analysis of beer jars

According to the strict consensus tree, Type 4 and Type 5 beer jars are most derived
relative to the outgroup (Type 1). This indicates that they have undergone the largest
number of morphological changes from the ancestral condition as exemplified by Type
1 beer jars. Type 5 beer jars are most likely to be closely related to Type 4 beer jars,

and Type 4, Form 1 in particular. Type 4, Form 2, although still closely related to Type
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4, Form 1, are slightly less derived relative to the outgroup (i.e. they have undergone
slightly fewer morphological changes than either Type 4, Form 1 or Type 5 relative to
the outgroup). Types 2 and 3 beer jars appear to be more closely related to the outgroup,
although they still show multiple derived morphological characters relative to the out-
group. Types 2 and 3 are clustered together as a result of their being morphologically
more similar to each other than to the other Types (see Table 7.4 and Figure 7.5). It
seems clear from the process of identifying characters during the initial stages of this
study that a large amount of variation exists within many of the characters investigated.
Only by including those characters that occur with a frequency of greater than 10% in
each beer jar type was it possible to obtain a clear and strongly supported evolution-
ary signal. ‘Noise’ is generated by the large number of character states exhibited by
each character. For example, the base shape of Type 1 can be flat, rounded or pointed
(Table 7.1). However, each of these alternative character states for the base shape is
treated as being of equal importance in a cladistic analysis, regardless of how frequently
they occur. The inclusion of such ‘noise’ in the character matrix serves only to collapse
nodes (branching points), reducing support and masking the evolutionary signal in the
character matrix. A number of potential solutions exist to rectify this problem. Addi-
tional characters can be defined; however, given that this problem exists for many of
the characters used in this analysis, defining additional characters will probably only
increase the problem. Additional beer jar types could be established, but splitting them
into finer and finer subdivisions, especially if such variations are attributable to mis-
takes made during the manufacturing process would result in the erection of potentially
invalid types and forms. It is therefore essential to exercise caution when examining
defining characteristics to avoid this problem.” It would, however, perhaps be possible
to erect transitional types, which considered variation in characters (i.e. a variation of

Type 1 beer jars would be those vessels, discussed above, with a rounded or pointed base,

** It is interesting to note here a study by Miller 1985. In his ethnographic account of contemporary
ceramic production in India, Miller discusses the processes employed in ceramic manufacture and their
impact upon the potters’ and the archaeologists’ classifications of type and form variation.
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rather than a flat base, thus being “Type 1/2 transitional beer jars’ for example). Weight-
ing characters (i.e. stating that some characters are more significant in the evolution of a
group than others) can also be used to reduce the impact that such noise has in a cladis-
tic analysis; however, selecting which characters to weight is frequently an arbitrary
process (Felsenstein 1981; Suter 1994) and implies that both the phylogeny of the group
and the significance of the characters used are already known (Smith 1994). By remov-
ing insignificant characters in large populations (i.e. those occurring less than 10% of
the time) their impacts upon the outcome of the cladistic analysis are also removed, but
all characters within small populations (i.e. those with less than 10 individuals) are re-
tained since it is not possible to determine the dominance of a particular character state
or states for such beer jars. Whether a 10% cut-off for character inclusion as used here is
required for all types of ceramic vessels requires further investigation. Despite the over-
all success of the cladistic analysis in producing a robust cladogram, the evolutionary
relationships between LSJ 1 and LSJ 2 and other beer jar types and forms are unclear.
Revision of the characters and character states used in this analysis and/or the inclusion
of additional characters and character states should help resolve the evolutionary rela-
tionships between these groups. However, this result could also indicate a previously
unforeseen benefit of applying cladistics to Egyptian ceramics —the ability to identify
anomalies within already established typological sequences that were not immediately
apparent based upon visual analysis alone. Although the occurrence of a vessel with
a lentoid base is unusual (Pers. Comm. E. C. Kéhler, 2009), we maintain that LSJs are
morphologically distinct and may, upon further study, represent a viable form variant or
type. This illustrates that the situation for these vessels is more complex than previously
conceived. Could the morphological differences in lentoid-based beer jars result from
regional variation? Given the distinct fabric exhibited by LSJs compared to other beer
jars types (Pers. Comm. E. C. Kéhler, 2009) this is a distinct possibility. If so, what then
is the origin of the LSJ? It is also important to note that these vessels are mostly clustered

within three tombs. It may be possible that we are therefore seeing evidence of specific
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workshop production or the work of a specific potter. Although these questions cannot
be answered at present, it does suggest that cladistics can potentially identify anomalies
within artefact typologies and aid in the identification of regional variation.

Unlike a traditional typological sequence that illustrates how one ceramic form
evolves into another over time (i.e. a phylogenetic tree), cladograms do not show this
type of information. For instance, the cladogram in Figure 7.5 does not say that Type 4,
Form 1 beer jars evolved from Type 4, Form 2 beer jars. Instead, the cladogram indicates
that these beer jars forms share a common ancestor that was neither a Type 2 nor Type
3 (although this is not supported by the archaeological evidence: there is much evidence
in the archaeology for the development of Type 4 from Type 2 and Type 3). Despite this
difference, an element of time is still implied from the base of the cladogram towards
the top, but no specific length of time is indicated. Although the stratigraphic range of
each beer jar and LSJ is relatively well constrained, this information was not included
as a character in this analysis. Therefore, the robustness of the strict consensus tree can
be further tested by attempting to correlate the first and last appearance datum of beer
jars and LSJ, tomb assemblages, date group assemblages (Kohler 2004; Kohler 2014a) and
association of types with their surrounding context.

The earliest type included in this analysis are Type 1 beer jars (the outgroup), which
first appear during the Naqada IIIA/B period (Kohler 1998; Kroeper and Wildung 2000;
Kohler and Smythe 2004). Type 2 vessels first appear during Naqada IIIB/C (Koéhler and
Smythe 2004), while Type 3 commenced during Naqada IIIC/D. Both Type 2 and Type
3 can occur concurrently with the Type 4 which seems to first appear no earlier than
the mid Second Dynasty or Naqada IIID (K6hler 2004; Kéhler and Smythe 2004; Pers.
Comm. E. C. Koéhler, 2009) (Figure 7.6). We also see this within the Bét Khallaf as-
semblage, where X5462 and X5471, two Type 4 vessels, are found in association with a
Type 3 beer jar (X5472). Given that these vessels occur concurrently and often in the
same archaeological assemblages, it is possible that this results from a different function

of each vessel (although collectively called ‘beer jars’, archaeological evidence remains
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Figure 7.6: Single cladogram produced by cladistic analysis anchored to the proposed
chronological time frame.

inconclusive as to their exact function). Further archaeological evidence is required to
investigate this and at this stage we do not have enough data to determine the exact evo-
lutionary developments illustrated here. The Type 5 beer jar is likely to emerge shortly
after the Type 4 beer jar, although based on the archaeology it has been observed that
in its early stages of development it is contemporaneous with Type 4. Indeed, within
the Bét Khallaf assemblage, vessel X5461 displays an early development of the collared
rim, that is, the distinguishing feature of a Type 5 vessel, alongside the Type 3 and Type
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4 beer jars. Again the possibility of a distinct form function arises. The Type 4 vessel
continues well into the Old Kingdom and beyond and varies little in form over a long
chronological period. At present it seems that the Type 5 beer jar commences with a
slowly emerging collar and evolves into the more distinctive ledge collar seen in the
early Old Kingdom. However, as yet, the archaeological evidence does not seem to in-
dicate that Type 5 beer jars were long-lasting in the ceramic assemblage, rather they
were eclipsed by the earlier Type 4 vessel and disappeared shortly after their initial oc-
currence (the brevity of this vessel’s duration is not seemingly connected with it being
produced in a single workshop, as the form is found throughout Egypt during the late
Early Dynastic/early Old Kingdom periods).

In summary, although our cladogram can in many instances be successfully corre-
lated with the existing preliminary stratigraphic and chronological information for the
beer jars (Figure 7.6) observations resulting from both cladistic analysis and archaeo-
logical evidence illustrate the need for future work to be carried out on this data set, in
which cladistics has the potential to play a vital role. However, when using this cladis-
tic analysis alongside our OSL results for the Bét Khallaf material, which included four
Early Dynastic beer jars, we can begin to anchor our cladistic analysis to an absolute
time frame as the Bét Khallaf OSL results are the first absolute dates obtained directly
from the ceramic material themselves. As discussed in the previous chapters, the age of
the Bét Khallaf assemblage is 2622 Bc £128 years, which allows us to assume that the
late Type 3, Type 4 and early Type 5 beer jars are chronologically placed around this
time, and thus offer a terminus post quem and terminus ante quem date for the later Type
5 and earlier Type 1-Type 2 vessels respectively. In time, and both with further OSL
dating and cladistic analysis, it is hoped that the chronological implications of cladistic
analysis can be brought to light, and that cladistics can fine-tune ceramic development

when high chronometric precision is lacking.
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7.2.6 Cladistic analysis of Naqada III wine jars and bowls

In addition to the cladistic work carried out upon the beer jars as presented above, the
author and her colleague have more recently started to examine other data sets from the
late Naqada Il repertoire, specifically looking at the so-called ‘wine jars’ and the assorted
bowls known from this period. Unfortunately, as they presently stand, the results for
analysis of the Naqada III bowls have been limited. Only 78 bowls were identified as
suitable for analysis to date, and among these there was significant variation observed
within the data, with 17 different vessel types being identified. Unfortunately, with so
few examples of each vessel type, the robustness of the data is doubtful. A large part
of the strict consensus tree remained unresolved and bootstrap analysis provides little
support for the groupings present. This indicates the lack of a clear evolutionary signal
in the data set. This does not mean that cladistic analysis has been unsuccessful here, but
it does mean that more data is required, and it is likely that at least twice to three times
the amount of already accumulated data is required to produce a meaningful analysis
which can lend itself to the discussion of bowl typology during this period. It is hoped
that this task can be completed over the next year or so, and with the publication of
further data.

The wine jar data has produced very promising results, albeit results which would
again benefit from an increased data set when such material becomes available. These
results will therefore only be presented briefly here. The wine jar data set consisted of
126 individual vessels. The vessels used in this analysis were those wine jars presented
in a series of published work (Kohler 2014a; Smythe 2004; Smythe 2008; Kroeper and
Wildung 1994; Kroeper and Wildung 2000; Kéhler and Smythe 2004) and unpublished
data (collected by the present author, obtained from the Early Dynastic tombs beneath
the Tombs of Meryneith and Maya, Saqqara, and the five wine jars from the Bét Khal-
laf assemblage; and obtained from the Helwan Project, courtesy of E. C. Kohler). The
methodology employed for analysis of the wine jars followed that for the beer jars, as
presented above. Two main wine jar classes (WJ1 and W]2) were identified following
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Table 7.5: Distribution of morphological features across wine jar types. The frequency of occurrence of each feature is indicated as a percentage.

(OX;:::P) W] 1F0 W] 1F2 W] 1F3 W] 1F4 W] 2F1 W] 2F2 W] 2F3 W] 2F4 W] 2F5 | WJ 1F1/F2 | W] 1F2/F3 | W] 1F3/F4 | W] 2F2/F3 | W] 2F3/F4
(n=18) n=2) n=7) n=26) (n=238) (n=3) (n =37) (n=9) (n =10) (n=5) (n=4) (n=1) n=7) (n=238) (n=1)
closed
vessel shape closed closed closed closed closed closed closed closed closed (80.0%) closed closed closed closed closed
g (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) unknown (100%) (100%) (100%) (100%) (100%)
3 (20.0%)
@
E straight straight straight straight straight straight straight
§ vessel wall (94.4%) (50.0%) (57.1%) (50.0%) (62.5%) straight straight straight straight straight (75.0%) straight (57.1%) straight straight
E‘ shape curved curved curved curved curved (100%) (100%) (100%) (100%) (100%) curved (100%) curved (100%) (100%)
% (5.6%) (50.0%) (42.9%) (50.0%) (37.5%) (25.0%) (42.9%)
© position of beneath rim beneath rim beneath rim | beneath rim
R beneath rim | beneath rim | beneath rim | (83.3%) |beneath rim |beneath rim| (94.6%) |beneathrim| (90.0%) (40.0%) |beneath rim | beneath rim | beneath rim | beneath rim | beneath rim
':f:;':t“:: (100%) (100%) (100%) | unknown | (100%) (100%) | unknown | (100%) | unknown | unknown | (100%) (100%) (100%) (100%) (100%)
(16.7%) (5.4%) (10.0%) (60.0%)
external external external
rim external external external (83.3%) external external (97.3%) external external (60.0%) external external external external external
morphology (100%) (100%) (100%) unknown (100%) (100%) unknown (100%) (100%) unknown (100%) (100%) (100%) (100%) (100%)
(16.7%) (2.7%) (20.0%)
rounded rounded rounded rounded
(33.3%) rounded | subangular (16.7%) (25.0%) subangular (51.4%) rounded rounded rounded rounded rounded
rim character subangular (50.0%) (71.4%) subangular | subangular (66.7%) subangular (22.2%) subangular (60.0%) (50.0%) subangular (28.6%) (62.5%) subangular
(55.6%) subangular | angular (66.7%) (62.5%) angular (45.9%) subangular (100%) unknown angular (100%) subangular | subangular (100%)
angular (50.0%) (28.6%) unknown angular (33.3%) unknown (77.8%) (20.0%) (50.0%) (71.4%) (37.5%)
(11.1%) (16.7%) (12.5%) (2.7%)
5 present
(8.1%) absent present present absent present
rim ridge on absent absent absent absent absent absent (89.2%) (44.4%) (90.0%) (60.0%) absent absent absent (12.5%) absent
exterior (100%) (100%) (100%) (100%) (100%) (100%) unknown absent absent unknown (100%) (100%) (100%) absent (100%)
(55.6%) (10.0%) (40.0%) (87.5%)
(2.7%)
present
(8.1%) absent present present absent present
rim interior absent absent absent absent absent absent (89.2%) (44.4%) (10.0%) (60.0%) absent absent absent (25.0%) present
grooved (100%) (100%) (100%) (100%) (100%) (100%) unknown absent absent unknown (100%) (100%) (100%) absent (100%)
(55.6%) (90.0%) (40.0%) (75.0%)

(2.7%)




Table 7.5: Continued

(OXJg :::p) WJ1F0 | WJ1F2 | WJ1F3 | WJ1F4 | WJ2F1 | WJ2F2 | WJ2F3 | WJ2F4 | WJ2F5 | W] I1FVUF2 | W] 1F2/F3 | W] 1F3/F4 | W] 2F2/F3 | W] 2F3/F4
(n=18) n=2) n=7) n=26) (n=238) (n=3) (n =37) (n=9) (n =10) (n=5) (n=4) (n=1) n=7) (n=238) (n=1)
straight
concave concave concave concave straight (21.6%) straight straight straight concave straight
neck profile (77.8%) concave (42.9%) (83.3%) (37.5%) (33.3%) absent absent (60.0%) (20.0%) (50.0%) straight (71.4%) (37.5%) absent
straight (100%) straight straight straight absent (75.7%) (100%) absent absent concave (100%) straight absent (100%)
(22.2%) (57.1%) (16.7%) (62.5%) (66.7%) | unknown (40.0%) (80.0%) (50.0%) (28.4%) (62.5%)
(2.7%)
parallel
parallel (2.7%) parallel
2 parallel parallel parallel (50.0%) | convergent | convergent convergent | convergent |  (50.0%) parallel | convergent
g neck shape (33.3%) parallel (42.9%) (50.0%) divergent (33.3%) (18.9%) absent (60.0%) (20.0%) divergent parallel (42.9%) (37.5%) absent
divergent (100%)  |dconvergent| divergent (12.5%) absent absent (100%) absent absent (25.0%) (100.0%) divergent absent (100%)
(66.7%) (57.1%) (50.0%) convergent (66.7%) (75.7%) (40.0%) (80.0%) convergent (57.1%) (62.5%)
(37.5%) unknown (25.0%)
(2.7%)
present present
neck groove absent absent absent (16.7%) (50.0%) absent absent absent absent absent absent absent absent absent absent
(100%) (100%) (100%) absent absent (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
(83.3%) (50.0%)
slight curve
5 curved slight curve | slight curve | slight curve |  (40.0%) slight curve
!; shoulder curved curved curved (83.3%) curved curved (55.6%) (44.4%) (20.0%) curved curved curved curved (50.0%) |slight curved
_E profile (100%) (100%) (100%) sharp (100%) (100%) curved curved curved (20.0%) (100%) (100%) (100%) curved (100%)
(16.7%) (70.3%) (55.6%) (80.0%) | unknown (50.0%)
(40.0%)
flattened
(62.2%) flat
flattened flattened flattened (8.1%) flattened
o (27.8%) flat (42.9%) flat | (50.0%) flat | 2vened | flattened o, g | flattened | rounded 1 o et | Aattened flattened | attened
2 (12.5%) (33.3%) (22.2%) (90.0%) flattened (62.5%) rounded
A base shape (50.0‘%) flat (100%) (42.9‘%) (16.7%) rounded lentoid (2.7%) rounded unknown (20.0%) (75.0%) flat (100.0%) (57.1%) flat rounded (100%)
lentoid lentoid rounded rounded rounded (25.0%) (42.9%)
(87.5%) (66.7%) (77.8%) (10.0%) (37.5%)
(22.2%) (14.3%) (33.3%) (24.3%) (60.0%)
unknown

(2.7%)
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Table 7.5: Continued

(OXJg :::p) WJ1F0 | WJ1F2 | WJ1F3 | WJ1F4 | WJ2F1 | WJ2F2 | WJ2F3 | WJ2F4 | WJ2F5 | W] I1FVUF2 | W] 1F2/F3 | W] 1F3/F4 | W] 2F2/F3 | W] 2F3/F4
(n=18) n=2) n=7) n=26) (n=238) (n=3) (n =37) (n=9) (n =10) (n=5) (n=4) (n=1) n=7) (n=238) (n=1)
incised incised incised
incised incised (66.7%) incised (33.3%) moulded absent (50.0%)
decoration (83.3%) incised (28.6%) moulded (25.0%) applied (2.7%) applied applied (40.0%) moulded absent incised applied applied
method moulded (100.0%) absent (16.7%) absent (33.3%) applied (100%) (100%) unknown (25.0%) (100%) (100%) (100%) (100%)
(16.7%) (71.4%) absent (75.0%) absent (97.3%) (60.0%) absent
(16.7%) (33.3%) (25.0%)
1 band (top) | 1 band (top)
g wavy (50.0%) (33.3%) (73.0%)
§ 1 band (top) [wavy (12.5%)|3 bands (top,|2 bands (top)| 1 band (top) | 1 band (top) absent
2 wavy (28.6%)| (16.7%) |1 band (top) max. (2.7%) (33.3%) (20.0%) wavy (75.0%) 2 bands (top,
a . . (60.0%) absent 1 band (top)
decoration type|wavy (100%) |wavy (100%)| absent absent (12.5%) diamater, |2 bands (top,|2 bands (top,|2 bands (top, absent wavy (100%) bottom)
(71.4%) (16.7%) absent bottom bottom) bottom) bottom) unknown (25.0%) (100%) (100%) (100%)
unknown (75.0%) (33.3%) (21.6%) (66.7%) (80.0%) (40.0%)
(16.7%) absent |1 band (base)
(75.0%) (2.7%)
burnished
surface absent absent (14.3%) absent absent absent absent absent absent absent absent absent absent absent absent
finish (100%) (100%) absent (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
(100%)
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Kaiser 1964, who discussed two wine jar classes occurring concurrently in Egypt: the
first being those wine jars displaying crescent-shaped vestigial handles, and the second
group supporting banded/rope decoration. The types were further defined based upon
the wine jar vessel index as established by Kohler and Smythe 2004.>* Table 7.5 defines
15 morphological features of wine jars. From this, 20 cladistically informative charac-
ters and character states were defined. This follows the same criteria for determining
informative characters as described for the beer jars above. After this process was com-
pleted, 10 morphologically distinct wine jar types were identified and five transitional
types were identified (i.e they were seen to be a combination of two distinct types)—for
the purpose of the analysis, however, they have been considered as types on their own
right, creating 15 types in the final analysis (Figure 7.7). The wine jar outgroup was
defined as WJ]1 F1, a wine jar dating to the Naqada IIIB period, and found exclusively
at Minshat Abu Omar (Kroeper and Wildung 1994, Kroeper and Wildung 2000), which
was identified as being the earliest wine jar type within the data set. The 15 characters
described for each wine jar type indicate a high level of morphological variation exists in
the data set, and as discussed for the beer jars, this is possibly owing to the vessels being
handmade and subject to manufacturing imperfections and signature traits belonging
to a single potter or workshop. Again, given that the presence of shared derived char-
acters is necessary in cladistic analysis, only characters presented in Table 7.5 which
were present in two or more vessels were included in analysis. The final characters and
character states considered to be cladistically informative and used in final analysis are
presented in Table 7.6 and the character matrix for the wine jar data set can be seen in
Table 7.7.

The resulting cladogram produced after analysis can be seen in Figure 7.8. The CI
for this analysis is 0.4651 and the RI is 0.7051 and a bootstrap analysis was carried out
to assess the robustness of the data. Only four nodes on the produced cladogram gave

bootstrap values of above 50% (Table 7.8 and Figure 7.8). Again, this indicated that the

** A more comprehensive discussion of the development of wine jars can be found in Section 6.2.
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Figure 7.7: The 10 morphologically distinct wine jar types identified in this study. (The

five transition forms are not illustrated here). Line drawings taken from: WJ1 F0

(Kroeper and Wildung 2000: 154), WJ1 F1 (Kroeper and Wildung 2000: 152), WJ1 F2
(Kohler and Smythe 2004: PL. 2), WJ1 F3 (Kroeper and Wildung 2000: 170), W]1 F4
(Petrie et al. 1953: XXI), WJ2 F1 (Turah, X5489), WJ2 F2 (Kohler and Smythe 2004: PL
3), WJ2 F3 (Kohler and Smythe 2004: PL 3), WJ2 F4 (Bét Khallaf X4116), WJ2 F5 (Smythe
2008: 181)). NB. scales for X4116 and X5489 can be seen in Appendix J and Appendix C

respectively.
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Table 7.6: List of characters and character states (derived from Table 7.5) that was used
in the cladistic analysis of wine jar types and forms.

1. Curved vessel wall: 11. Flat base shape:
0. absent 0. absent
1. present 1. present
2. Angular rim character: 12. Flattened base shape:
0. absent 0. absent
1. present 1. present
3. Subangular rim character: 13. Rounded base shape:
0. absent 0. absent
1. present 1. present
4. Rounded rim character: 14. Lentoid base shape:
0. absent 0. absent
1. present 1. present
5. Straight neck profile: 15. Incised decoration method:
0. absent 0. absent
1. present 1. present
6. Concave neck profile: 16. Moulded decoration method:
0. absent 0. absent
1. present 1. present
7. Parallel neck shape: 17. Applied decoration method:
0. absent 0. absent
1. present 1. present
8. Convergent neck shape: 18. Wavy decoration method:
0. absent 0. absent
1. present 1. present
9. Divergent neck shape: 19. 1 band at top decoration method:
0. absent 0. absent
1. present 1. present
10. Slight curve shoulder profile:| | 20. 1 band at base decoration method:
0. absent 0. absent
1. present 1. present
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Table 7.7: Character state matrix of the 20 characters used in the cladistic analysis of wine jar types and forms. See Table 7.6 for character
state definitions.

1234 5 67 8 9101112 13 14 15 16 17 18 19 20

WJ1Fl (outgroup) 0111 1 11 0 10 1 1 0 1 1 1 0 1 0 O
WJiIF01011 0 11 0 00 1 0 0 0 1 0 0 1 0 O
WJ1IF21110 1 11 1 00 1 1 0 1 0/1 0 0 0/10 0
WJjiFr3 1011 1 11 0 10 1 1 1 0 0/10/1 0 0/1 1 O
WJjir41111 1 111 10 0 1 1 001 0 00110
WJ2F1 011001000100 0 1 0 1010 1 0 1 1
WJ2F2 001001000101 0 1 1 0 0 0 1 0 1 0
WJ2F3 0011 0 00 0 01 0 1. 1. 0 0 0 1 0 1 1
WJ2Fr4 001001000101 0 0 1 0 0 0 1 0 1 1
WJ2F500010/1000101 1 1 1 0 0 0 0 0 0 O
WJ1F1/F21101 1 10 1 10 1 1 0 0 1 1 0 1 0 O
WJ1F2/F30010 1 00 0 00 0 1 0 0 0 0 O O O O
WJ1F3/F41011 1 10 0 10 1 1 0 0 1 0 O 1 0 O
WJ2F2/F300110100 1 01 0 1 10 0 0 1 0 1 0
WJ2F3/F/40010 0 00 0 01 0 01 0 0 0 1 0 1 1
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data set is not particularly robust (here, we should remember that although the wine
jar analysis had almost an identical number of vessels included for analysis as was seen
for the beer jar data, only eight types were determined in the beer jar analysis, whereas
the wine jar analysis has presented 15 types). This suggests that to ensure a more robust
analysis is achieved, further data is required. Nevertheless, we can make several remarks
for the wine jar data based on this preliminary analysis.

The strict consensus tree (Figure 7.8) shows that the WJ2 type wine jars are more
derived relative to the outgroup than the members of the WJ1 group, and have thus
undergone more evolutionary transformations. The most derived types relative to the
outgroup are WJ2 F4 and the transitional type WJ2 F3/F4, the node for which is sup-
ported by a 64% bootstrap value. Given that these two vessel types are chronologically
and typologically the latest wine jars known from existing sequences, this is in good
agreement with the archaeology. It is the WJ2 F4 wine jars which are present at Bét
Khallaf. Also forming part of the same branch of the cladogram are WJ2 F1 and WJ2 F2,
which are typologically similar to the WJ2 F4 and W]J2 F3/F4, and belong to the band-
ed/rope decoration wine jar class. WJ2 F2, although continuing to be closely related
to the most derived node, is slightly less derived relative to the outgroup, although the
cladogram still indicated a degree of relatedness. The node separating the majority of
the WJ2 types (with the exception of WJ2 F5 and WJ2 F2/F3) is supported by a boot-
strap value of 46%. The node which includes WJ2 F2/F3 also, is supported by a bootstrap
value of 58%. The W]2 class are more closely related to one another than the WJ1 ves-
sels and members of the W]2 group form a monophyletic group—this indicates that the
W]J2 vessels have a shared common ancestor, indicating a true evolutionary relationship
between these vessels. The exception to this, however, is W]2 F5, which was thought
to be a variant of WJ2 F2, but insufficient information exists to discuss this further at
this stage and it may be that archaeological information points to this vessel type being
more similar to the WJ1 group (Pers. Comm. E. C. Kéhler, 2016).

It is difficult to gain much meaningful information at this stage for the WJ1 class of
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Figure 7.8: Single cladogram produced by cladistic analysis of the character matrix
shown in Table 7.7. Synapomorphic characters and bootstrap support values for num-
bered internal nodes are presented in Table 7.8.

vessel as it is not possible to discuss relationships between the different classes based
upon the cladogram: that is, members of the WJ1 group do not form a monophyletic
group. However, WJ1 types are less derived from the outgroup than the WJ2 types.
The relationships between WJ1 F1 and WJ1 F2 and the other wine jar types can not
be verified at present. Furthermore, the results cannot yet lend weight to the idea that
members of the W]1 group form a separate and distinct grouping of wine jars, although

the cladogram suggests that most types form sister groups to the WJ2 group. Indeed,
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Table 7.8: Synapomorphic features and bootstrap support values for numbered internal
nodes of the cladogram presented in Figure 7.8

Node Bootstrap Synapomorphic characters
support values
1 51%
) 69% concave neck lost; incised decoration
lost; wavy decoration lost
3 58% applied decoration present
46% 1 band at base present
5 64%

the WJ1 group appears to form a paraphyletic group, that is, they form a group that
has had some descendant taxa (i.e. W]1 class vessels) arbitrarily excluded. This means
that all WJ2 types share more derived characters with each other than any of the WJ1
types, but the same is not true in reverse. That is, the W]1 types do not, based on this
analysis, appear to have a distinct evolutionary relationship. The exception to this is
that WJ1 F3 and WJ1 F4 are separated from the majority of the clade and are shown to
be least derived from the outgroup, an analysis which does agree to some extent with
the archaeology given that these vessels are likely a direct typological continuation of
WJ1 F1.

It might be possible to achieve a more robust analysis of this material in future when
additional data are added, but also possibly by removing the transitional types. It does
not seem at this stage that the transitional types add significantly to interpretation and
it might be best to reassign the vessels to a non-transitional type (thus broadening the
characters for those types, rather than allowing them to stand as a specific type). These
results show that further work on the wine jar data set could be a lucrative line of further

enquiry, and could help to fine-tune our understanding of current wine jar typologies.
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7.2.7 Concluding remarks on the application of cladistic

analysis to the study of Naqada III ceramics

The results presented here, particularly for the beer jars, indicate that cladistics has the
potential to be a fruitful and insightful avenue of enquiry into Egyptian archaeology.
Results to-date illustrate that, as a method designed to trace evolutionary development,
cladistics can be used as a tool to confirm and refine existing typologies. We have seen
this demonstrated herein, with cladistics in part supporting preliminary archaeological
assessment for the beer jar data, and to a lesser extent for the wine jars. Cladistics can
also be used to establish new typological sequences of material culture, which archaeo-
logical assessment on its own may overlook, and it can also be used as an independent
method for providing a more refined assessment of morphological variation within a
ceramic assemblage and shedding light on the possibility of new ceramic forms. Since
cladistics does not in itself provide or include a chronological assessment of a data set,
the resulting cladogram must be anchored to a chronological sequence through obser-
vation of the archaeological record and also, in the future, by anchoring absolute dates
(i.e. OSL dates and radiocarbon dates) to the sequences established through cladistics—
an initial step has been made here for the beer jar data, anchoring the late Type 3/Type
4/early Type 5 vessels to the absolute OSL-determined date obtained for Phase One of
the Bét Khallaf assemblage. To fully achieve this, further data would be required both for
cladistics and OSL, but by developing both techniques independently, it will eventually
prove possible to combine them, and achieve further understanding and chronological
precision for the Naqada III ceramic data set. As this technique is a ‘first attempt’ within
the field of Egyptian archaeology, we look forward to the future possibilities of its ap-

plication and indeed of its potential impact upon the study of Early Dynastic ceramics.
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7.3 Future directions

Ceramic studies can be greatly improved upon, and far more information from a sin-
gle data set be achieved, when a multi- and interdisciplinary approach to their study is
achieved. Although OSL dates can help anchor the chronology of a site, chronological
information for individual ceramics is far more useful when the dates can be associ-
ated with a broader, more encompassing data set. Seriation can provide a backbone for
the ceramic chronology by examining not just the typological development of a single
vessel type, but by informing about the temporal relationships between different types,
wares, and styles of pottery. Likewise, cladistics can help fine-tune seriation analysis
by discerning more subtle changes in ceramic evolution which may not be identified
within seriation analysis; this is because cladistics is focused more heavily upon indi-
vidual characteristics for each individual vessel. In turn, OSL dating, although unlikely
to ever be carried out upon all known ceramics, can be used to date individual ves-
sels of typological significance, and anchor these to an absolute timeline. The scope for
combining these techniques is vast and promising for the Naqada III period in Egypt.
Although it is likely to take a lifetime’s work to achieve such a broad-scale project, the
work here presents the foundations for such an undertaking and demonstrates that the
potential for such a study is significant and would greatly contribute to our knowledge

of the Naqada III ceramic assemblage.
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CHAPTER 8

OSL as a relative dating technique for late
Predynastic and Early Dynastic Egyptian

ceramics

8.1 Introduction

Up until this point, this thesis has focused on using OSL dating as an absolute dating
method, specifically in order to produce the first absolute dates obtained directly from
Egyptian ceramic vessels using the OSL technique. Yet OSL can also be used as a rela-
tive dating technique, although this is not routinely done for two reasons: first, in cases
where access to recently excavated field material is forthcoming for OSL dating, using
the technique as a relative dating method is not necessary; second, owing to the as-
sociated costs of OSL analysis as a relative dating technique, a no-cot relative dating
technique, such as seriation, would generally be the more accepted option (the analysis
cost for an OSL sample is £550.00 at RLAHA as of 2016). However, this thesis also focuses
on applying OSL dating to ceramics held in museum collections, and it is here that using
OSL as a relative dating technique comes into its own and can be of additional benefit to
the archaeologist. In this instance, ceramic assemblages in museums whose provenance

and chronology are uncertain, could well benefit from OSL dating being used as a rela-
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tive dating technique to shed light upon their chronological implications. This chapter
thus provides a proof-of-concept—that using OSL as a relative dating technique can be
beneficial to understanding the chronology and typology of less well-studied ceramic
assemblages—and illustrates the usefulness of OSL dating as a relative dating technique.

Many museum pieces were acquired in an era when detailed recording of prove-
nance was rare, often with specimens being bought from antiquities dealers with no
indication of the true find-spot of a piece, other than a broad regional location. Often
this would happen to entire classes of vessels, which would be more prized above others,
probably owing to a particular characteristic of the ware, and in turn significant infor-
mation was lost. A particular case in point is the Predynastic Egyptian Decorated Ware,
or D-Ware, one of nine ware types classified by Petrie in his Corpus of Prehistoric Pot-
tery (Petrie 1921). Although Petrie (whose recording methods were arguably the best of
his generation) along with his peers excavated a large number of such vessels for mu-
seum collections (at sites such as Naqada (Petrie and Quibell 1896), Gerzeh (Petrie et al.
1912), Mahasna (Ayrton and Loat 1911) and El Amrah (Randall-Maclver et al. 1902)), an
equally large number were purchased by museums, from antiquities’ dealers, to add to
their collections, valued for their beautiful and highly stylised decoration (one of only
several decorated wares known throughout Egyptian history). Without their origin be-
ing known (and having been well cleaned prior to display), these vessels lack a crucial
piece of information for determining an absolute OSL date: determination of the exter-
nal dose rate (D.y), which can be obtained using original soil adhering to the vessel.
Without the Dewt measurement, only a relative date can be achieved; by taking the D,
measurement and dividing it by Dmt, rather than dividing it by the sum of Dext and Dmt.
While the lack of information about Dwt will mean that this relative date can deviate
significantly from the true absolute age of the pot, the relative date may be used to de-
termine the relative sequence of the ceramics in a manner similar to traditional relative
dating techniques such as seriation, that is, these dates will help determine the sequence

of the vessels. This relative date would depend on the assumption that D, is both small
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compared to D;,; and similar for all pots in a single assemblage; both assumptions are
valid for Egypt at this point, based upon observed internal and external dose rates seen
across the country. The use of OSL in this manner is useful where a group of ceramics
is known, but no sequence has been ascertained. Similarly, OSL could be used in this
manner for assemblages which are known to be from a particular location but where the
internal chronology of the material is unknown. Lastly, once a relative OSL sequence
has been calculated, if one member of the sequence has an associated absolute date cal-
culated by other means (i.e. radiocarbon dating on vessel contents), the whole sequence

is then anchored and the absolute ages of all the vessels are known (within error bars).

8.2 Data set

To illustrate how OSL can be used as a relative dating technique, and thus use the tech-
nique to further improve our understanding of the chronology of archaeological assem-
blages, two sets of objects were examined: a selection of Wavy-Handled vessels from
Predynastic and Early Dynastic Egypt from the site of Turah, and three wine jars in-
scribed with serekhs, two from Turah and one from Hierakonpolis.

The Turah material was offered to this project by the University of Vienna, where
an almost complete relative sequence of Wavy-Handled vessels was available for study
with permission from the University to use MET sampling protocols. This assemblage is
a prime set of material on which to demonstrate how OSL can be used as a relative dat-
ing technique, because, with regard to the relative chronology of ceramic typology, it is
one of the most well-understood ceramic assemblages from this time period. The Wavy-
Handled vessel provided the backbone of Petrie’s ceramic sequencing system, being one
of the longest-lived ceramic types. It was observed to continue across several archaeo-
logical phases spanning the Predynastic and Early Dynastic Periods. While other vessel
types came and went, the Wavy-Handled vessel continued to develop and evolve. Petrie
originally based his seriation of Predynastic and Early Dynastic Egyptian ceramics on

this vessel type, noting the gradual change in vessel form from the bulbous vessel with
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functional wavy handle (a style imported from the Levantine region), to the elongated
cylindrical shape with a fine wavy decoration, which no longer served as a functional
handle. Indeed, the final known stage of this vessel type no longer has a wavy decora-
tion present at all (Kohler 2004). Figure 8.1 illustrates Petrie’s sequence for this vessel
type and the typological sequence of these vessels is discussed more fully below. The
nine cylindrical vessels selected for OSL analysis at the University of Vienna represented
an excellent typological assemblage of this particular ware, spanning the Naqada III A

to Naqada ITIIC2 periods.
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Figure 8.1: Petrie’s original sequencing of Wavy-Handled vessels (taken from Petrie,
1901: Front Plate)

In addition to the cylindrical vessels, three wine jars/sherds were also examined, two
of which had an inscribed serekh (pre-fired engraved marks in the form of a rectangle,
containing a symbol/name of historical figures). These vessels, owing to both their ty-
pology and their inscribed historical information (a serekh can often be directly linked
to known figures or time period within the historical chronology), are prime candidates
for illustrating the applicability of OSL as a relative dating technique. The two (almost
complete) wine jars, also from the site of Turah, were made available for sampling by the
University of Vienna and the wine jar sherd from the site of Hierakonpolis was offered
by the Garstang Museum, Liverpool.

Appendix ] presents the catalogue for the Turah ceramics sampled at the University
of Vienna and the wine jar sherd sampled at the Garstang Museum, Liverpool. The
vessels at the University of Vienna were excavated at the site of Turah, by Herman
Junker, who worked at the site during the 1909/1910 excavation season. The results
of the excavation were published in a single volume (Junker 1913). The majority of

the material excavated from the site is now housed at the Kunsthistoriches Museum,
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8.3. How to calculate a relative age using OSL dating

Vienna, although a teaching collection was also gifted to the University of Vienna, and
it is from the latter that our samples have been collected.”® Unfortunately, although it
is known that all these ceramics come from the site of Turah, the exact provenance of
each piece was not recorded and this information remains lost. No original depositional
soil material was attached to the Turah material, and given that the site of Turah is now
under military occupation (which makes the obtaining of in situ gamma spectroscopy
measurements an impossibility), it is unlikely that absolute dates will be obtainable for
this material in the future.

The wine jar sherd stored at the Garstang Museum was excavated by John Garstang
in his 1905/1906 campaign at Hierakonpolis (Garstang 1907: 135, P1. III; cf. Adams 1995:
123-124). Far more is known about the provenance of this sherd than those recovered
from Turah as, owing to the nature of the serekh inscription, which possibly contains
the name of Narmer, arguably Egypt’s first Pharaoh, a rather detailed discussion of its
find spot was noted in the publication. Unfortunately, no original depositional material
was attached to the sherd, and thus at this stage it is only possible to provide a relative
date for this sherd, and illustrate how this ties in to the historical chronology. It should
be noted however that given the fairly detailed account of its location, in the future
it might be possible to determine an absolute date for this piece by conducting in situ

gamma spectroscopy measurements.

8.3 How to calculate a relative age using OSL dating

In this section we discuss how to calculate the relative ages of vessels using only the D,

and D,,; measurements, as well as how to construct an estimate of the error associated

*> The Kunsthistoriches Museum was also very helpful and supportive of this project, and permission
was granted to do additional OSL sampling on their collection: the author extends her thanks to Regina
Holzl for her support of this project. However, prior to sampling, it was discovered that the collection
is currently contaminated by a microspore which was considered a health and safety risk, unsuitable for
samples requiring extraction by means of an electric drill. Therefore the collection could not be subjected
to OSL analysis. It is hoped that in the future this unfortunate situation can be overcome and further
work can be carried out upon this material.
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with this calculation (which results from the fact that Demt is not being considered in
this determination).
The relative age of two vessels is defined as:

A

T (8.1)

where A; and A, are the absolute ages of two individual vessels respectively. Now,

D,
A = —- 8.2
) (8.2)
and
D,
Ay = —2 8.3
2= I E (8.3)

where D, I and E; are the equivalent dose (D,), the internal dose rate (D) and the
external dose rate (Dezt), respectively, for the first vessel and likewise for the second
vessel. Therefore,

Ay DI+ B

el et B 8.4
Ay Dy L+ F, ®.4)

If £, and FEj (i.e. Dwt) were known, we would know the exact relative age of the
two vessels. However, even though these values are unknown, it is possible to calculate
an approximate relative age for both of the vessels, and, additionally, an estimation of
the error associated with that approximation.’® There are three assumptions needed to
determine this approximation: first, that Dmt is similar for both vessels; secondly, that
Demt is similar for both vessels; thirdly, that for both vessels Demt is smaller than Dmt

More formally, we can define the parameters ¢;, ez and J as follows:

e=hL—-—1 = [2211+€], (85)
eg=Fy,— F| = E2:E1+€E, (86)
E
0= I—l = b = (5]1, (87)
1

and we further assume that these parameters are small, that is,

€r €
I Ey

*¢ The author would like to extend her sincere thanks to Edmund Highcock, who derived the final
expression to determine expression for the error within the relative age calculation.

<1, <1,6<1. (8.8)
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8.3. How to calculate a relative age using OSL dating

The meaning of these parameters, and the justification for assuming all three are small,
will be discussed below.

Now €; and € can be substituted directly into the equation for the relative age (8.4):

Al &11+E1+€[+6E

I 8.9
AQ D2 11+E1 ( )
D1 €1+EE>
=— 1|1+ 8.10
D, < L+ F ( )
Dl €r €p )
= —(1+ + . 8.11
D, < L+E L+ E (8.11)

Note that no approximations have been made up to this point, that is, the three assump-
tions have not yet been utilised.

At this point, it is possible to simply approximate the relative age as D1/ D5, in which
case the error would be given by the last two terms of equation (8.11), assuming, of
course, that €; and ey are both small. However, is it possible to improve upon this
estimate as follows.

First, the definition of ¢ is substituted into equation (8.11):

Al D1 €r €
42y .
A Dg( +11(1+5)+11(1+5))

(8.12)

The ratio § is now assumed to be small, which allows the following approximation

to be made (using a Taylor series):

1
—  x~1-4 8.13
1+ (8.13)
which means that
Ay D, €r €E
—~—(1+=(1-=-9 —(1-=4¢ 8.14
(14 a0+ Fa-s) (5.14)
and therefore
A D, €r €1 €E
— — ([1+==—=04+—=(1-0)). 8.15
A, D2(+11 A (6.1
However,
€r _[2
1+—=-—= 8.16
+d=2 (5.16)
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SO

Al ~ D1 [2 €r
Ay~ D

)
. 1—15 + A (1-— 5)) : (8.17)

It can be seen that the second term in this equation (¢;0/1) is second order, that is, it is

the product of two small parameters and thus is smaller than the other two terms and

can be neglected. Finally,

Al Dl [2 eEjl
214 EL 1 —y)). 1
Ft e (AR ED) 19

Equation (8.18) demonstrates that the relative age can be approximated by

A Dl

—_— 8.19
AQ DQ Il ( )

with a relative error given by:

€
]—2 (1 — 5) . (8.20)

Rearranging equation (8.19), it can be seen that

A Di/I
AZ D2/I2’

(8.21)

and comparing this equation with (8.4), it can be seen that the approximation of the
relative age of two vessels is simply effected by neglecting D.,,, the external dose rate.
However, the important point is that the relative error in this relative age is significantly
smaller than the relative error in the individual absolute ages that could be calculated by
neglecting D..:. The relative error (which results from neglecting D.,;) in the absolute

age (of, for example, the first vessel) is given by

Dy/I, — D/ (I, + EY)

D1/ <[1 n E1) (8.22)
/L -1/ (L(1+96))
=T W+ o) (823)
1—(1-9)
~J (8.25)
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where the second and third lines have used the definition of § and the approximation
(8.13).

The relative errors in the relative and absolute ages can now be compared by ob-
taining estimates for the values of § and €/ l5. It should be noted that though we are
comparing the specific case of two vessels, in general € can be thought of as the varia-
tion of Demt within a studied ceramic assemblage, and /5 can be considered as an order
of magnitude estimate of D;,;, and ¢ is an estimate of the typical ratio between D,,;
and Dmt As no measurements for Dext exist for these vessels, it is necessary here to
approximate these based on existing values from the literature and from measurements
taken from the Bét Khallaf material (with the exception of /> which can be estimated
as the mean of the Dmt values of the Turah material). This is justifiable, because, as
seen in Table 8.1, the values for D.,; measurements across a wide geographical region
in the Nile valley are very similar to one another (noting however, that the literature
suggests very different external dose rate measurements for regions within Egypt out-
side the Nile Valley, see discussion in Section 5.3.2). From Table 8.1 and Table 8.2 we
can estimate ez ~ 0.108, I ~ 1.61 and 0 ~ 0.726/1.61, meaning that the relative error
estimates are

L (1-4) ~ 3.6% (8.26)
I
for the relative ages and

8§ ~ 45% (8.27)

for the absolute ages.

In summary, this section shows that the relative age of two vessels is obtained by
dividing D, of one vessel by that of another, as well as dividing the associated D;,,,
measurements for each vessel; effectively, this is calculating the ratio of the two absolute
ages while neglecting Dext. Furthermore, it demonstrates that when neglecting Dext
the relative error in the absolute age for a given vessel is ~45%, but the relative error in
the relative age for a given vessel, is only ~3.6% (an error which is small when added

in quadrature to the relative error of the equivalent dose measurement). Thus, OSL
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Table 8.1: The infinite matrix (47) external gamma dose rate estimates for four different
locations in the Nile Valley as well as their mean and standard deviation. The dose rate
was calculated from measured radionuclide concentrations using the conversion factors
in Guérin et al. 2011.

Source Location Dem (Gyka™!)
Section 5;:;2 Table Bét Khallaf 0.582
Harb et al, 2008 | UPPCT EEYPt (mean 0.664
of 10 sites)

Sekkina et al. 2003 Giza 0.816
Abdel-Wahab et al. .

1996 Giza 0.843

Mean (115) 0.726

Standard Deviation (o) 0.108

vessels and wine jars

dating can be used as a relative dating method to establish relative chronology amongst a
ceramic assemblage. In particular, it has further been demonstrated that this calculation
can be used to examine the relative sequence of vessels across the Nile Valley where

absolute ages have not been achieved, owing to a lack of D.,,; measurements.

8.4 OSL results for the relative dating of cylindrical

The OSL samples and the D, measurements were determined using the MET sampling
protocol and the treatment procedures described in Section 4.1, on both fine and coarse
grains. Appendix K presents the OSL data and measurements associated with each of
the OSL samples taken from the cylindrical vessels and the wine jars, and also outlines
the rejection criteria used for these samples (which were identical to those used for the
Bét Khallaf samples). Table 8.2 presents the final D, measurements obtained for each

vessel and the internal dose rate for each vessel using ICP-MS (refer to Section 5.3.3 for

201



¢0¢

Table 8.2: Relative ages of the cylindrical vessels and the wine jars from Turah and Hierakonpolis. The table shows the equivalent dose (D,)
and the total internal dose rate (D;,,;) for both coarse grain (CG) and fine grain (FG) material as available. Also shown are the ages of each
pot relative to a reference vessel (chosen to be X5486), again for CG and FG. Finally, the table also shows a combined age, which is either
the CG or FG age if only one is available, or a combination of both CG and FG results made by using kernel density estimation. It is this

combined age which is displayed in Figure 8.2.

D, (CG) D, Dose | Din; Dose Relative Relative Combi'ned

Tomb | Vessel Gy) D, (FG) (Gy) | Rate (CG) | Rate (FG) | Date (CG) | Date (FG) Relative
(Gy) (Gy) (Gy) (Gy) Date (Gy)
Turah | X5482 N/A 12.05 4+ 0.61 N/A 1.68 £+ 0.07 N/A 1.18 +£0.09 | 1.18 £+ 0.09
Turah | X5484| 8.09 + 1.68 N/A 1.38 £+ 0.07 N/A 0.86 + 0.19 N/A 0.86 + 0.19
Turah | X5486| 9.60 & 0.78 | 11.27 +=0.40 | 1.41 +0.08 | 1.84 & 0.07 | 1.00 = 0.11 | 1.00 & 0.07 | 1.00 & 0.06
Turah | X5488 N/A 10.17 + 1.36 N/A 1.63 4 0.06 N/A 1.02 +0.15 | 1.02 £ 0.15
Turah | X5489| 8.73 £ 0.32 | 10.05 4= 0.25 | 1.50 4= 0.08 | 1.81 £ 0.07 | 0.85 = 0.06 | 0.91 &= 0.06 | 0.88 4= 0.04
Turah | X5490 N/A 9.81 4+ 0.69 N/A 1.63 £+ 0.06 N/A 0.98 +0.09 | 0.98 + 0.09
HK |X4112| 7.43 £+ 0.48 N/A 1.65 4 0.10 N/A 0.66 £ 0.06 N/A 0.66 & 0.06
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details on ICP-MS measurement).

8.5 Discussion of the results

8.5.1 Vessels not yielding an OSL signal

Prior to embarking on a discussion of the OSL results in relation to the relative ceramic
typology, it is important to state that of the 10 vessels examined, all three wine jars
produced OSL results, but three of the seven Wavy-Handled vessels did not yield an
OSL result (X5483, X5485, X5487). This is a relatively high degree of failure. Of these
three vessels, two were marl clay and, similarly to the Bét Khallaf results (see discussion
above), it is likely that the reason we see a higher degree of failed OSL measurements in
marl clay vessels is that the quartz in the clay used in vessel production is characterised
by low sensitivity. This is obviously not the case for all marl clays, but they do have
a much higher failure rate than the Nile clays (see Section 6.2). However, of the three
vessels which failed analysis, one was a Nile silt vessel (X5485). This is unusual as our
observations suggest that Nile silt is usually well sensitised. It is impossible to determine
exactly why this vessel failed to yield any OSL signal; it is likely to be a result of the clay
source, although nothing from the visual analysis of the clay suggested a significant
difference to regular ‘medium’ Nile clay fabric (i.e a type 21201 clay fabric according to
the Kohler fabric warecode (Kohler 1998; Kohler 2005)).

It is unfortunate that X5483, X5485 and X5487 did not yield results as all three
were particularly diagnostic: X5483 was a Naqada IIIA2 net painted cylinder, perhaps
the most visually distinct and recognisable cylinder/Wavy-Handled form. Addition-
ally, X5485 was a vessel type which correlates to the penultimate phase of the Wavy-
Handled/cylinder typology, dating to Naqada IIIC2 and now made of Nile silt rather than
marl clay (Kohler 2004: 301). Finally, X5487 is very unusual in its morphology, with a
slightly convex lower vessel wall profile. It also bears a pot mark. The clay fabric type is
also unusual for a cylindrical vessel and is more reminiscent of a late Naqada IIID wine
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jar (Pers. Comm. E. C. K&hler, 2015). It is possible that this vessel may have been a later
imitation of the earlier cylindrical vessel form (Pers. Comm. E. C. Kéhler, 2015), but this
cannot be determined owing to a lack of OSL measurements.

Regardless of the disappointment stemming from these three cylindrical/Wavy-
Handled vessels not yielding an OSL signal, the seven OSL measurements obtained for
the other vessels still allow us to examine the use of OSL as a dating technique and

examine its correlation to the relative ceramic typology.

8.5.2 General discussion of the OSL results

Figure 8.2 presents the relative ages of the seven vessels for which OSL results were ob-
tained. Before going on to discuss individual vessels it is important to make the follow-
ing general remarks. First, there are two clear outliers, X5482 and X4112, whose relative
ages of 1.15 and 0.7 would imply that they are roughly 700 years older and 1500 years
younger than the rest of the group respectively, which is not consistent with known
historical sequences. However, as detailed below, these outliers can be explained by
problems with the measurement process.

Second, the errors associated with the remaining five vessels are broad compared
to the difference in relative ages between them. This means that any statement about
whether one vessel is older or younger than another must be treated with caution. How-
ever, as addressed in the discussion below, this in no way invalidates the usefulness of
OSL dating as a relative dating tool, but rather means that more data (i.e. more vessels)
are required than in this pilot study. If several examples of each vessel type were sam-
pled, in combination with good statistical modelling and, even better, a technique such
as cladistics, OSL as a relative dating technique would be a powerful tool. Even with
the limited data available, we can make the following positive observations: that the
five non-outlier ages are well clustered and could be considered consistent given errors
with a spread in relative ages of around 5% (that is, roughly 250 years), and are consis-

tent with the known historical chronology. Having made these observations, we now
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Figure 8.2: Upper: this graph shows the relative sequence of each vessel that produced a
D, measurement in the Turah/Hierakonpolis assemblage, based upon X5486 which acts
as an anchoring reference point for the sequence (this vessel was chosen as both fine and
coarse grain data was available for it). In turn, this graph therefore indicates the chrono-
logical progression of each vessel relative to X5486, with X4112 being the youngest in
the assemblage. The red and green denote the upper and lower errors with the bound-
ary between them being the central age value. Lower: in contrast with the upper figure,
this figure depicts the known relative typological sequence for this material based upon
archaeological evidence, and thus visually demonstrates the issues encountered with
some of the OSL D, measurements.
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consider individual vessels, comparing them to established typology: a summary of this

comparison is displayed in Figure 8.2.

8.5.3 Wavy-Handled vessel results in relation to the relative

ceramic typology

The four Wavy-Handled vessels producing OSL results were: X5482, X5484, X5486,
X5488. Of these, X5484 is the youngest within this assemblage, based upon the relative
OSL dates, and this also fits well within the ceramic typology, which sees this vessel
type as one of the latest stages of development in the Wavy-Handled/cylindrical vessel
sequence, that is, a small cylinder with no wavy decoration upon it, corresponding to
Naqgada ITIIC1. This vessel has a particularly large error associated with it, but this was to
be expected—during the sampling process there was a small degree of contamination in
the sample as the vessel base was very thin and the drill went through the base, which
meant that some surface material ended up in the OSL sample. As a result, a larger than
usual error was expected for this sample, but nonetheless, the majority of the sample
was still conducted on non-contaminated material and this is evidenced by the fact we
see a central D, in agreement with the rest of the assemblage, and with the relative
chronological indications of the assemblage.

The case of the other three cylindrical vessels is less straight forward. In relative
archaeological terms, the order of these vessels would see X5486 as being the oldest
in the assemblage, because this vessel type is assigned to the Naqada IIIA1/IIIA2 pe-
riod. Morphologically, it is difficult to assign a definite IIIA1 or IIIA2 date to X5486
as the most diagnostic feature of such a designation here is the Wavy-Handled decora-
tion. Indeed, it is that feature upon which Petrie originally placed the most importance
when examining the Wavy-Handled sequence (Petrie et al. 1913); though this decision of
Petrie’s has been criticised by Hendrickx, who illustrates that the dependence upon the
Wavy-Handled development was often to the exclusion of the overall development of

the vessel shape and that the two characteristics should not be mutually exclusive when
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considering chronology (Hendrickx 1996: 47). We see on X5486 a combination of an
IITA1-style band—a continuous modelled band around the vessel’s maximum diameter
(Petrie’s band styles H/L/N, as seen in Petrie 1921: Pl. XXX), similar to Petrie’s W56a
and W56g (Hendrickx 2006: 83; Petrie 1921: Pl. XXX)—and an IIIA2-style band, which
is a thinner, pinched or moulded crescent-shape decoration (Petrie’s band styles O/Q/R,
as seen in Petrie 1921: Pl. XXX) around the entire vessel, similar to Petrie’s W55 and
W61 types (Petrie 1921: PL. XXX; Hendrickx 2006: 84).

Of X5488 and X5482, the latter is the older, displaying a wavy handle that is still
‘wavy’ in style (similar to Petrie’s band style 47m and vessel type W71a (Petrie et al.
1913: P1. XLIX; Hendrickx 2006: 86). X5488 is similar to Petrie’s type W80/W85, with a
band style 491 (Petrie et al. 1913: Pl. XLIX; Hendrickx 2006: 86).

Now, although X5486 dates to the Naqada IIIA1/IIIA2 period, it is placed in the OSL
relative sequence as being younger than X5488 and X5482, which is not in keeping with
the relative archaeological sequence, which places X5488 and X5482 within the Naqada
IIIB period. Within the OSL relative sequence it is almost impossible to distinguish
between X5486 and X5488, due to the significant errors associated with X5488. Indeed,
this is the situation between all three vessels (X5482, X5486 and X5488): their associated
errors make it difficult to distinguish a true chronological sequence here, except for
confidently being able to state that all three vessels are chronologically older than X5484.
This is a resolution error which would be resolved and thus further refined, should a
larger data set be available. It should also be noted, however, that in the case of X5482, in
absolute terms the discrepancy between the relative spread between it and X5486/X5488
is approximately 15% (see Figure 8.2), which in absolute years gives an error of ~750
years. This is very unlikely and could be the result of a measurement error: a single
aliquot within the OSL data (see Appendix K) produced a D, measurement which, was
significantly higher than the other measurements and is an outlier. However, as this
aliquot could not be discounted based upon the standard rejection criteria applied, it

was considered best practice to include this measurement even though it is likely to
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produce an overestimation in the OSL measurement. Again, this is a issue which could

be addressed by incorporating a larger primary data set.

8.5.4 Wine jar results in relation to the relative ceramic

typology and historical chronology

All three wine jar samples (X4112, X5489 and X5490) yielded an OSL signal: the known
relative typology for these three vessels (as well as their historical indicators, that is, a
serekh in the case of both X4112 and X5490) was in good agreement with their relative
OSL ages. Of the three, X5490 is likely to be the most ancient: excavated by Junker
at Turah (Junker 1913: 47) it belongs to Van Den Brink’s Type Ila (also Group 2.b.1),
the serekh-incised wine jar group. X5490 is further distinguished by a double falcon
incised above the serekh (Van Den Brink 1996: Table 1; cf. Van Den Brink 2001: 34),
possibly associated with an unknown local ruler in the period just prior to the emergence
of the First Dynasty kings, or, alternatively, a symbol of kingship per se, that is, not
specifying a particular ruler (Kahl 2006: 96; cf. Engel 2005). This vessel type dates to
the Naqada IIIB period. In addition to the serekh type-group designation, this wine jar is
characterised by a flared rim and short, narrow neck and flattened base, which has two
sets of three pushed-up, crescent-shaped residual wavy handles, that is, the handles are
now decorative, not functional (Van Den Brink 1996: 144). Van Den Brink indicates that
it is still not possible to assign a more definitive chronology to this vessel type (and he
acknowledges that there are similarities between his Type II and Type III designations),
although he notes that it is distinct from the Type I vessels from Naqada IIIA2 contexts,
and from Type IV which are known from early First Dynasty (i.e. Nagada IIIC1) contexts
(Van Den Brink 1996; Van Den Brink 2001). However, chronological overlap and regional
variation between types is also acknowledged (Koéhler and Van Den Brink 2002: 66).
Thus, it is likely that a Naqada IIIB date is accurate for this vessel type.

Following X5490 in both typology and OSL relative date is X5489. X5489 can be

assigned to the Naqada IIIC1 period. While these two wine jars are close in age (as in-
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dicated by the relative age designations), they are two distinct wine jar varieties. It is
most likely that the wine jar developed from the imported Wavy-Handled vessel type
and its development split into two distinct forms: those with banded, rope-like decora-
tion (i.e. X5489), and those with the crescent-shaped decoration, often in two groups
of three crescents, like X5490 (Kaiser 1964; Van Den Brink 1992: 269-270). Wine jars
with crescent-shaped decoration are also usually slightly more squat, with a flattened
base, with a short, narrow neck and carry on the Wavy-Handled decoration, albeit in
crescent-shaped vestigial handles. The pot mark found on X5489 is not a historical indi-
cator like the serekh in X5490, and is currently, as with the vast majority of pot marks,
undecipherable.

X4112 is chronologically later than the other two vessels, both from the OSL relative
date and within the historical and archaeological chronology. Although only a sherd
now remains, this would have originally belonged to a wine jar, as evidenced by the
sherd morphology and fabric type (a fine Nile silt clay). The sherd retains an inscribed
(pre-fired) serekh with the name of Narmer, the first king of the First Dynasty, seen
within the serekh. This sherd has many parallels not only from Egypt (19 vessels or
sherds as presented in Van Den Brink 2001: 57-67) but from the Levant, where two
‘Narmer’ sherds have been recovered. The latter have been discussed as chronological
markers for interrelations between Egypt and her north-eastern neighbours during the
Early Bronze Age II period (Braun 2004; Braun 2009). The ‘Narmer’ inscriptions have
been found on vessels spanning Van Den Brink’s Type II, III, and IV, which correlates to
Naqada [IIB-Nagada IIIC2, although, of course, the reign of Narmer is securely placed
in the Nagada IIIC1 period. It is felt that the longevity of the ‘Narmer’ designation is
unlikely to be explained by attributing a particularly long reign-length to this king (Van
Den Brink 2001: 57). To address this long-lasting serekh usage attributed to Narmer, Van
Den Brink offers the suggestion that there were two kings who could be identified by the
hieroglyphic signs usually read as ‘Narmer’—Van Den Brink notes that on the Type II

jars, often only the sign for ni appears on Type II jars, whereas later Type IIl and IV jars
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have the full n¥ mr designation and these latter types are more often in association with
the falcon symbol (Van Den Brink 2001: 57-58). Although this suggestion is offered by
Van Den Brink, he feels that it is unlikely and that little evidence is available to support
this, and thus continues to associate this serekh type with a single ruler. X4112 was
further categorised by Van Den Brink as Narmer serekh Group 11.d.3, due to the name
being designated with a single n# sign (Van Den Brink 2001: 66-67). Although X4112 is
only a sherd and the vessel type is unknown, because of the character of the hieroglyphic
sign, it is more probable that this sherd came from a Type II vessel, rather than a Type
III or IV.

With regard to its relative OSL sequence, it should be noted that although fitting in
with the relative sequence of the other two wine jars, on a relative scale the difference
between the absolute ages of X4112 and X5489/X5490 sits at approximately 20% (see
Figure 8.2). This is far too significant a discrepancy to fit with the relative sequence as
it would place X4112 roughly 1000 years later than the rest of the assemblage. How-
ever, as already discussed in the footnote accompanying Table 5.5, several samples for
this project had their elemental concentrations determined by ICP-MS (to assist in cal-
culation of the internal dose rate) at a commercial laboratory. This laboratory felt that
they did not have the capability to deal with such small sample sizes, resulting in less
confidence than in the subsequent measurements carried out at the Department of Earth
Sciences, University of Oxford. Unfortunately, X4112 was one of those samples and, as
observed with the other samples in the same situation, the ICP-MS for X4112 also pro-
duced elemental concentrations that were much higher, particularly for ***U and #**Th,
which in turn results in internal dose rates that were exceedingly high compared to the
other samples, which caused their ages to be underestimated. Thus, in the case of X4112
it would be ideal to remeasure the sample to re-quantify the elemental breakdown for
the sample as this would decrease the absolute age difference between X4112 and the

other samples within this assemblage.
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8.6 Implications and future directions

This chapter has demonstrated that the application of OSL dating as a relative dating
method has benefits for examining the relative typological sequence of ceramics. How-
ever, with the small data set and large errors on the dates presented, it is currently
only possibly to demonstrate this technique as a proof-of-principle and to make broad
statements when comparing the OSL vs. archaeological relative chronologies. Thus,
while in itself it has not yielded new information (the relative sequences of the Wavy-
Handled vessels and wine jars are well documented and well understood), this chapter
has demonstrated that OSL dating can be of benefit to relative chronology as well as
absolute. Although the Wavy-Handled/cylindrical vessels have proved problematic ow-
ing to issues surrounding a small data set, the wine jar assemblage demonstrates that
the relative sequence of ceramics achieved through OSL dating of this assemblage, has
been in full agreement with the pre-existing ceramic sequence described for the Nagada
culture. Although this study has been limited in scope (only 10 vessels were used), in-
creasing the number of vessels studied would further improve the reliability of using
OSL as a relative dating method. In several instances, it might also be possible to anchor
this sequence to an absolute timeline, should additional vessels studied yield original
soil for Dem analysis, or should other dates (e.g. radiocarbon dates on pot contents) be-
come available for one or more of the vessels in the future. Additionally, in Chapter 7,
we have already seen how the application of cladistics can improve upon and fine-tune
relative sequences, and the combination of OSL dating and cladistics would provide a
powerful tool indeed for a relative dating programme. In instances where only a small
quantity of vessels are available for study, it would be possible to improve understand-
ing of the relative OSL results by employing statistical modelling, in order to examine
the likelihood of the ceramic sequencing. This, in combination with cladistic analysis,
would provide an even stronger tool for future relative chronological work.

This technique would be of most benefit when working with museum contexts, when

limited archaeological information is available. It could be of particular use for assem-
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blages where little of the internal chronology of the group is understood. The two ob-
vious examples in Egyptian history are the so-called ‘Abydos Ware’ and D-Ware (Dec-
orated Ware) categories. If a large enough sample size was obtained, it is possible that
using OSL as a relative dating tool would help shed light upon temporal elements of
these wares, perhaps such as the relative sequence of decorated style. Of course, look-
ing forward, such a technique is not only limited to Egyptian material, but also to a
variety of ceramics found in museums world wide. For the purposes of museum spec-
imens, such a study would also flag up the existence, or confirm suspicions, of vessels
that may have been purchased but turn out to be modern forgeries (and, indeed, TL has
a long history of being used in forgery and authenticity testing: see, for example Aitken
1985: 32; Fleming et al. 1970; Fleming et al. 1971; Junding 1993; Polikreti et al. 2002).

In summary, this chapter has provided a solid framework for implementing OSL
dating as a relative dating method. While the usefulness of this technique will be heav-
ily dependent upon individual assemblages and the quality of available relative dating
methods, further potential for this technique is significant in the museum world and

further advances in ceramic chronology can be made as a result.
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CHAPTER 9

OSL used in conjunction with radiocarbon

dating

9.1 Introduction

This thesis seeks to shed further light on the chronological implications of the ceramic
data set spanning the Naqada III period. While OSL has been the primary focus of this
thesis, additional methods have been touched upon which illustrate the benefits of a
multidisciplinary approach to this study. Already in Section 6.2.1 we have discussed
how the OSL results of the Bét Khallaf material compare with existing radiocarbon re-
sults from the same time period. However, although these two different dating systems
were cross-examined in relation to one another, the discussion could not benefit from
the examination of the two sets of dating systems carried out upon the same material.
Indeed, within chronological studies, where possible, it is ideal to use multiple method-
ological approaches upon a single data set in order to glean as much information as
possible, and by carrying out a cross-comparison of results from the same material us-
ing differing techniques.

In archaeology, there are many examples where OSL dating has been used in con-
junction with radiocarbon dating (e.g. Bishop et al. 2004; Lang et al. 2003; Long et al.

2011; Roberts et al. 1998). This is of significant benefit as it allows both inorganic and
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organic material to be independently dated using both methods, which can be in turn
used as a cross-checking mechanism for the internal chronology at a site. It some in-
stances OSL can additionally be used to date material which surpasses the dating range
of radiocarbon dating (radiocarbon can routinely date material back to 50 000 and some-
times as far back as 60000 years, whereas OSL dating can easily extend to c¢. 200000
years, and, non-routinely, even further than this (Walker 2005: 14; Olley et al. 2004)).
Within this project an exciting opportunity arose which allowed us to subject an
assemblage of six ceramic vessels to both radiocarbon dating and OSL dating. The six
vessels were selected initially for radiocarbon dating as they had been found to con-
tain suitable organic material in the form of pot contents (Dee et al. 2016). Radiocarbon
measurements obtained for the pot contents generated absolute dates for the last pri-
mary use of the pot, that is, the date of the deposition of the contents (Dee et al. 2016).
Upon discussion with the radiocarbon project leader, Michael Dee, it was recognised
that it would be beneficial to subject these six vessels to OSL analysis to directly date
the pots themselves, not just their contents, and so a research collaboration was estab-
lished to bring OSL dating to the study of these six vessels as well. Additionally, upon
further examination of the vessels, it was realised that OSL dating could also be used
to date the pot contents (as they contained a significant quantity of mineral material in
addition to organic material), thus providing a cross-reference for the radiocarbon dates
as well as an independent absolute age calculation.”” Finally, a lump of sediment was
found attached to the lug handle of one of the vessels which, being identified as original

depositional material, was also deemed suitable for OSL analysis.

" Due to the organic nature of the vessel contents, it was felt that a reassessment of their contents
should be undertaken also: the vessels had been previously analysed by GC-MS (Serpico and White 1996;
Serpico and White 2000), but with the advancement of GC-MS techniques in the past decade, it was
considered possible to improve upon the original analyses. The preliminary results of this analysis are
discussed in Appendix B.
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9.2 Data set: Abydos, Naqada, and Ballas ceramic
assemblage

The six vessels examined in this study are housed in the Ashmolean Museum at the
University of Oxford, and a catalogue of this material is presented in Appendix L. Of
these, two vessels (X5474 and X5475) are of an early Wavy-Handled type, similar to
Petrie’s W41/W43 type designation, dating to the Naqada IIC/IID period. X5474 comes
from Grave T5 at Nagada and X5475 was excavated from Tomb 588 at Ballas (Petrie and
Quibell 1896). The other four vessels from this assemblage were recovered by Petrie
from the Tomb of Djer (one of the First Dynasty kings of Egypt), Chamber 30,>® at Aby-
dos (Petrie 1900, Petrie 1901b). As already mentioned, the selection of these six vessels
was carried out by Dr Dee, who chose them for their potential for radiocarbon dating.
The radiocarbon sampling and measurement was carried out at the Oxford Radiocarbon
Accelerator Unit (see Dee et al. 2016 for further radiocarbon sampling and measurement
details).

As several different measurements were carried out upon the same vessel (i.e. ra-
diocarbon analysis of the pot contents/residue, OSL analysis of ceramic material, OSL
analysis of pot contents/residue and, in one case, OSL analysis of a sediment sample)
several different sample numbers exist for a single vessel. Table 9.1 outlines the differ-
ent sampling numbers (i.e. radiocarbon and OSL laboratory number) assigned to each
vessel. Furthermore, it also outlines which samples were analysed successfully, which
analyses failed (with these being discussed in further detail below), and also indicates

when a sample was not taken.

*® There remains slight confusion as to whether all four vessels from the Tomb of Djer discussed here
were located in Chamber 30. Petrie’s excavation report (Petrie 1901b), indicates that the four vessels
were found together in Chamber 30, although he does not state this explicitly. The museum index cards,
however, question (for undisclosed reasons) whether two vessels, AN1896-1908 E.4065 and AN1896—-1908
E.4066, are from the Tomb of Djer. Nonetheless, based on Petrie’s published evidence, it is felt that for the
purpose of this project it is acceptable to assume that these vessels were found together in Chamber 30 as
indicated in Petrie’s original publication.
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Table 9.1: Correspondence of the sample designations for the OSL ceramic samples, OSL residue samples and the Ashmolean Accession
number. A sample was not collected from AN1896-1908 E.4065 as it was considered in every way identical to that of 18961908 E.4066.
The ‘X’ numbers and Ashmolean accession numbers are used throughout this chapter to designate an OSL sample or a radiocarbon sample,

respectively.

Vessel
(Ashmolean Associated
. accession Vessel (project residue/sediment  |Radiocarbon date OSL date OSL date
Site . . . .
Number and number) sample (project (residue) (ceramic) (residue)
radiocarbon number)
sample number)
Naqada AN1895.525 X5474 X6112 Yes Failed Failed
Ballas AN1895.533 X5475 X6113 Yes Failed Failed
Tomb of Djer, AN1896-1908 . . .
Chamber 30 E.3158 X5476 X6114 (residue) Failed Failed Yes
X6120 (sediment) N/A N/A Yes
Tomb of Djer, AN1896-1908
Chamber 30 E.4034 X5477 X6115 Yes Yes Yes
Tomb of Djer AN1896-1908 X5478 X6116 Yes Yes N/A
E.4065
Tomb of Djer ANII:JSz(é);619O8 X5479 N/A Yes Yes Yes

age[quiasse se[req pue ‘epebeN ‘sopAqy oy} jo Sunep ISO ‘€6



9.3. OSL dating of the Abydos, Nagada, and Ballas assemblage

9.3 OSL dating of the Abydos, Naqada, and Ballas

assemblage

9.3.1 OSL sampling and measurement

The OSL samples were collected in filtered lighting conditions in the Ashmolean Mu-
seum, and subsequently transferred to RLAHA for sample treatment and measurement.
For the samples taken directly from the ceramic vessel, the MET sampling protocol was
used and the treatment and measurement protocols followed for those samples were
identical to those carried out for the Bét Khallaf material, presented in Section 4.1 and
Section 5.2. However, the pot contents and the sediment attached to the lug handle were
sampled following more standard OSL sampling techniques carried out at RLAHA, that
is, a ~1 cm? sample was extracted from the surface of the contents and handle using
a scalpel. This was then taken to the OSL laboratory at RLAHA and here 2 mm from
each side of the sample was removed (to ensure the surfaces of the sample, which may
have been exposed to light, were removed) and this was in turn analysed using ICP-MS
analysis to determine Dmt The contents samples were then washed in chloroform for
one hour to remove any organic material, thus leaving only the mineral component for
OSL analysis (note that it was not necessary to subject the sediment sample from the lug
handle to a chloroform wash). The sample was then subjected to the treatment protocols
as described in Chapter 5, although owing to the larger sample size, an HF time of 30
mins was used. Aliquots were prepared for OSL measurement and measurements were

carried out on the TL/OSL Risg Reader at RLAHA, using a SAR protocol.

9.3.2 OSL results

Appendix M presents the OSL measurements obtained for these six vessels—from the ce-
ramic material directly (X5474-X5479), from the minerogenic material contained within

the pot contents (X6112-X6116), and from a lump of sandy sediment attached to the han-
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Table 9.2: Summary of the OSL D, values for the ceramic material from the Tomb of
Djer (both fine and coarse grains).

Sample Number Coarse grains Fine grains
D, (Gy) D, error (Gy) D, (Gy) D, error (Gy)
X5477 N/A 11.56 1.06
X5478 4.31 1.87 N/A
X5479 N/A 4.37 1.53
X6114 3.87 1.13 N/A
X6115 3.93 0.68 N/A
X6116 4.59 0.14 N/A
X6120 2.68 0.62 N/A

dle of vessel X5476: sample X6120)—and presents the data post rejection criteria applica-
tion. Of the samples analysed, X5474 and X5475 (from Naqgada and Ballas respectively),
did not meet rejection criteria. Of the OSL measurements made on the ceramic material,
all aliquots from X5474 failed to produce an OSL signal. X5475 had two aliquots that
yielded an OSL signal, but these two measurements varied so greatly from one another
that confidence could not be held in the results. All aliquots for the pot contents (X6112
and X6113) failed to produce an OSL signal.

After calibration, the OSL measurements were converted into D, measurements (i.e.
in Gy; calibration dose rates for each sample can be found in Appendix M). Table 9.2
presents the summary of the D, measurements for the Abydos, Naqada, and Ballas as-
semblage (calibration has been discussed previously in Section 5.2.2).

The measurement of the dose rate (comprising both the internal dose rate (Dim), ex-
ternal dose rate (Dext) and cosmic dose rate (Dcos)) was carried out in a manner identical
to the Bét Khallaf material, as outlined in Chapter 5. First, Dmt was determined using
DRAC (Dose Rate and Age Calculator, developed by Durcan et al. 2015) and the ICP-MS
data obtained for each of the samples. The ICP-MS measurements were carried out by
the Department of Earth Sciences, University of Oxford, and Table 9.3 presents the re-

sults. Next, D,,, was determined for those samples coming from the Tomb of Djer at
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Table 9.3: Concentrations of U, Th, and K for each sample from the Tomb of Djer, mea-
sured using ICP-MS analysis, used to determine D,,;.

Sample K (%) 232Th (ppm) 238U (ppm)
X5474 0.87 8.15 3.75
X5475 1.08 9.03 4.21
X5476 1.21 14.19 3.39
X5477 1.00 10.57 1.93
X5478 0.85 8.75 3.46
X5479 1.00 7.99 3.20
X6114 0.51 4.2 1.3
X6115 0.37 3.2 0.8
X6116 0.38 3.3 1.8
X6120 0.13 2.26 0.35

Table 9.4: Factors and accompanying measurements contributing to D, of the ceramic
assemblage in the Tomb of Djer.

Location of the tombs| Height above sea Burial chamber
Tomb . depth below the
at Abydos level of site surface
surface
. Lat: 26.175379 Long:
Tomb of Djer 31967850 38 m 10 m

Abydos (the two vessels from Naqada and Ballas, X5474 and X5475, failed OSL analysis
and thus determining D,,, for these two vessels was unnecessary). Table 9.4 presents
the details used to calculate Dcos in DRAC. As for the Bét Khallaf assemblage, a wa-
ter content value of 3%+2% was assumed (following the discussion outlined in Section
5.3.5). Finally D,,; was determined as follows.

A single vessel within the Djer assemblage, X5476, had attached to its lug handle a
small piece of sediment sample which was removed for ICP-MS analysis to help establish
Dy for the Djer vessels. Table 9.5 gives the details of the ICP-MS analysis for this
sample. Initially, before the DosiVox program was released in July 2015, the only way

to calculate Dm was to use this sediment information to first determine a 47 geometry

infinite matrix dose rate value in DRAC, and then to scale this according to the additional
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Table 9.5: Concentrations of radioisotopes in sediment samples in direct association with
the ceramic vessels in the Tomb of Djer.

Sample Location of | Concentration of | Concentration of | Concentration of
P sample K (%) »2Th (ppm)*® % (ppm)
X120 | Lughandle 0.131 2.26 0.35
of vessel

archaeological information at hand. However, as is detailed in Section 5.3.6, the recent

release of the DosiVox program has provided a more sophisticated alternative.

NW Corger (Chamber O)

-

40 metres

Figure 9.1: A schematic map of the burial chamber of the Tomb of Djer, which shows
Chamber O, located in the north-west corner of the tomb.

In addition to the release of DosiVox, a more detailed description of the deposition
environment was also available for the Tomb of Djer. The German Archaeological In-
stitute has recently finished the re-mapping and reassessment of the architecture of the
tomb, which up until this point, has only been recorded briefly in Petrie’s early com-
munications (Petrie 1901b: P1. LVI, LVIII). The detailed recording and mapping of the

tomb recently completed by the German team have provided this project with valuable

*’ppm = parts per million mass.
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9.3. OSL dating of the Abydos, Naqada, and Ballas assemblage

Figure 9.2: A: An overview of the Tomb of Djer looking towards the NW corner where
the vessels were buried. B: floor of the burial location of the four vessels (Chamber
30)—the circular depressions upon the floor are the pits created by the placement of the
ceramic vessels. C: top of the burial location of the four vessels. D: plan view of the
burial location of the vessels. These photos were generously provided, and permission
for use granted, by M. Sahlhof and are © The German Archaeological Institute.
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9.3. OSL dating of the Abydos, Nagada, and Ballas assemblage

Table 9.6: Final dose rates determined by DosiVox for each vessel in the Tomb of Djer.

Sample 238y 2380 err 232Th 252Th err 0K 40K err Total Err
ID (Gyka™!) | (Gyka™') | (Gyka™!) | (Gyka™') | (Gyka™!) | (Gyka™!) | (Gyka™') | (Gyka™!)
X5477 0.032 0.004 0.058 0.009 0.060 0.005 0.150 0.02
X5478 0.125 0.01 0.170 0.02 0.157 0.008 0.452 0.06
X5479 0.108 0.01 0.171 0.03 0.144 0.01 0.423 0.06
X6114 0.108 0.005 0.197 0.008 0.199 0.007 0.504 0.07
X6115 0.091 0.004 0.184 0.01 0.194 0.008 0.469 0.06
X6116 0.118 0.007 0.179 0.01 0.199 0.004 0.496 0.06
X6120 0.107 0.01 0.200 0.04 0.182 0.02 0.489 0.08

knowledge of the depositional environment of the four vessels from the Tomb of Djer
(i.e. exact dimensions of the chamber), which in turn leads to a more accurate under-
standing of D, for the vessel.® Figure 9.1 presents a schematic map of the floor plan
of the burial chamber of the Tomb of Djer. Figure 9.2 provides recent photographs of
the north-west corner of the Tomb of Djer (Chamber 30). We can see from these pho-
tographs that the floor of Chamber 30 still retains small rounded pits; it is from these
pits that the pottery vessels were recovered (more than four holes are present as many
more vessels were recovered but only the four vessels used in this project were a) housed
in the Ashmolean Museum and b) filled with contents for initial radiocarbon analysis).
From the depths of these pits, we can determine that the vessels were half buried in the
floor fill, up to about their mid-point, in an upright position (Pers. Comm. M. Séhlhof,
2015).

In the absence of DosiVox a suitable a priori assumption would be that the sample
geometry of the vessel, that is, the contribution of Dewt from different emitters sur-
rounding the vessel, should comprise 37 fill/sediment and 17 residue (sample geometry
has been discussed in detail above in Section 5.3.6). When modelling Dot using Do-

s1IVox, the recent observations by the German Archaeological Institute of the Tomb of

¢ The author would like to extend her sincere thanks to the German Archaeological Institute, and espe-
cially to Martin Sahlhof, for providing access to this as yet unpublished material. This material will shortly
be available in a doctoral thesis being prepared by Mr Sahlhof, ‘Abydos, Umm el-Qaab: Die kénigliche Gra-
banlage O/Djer — Bauforschung und Baudokumentation’.
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9.3. OSL dating of the Abydos, Nagada, and Ballas assemblage

Figure 9.3: Wire frame representations of the DosiVox model for X5476 in the Tomb
of Djer. The whole tomb is subdivided into voxels which are filled with different com-
ponents: white = mudbrick, green = fill, blue = air, red = vessel walls, cyan = vessel
base, orange = sediment attached to vessel wall (seen in D only), magenta = pot con-
tents/residue. A-D represent different views of the model: A) whole tomb; B) whole
tomb cut away to reveal the detector (the sub-voxelised voxel which contains the ves-
sel); C) close up view of the detector, D) detector cut away to reveal a cross-section of
the vessel and surrounding fill.

Djer mean that far fewer assumptions needed to be made, compared to what was neces-
sary for Bét Khallaf in Section 5.3.6. As already mentioned, it is known that the vessels
were buried upright, half in fill; the dimensions of Chamber 30 are also known, as is
the depth below the surface of the floor of the chamber. Additionally, it is known that
the walls of the chamber are comprised of mudbrick, although it was necessary to as-
sume that the chemical composition of the mudbricks was similar to clay as no sample

of the wall fabric was available for study. It was further assumed that the composition
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9.3. OSL dating of the Abydos, Nagada, and Ballas assemblage

Table 9.7: A comparison of the DosiVox gamma dose rate and the gamma geometries
(47 and scaled (37+17) obtained using DRAC for the Tomb of Djer.

: DRAC D DRAC D DRAC D :
DRAC D, (47 7 7 7 . - DosiVox D,
error (4w (scaled error (scaled | DosiVox D,

Sample ID geometry) error

(Gyka—1) geometry) geometry) geometry) (Gyka-1) (Gyka~Y)

Y (Gyka™) | (Gyka™!) | (Gyka™)) y

X5477 0.174 0.012 0.212 0.01 0.15 0.02
X5478 0.174 0.012 0.212 0.01 0.452 0.06
X5479 0.174 0.012 0.212 0.01 0.423 0.06
X6114 0.458 0.029 0.229 0.015 0.504 0.07
X6115 0.324 0.021 0.162 0.011 0.469 0.06
X6116 0.439 0.028 0.220 0.014 0.496 0.06
X6120 0.174 0.012 0.158 0.008 0.489 0.08

of the floor fill could be represented by the sediment sample taken from the lug handle
of X5476 (AN1896-1908 E.3158): sample X6120 (see Table 9.5 above). A representation
of the Dos1Vox model is given in Figure 9.3. Table 9.6 gives the final gamma dose rates
determined by Dos1Vox.

Table 9.7 shows a comparison between the gamma dose rates obtained using Do-
sIVox, an infinite matrix dose rate (using 47 geometry), and an estimate based on the
simple geometric assumptions detailed above (i.e. 3 fill and 17 residue). As can be seen,
the Dos1Vox results clearly demonstrate that in the case of the Tomb of Djer, using stan-
dard or simplified geometric assumptions based on scalings of the infinite matrix dose
rate produces significantly different results, which in turn affects the age determination
of OSL samples by an appreciable amount. The example of the Tomb of Djer demon-
strates this even more clearly than the Bét Khallaf assemblage. This is because at Bét
Khallaf, the bedrock (gebel) which the tomb chamber was cut into was similar in compo-
sition to the fill on which the vessels were deposited. This, in combination with the low
moisture content of the burial environment, meant that the vessel received a dose rate
very close to 47 geometry as the low moisture content of the tomb resulted in the gamma
radiation not being attenuated by the air; therefore the surrounding walls of the tomb

also contribute to the dose received by the vessel. This essentially means that the vessel
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9.3. OSL dating of the Abydos, Nagada, and Ballas assemblage

is receiving a uniform radiation dose from its burial environment, that is, 47 geometry.
In contrast, however, the Tomb of Djer has a chamber made of a fill floor, and walls made
of mudbrick. The air, which is also considered of low moisture content, again prevents
attenuation, and thus the vessels also receive a dose contribution from the mudbrick
walls, as well as from the fill they are half buried in and from the residues/pot contents
they contain. Once again, the a priori geometric assumptions failed to model D,,; but,
unlike Bét Khallaf, the more complicated environment of the tomb means that the Do-
sIVox results can not be related a posteriori to any simple assumption either. Again,
this project has demonstrated that for accurately reconstructing D.,,, for archaeological
samples with complex depositional environments, the application of a radiation trans-
port modelling program, of which DosiVox is the only one currently available, is of
paramount importance in accurately determining D,,,; and thus the final age estimates
for certain archaeological samples.

The final OSL ages are presented in Table 9.8. These ages were further modelled,
alongside the radiocarbon dates produced by M. Dee, using Bayesian modelling to ex-
amine the chronological implications of the absolute dating of the Tomb of Djer (Dee
et al. 2016). This will be discussed below in Section 9.5, after the radiocarbon results are

presented.
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Table 9.8: OSL ages calculated for each sample from the Tomb of Djer, including alpha, beta, and cosmic dose rates

calculated by DRAC, gamma dose rates calculated by DosiVox.

Alpha Gamma Cosmic
Fine/ | Alpha Beta dose | Beta dose | Gamma Cosmic Total |Total dose D, Age
Sample dose rate dose rate dose rate D, Age
coarse| dose rate rate rate error | dose rate dose rate dose rate | rate error error err
ID error error error (Gy) (ka)
grain | (Gyka™!) (Gyka=!)| (Gyka™!) | (Gyka™1) (Gyka™!) (Gyka™!) | (Gyka™1) (Gy) (ka)
(Gy ka_l) (Gy ka~1) (Gy ka_l)
X5477 | FG 0.411 0.034 1.321 0.059 0.150 0.022 0.120 0.006 2.002 0.072 11.56 | 1.06 | 5.774 | 0.569
X5478 | CG 0.208 0.055 1.253 0.057 0.452 0.062 0.120 0.006 2.033 0.101 4.31 1.87 | 2.120 | 0.926
X5479 | FG 0.46 0.040 1.429 0.062 0.423 0.063 0.120 0.006 2.432 0.097 437 | 1.53 | 1.797 | 0.633
X6114 | CG 0.079 0.028 0.621 0.030 0.504 0.065 0.124 0.012 1.328 0.078 3.87 | 1.13 | 2.914 | 0.868
X6115| CG 0.055 0.020 0.436 0.021 0.469 0.061 0.124 0.012 1.084 0.069 3.93 | 0.68 | 3.625 | 0.668
X6116 | CG 0.085 0.031 0.568 0.027 0.496 0.064 0.124 0.012 1.273 0.077 459 | 0.14 | 3.606 | 0.245
X6120 | CG 0.035 0.013 0.386 0.020 0.489 0.077 0.124 0.012 1.034 0.082 2.68 | 0.62 |2.592|0.634




Table 9.9: Results of Radiocarbon samples as measured by Dee et al. 2016

. Radiocarbon
Radiocarbon .
14 Pre- measurement Calibrated
C sample 13 measurement . .
Vessel treatment 6°C . (Error in radiocarbon
number (OxA-) (Radiocarbon .
method Radiocarbon | Date (Bc) Type
years (BP))
years (BP))
AN1895.525 25417 ABA —25.0 4577 35 3498-3106
AN1895.525 X-2446-41 CHCI3 —29.2 4543 31 3366-3103
AN1895.533 26091 ABA —24.3 4625 31 3515-3349
AN1895.533 X-2473-57 CHCI3 —24.2 4582 29 3498-3119
AN1896-1908 E.3158 Failed

AN1896-1908 E.4034 25595 ABA —254 4344 32 3081-2896
AN1896-1908 E.4065 26044 ABA —23.1 4307 33 3014-2884
AN1896-1908 E.4066 26091 ABA —24.7 4397 29 3097-2917




Table 9.10: Side-by-side comparison of Radiocarbon and OSL results for the Tomb of Djer. NB This table presents age ranges prior to

modelling; see Figure 9.4 for a comparison of modelled ages.

Ashmolean OSL X-Number 14C Label 14C Age Range 14C Age Range | OSL Age Range | OSL Age Range | OSL Age Range
Number (ABA/CHCI3) (Residue/ABA) (Residue/CHCI3) (Residue) (Vessel) (Sediment)
X5474 25417/
AN1895.525 3498-3106 3366-3103
(X6112,Res) X-2446-41 Be Be
X5475 26091/
AN1895.533 3515-3349 3498-3119
(X6113,Res) X-2473-57 Be Be
X5476
AN1896-1908
E.3158 (X6114,Res; Failed 1767BCc-31BC 1211BCc-57AD
' X6120,Sed)
AN1896-1908 X5477
25595 3081-2896 2278-942 3190-4328
E.4034 (X6115,Res) Be Be Be
AN1896-1908 X5478
E.4065 (X6116.Res) 26044 3014-2884BC 1836-1346BC 1031Bc-821AD
AN1896-1
N1896-1908 X5479 26091 3097-2917BC 4158Cc- 851AD

E.4066




9.4. Radiocarbon dating of the Abydos, Naqada, and Ballas assemblage

9.4 Radiocarbon dating of the Abydos, Naqada, and

Ballas assemblage

9.4.1 Radiocarbon sampling and measurement

Radiocarbon dating was carried out on the organic contents of each of the six vessels.
After sample extraction, two methods were used to prepare the samples: the Oxford
Radiocarbon Accelerator Unit’s (ORAU) standard Acid-Base-Acid (ABA) pretreatment
procedure and a chloroform (CHCl;) solvent extraction pretreatment method (Dee et al.
2016). Approximately 5 mg of each pretreated sample was combusted and the resulting
carbon dioxide was retrieved cryogenically, graphitised and dated by accelerator mass
spectrometry (AMS) at ORAU. A more comprehensive description for the pretreatment

of these samples can be found in Dee et al. 2016.

9.4.2 Radiocarbon results

The radiocarbon results are presented in Table 9.9. As can be seen therein, all results
obtained displayed excellent internal consistency (as well as good agreement with earlier
radiocarbon dates and the historical ages attributed to the vessels; Dee et al. 2016). The
single exception to this was vessel 1896-1908 E.3158 (OSL sample X5476), which yielded

no organic material and thus failed radiocarbon analysis.

9.5 Bayesian modelling

Above, Table 9.8 and Table 9.9 have presented the OSL and radiocarbon results. As
can be immediately seen, there is a large discrepancy between the radiocarbon results
and the OSL results, although these dates come from the same vessels. As with the
Bét Khallaf material, Bayesian modelling has here been employed to further understand
the complexities of this assemblage, using a combination of both the measured absolute

dates alongside knowledge of the complex depositional history of the vessels to best
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9.5. Bayesian modelling

interpret these dates and to establish final ages for the assemblage. The final ages used
in the Bayesian model are presented in Table 9.8.

Again, a multiphase model was used for this data and a set of a priori assumptions
was established (using assumptions which were simple and based on archaeological ev-

idence). These assumptions were:

1. Based upon the relative typology of the ceramics analysed, two relative ceramic
stages are represented: The Naqada and Ballas vessels belong to the Naqada IID pe-
riod (Hendrickx 2006: 78—-81, Hendrickx 2011: 70), similar to Ware Type W41/W43
by Petrie (Petrie 1921: Pl. XXIX, cf. Hendrickx 2011: 70). The vessels from the
Tomb of Djer are a collection of imported vessels (although see below in Section
9.6 for a discussion of the origin of two of the four vessels from the Tomb of Djer),
and, while they do not fit into the well-established Egyptian ceramic typology,
they are well known from other contexts and the reign of Djer is securely dated
to the First Dynasty, both archaeologically and historically (i.e. the First Dynasty
king lists are known, which securely place the reign of Djer within the early First
Dynasty (Dreyer 1987: 36, Fig. 3, Dreyer 1996: 72, Fig. 26)). Based on this evi-

dence, initially two phases are identified for the model.

2. The two vessels from Nagada and Ballas produced no OSL signals, and thus have
been discarded from further OSL analysis. In the case of the four vessels from
the Tomb of Djer, three of the four OSL dates are much later than the radiocar-
bon dates, with the radiocarbon dates being far more consistent with the expected
age range for the assemblage based upon relative archaeological and historical
data. However, it can be observed that these three vessels show very clear signs
of burning, and that archaeologically it has been observed that a secondary firing
event occurred at some stage after the original construction phase of the King’s
tomb. Given this, and the fact that an OSL signal can be reset upon being heated
to ~350°C, even though a vessel may have been manufactured in the Early Dynas-

tic period, this initial signal resulting from the firing process will be erased by a
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9.5. Bayesian modelling

secondary burning event: the clock is reset to count forward from the date of the
burning of the tomb. As the OSL results seem to cluster around a date much later
in Egyptian history, and given that these three vessels are all significantly burned,
it is likely that here the event that is being dated is the secondary firing event and

thus this requires a third phase within the model.

. Of the four vessels from Djer’s tomb, one (X5477/AN1896-1908 E.4034) produced
interesting results. The OSL date obtained from the ceramic material produced a
date more consistent with the radiocarbon dates (and was thus included within the
second phase of the model) but the date obtained from the residue was consistent
with the secondary firing event (and was thus included in the third phase of the
model). That a single vessel could provide two distinct OSL dates is very unusual,
but not impossible given the archaeological evidence. This vessel, unlike the other
three vessels in the assemblage, only showed burning over half its surface. Indeed,
while one half was severely burnt and blackened, the other part showed no signs
of being burnt even though the vessel was archaeologically intact. The OSL mea-
surement from the ceramic sample, which produced an older OSL date consistent
with Phase 2, was taken from a section of the vessel which had no evidence of
burning. In contrast, the contents were all charred/burned and it was this sample
that produced a date which was contemporary with Phase 3, the final phase which
seems to demarcate a burning event within the tomb. It is difficult to suggest a
reconstruction of events that would lead to a vessel being half burned, and thus
a vessel being able to produce two very different OSL measurements. There are
no detailed reports as to the exact deposition of the vessel as Petrie did not record
the details of the context, although the German Archaeological Institute’s recent
work reveals that the vessels were sitting upright surrounded by fill (with depres-
sions in the ground still present, indicating the location of the vessels). Therefore,
it is possible that something was protecting the part of the pot not burned, either

geological or another piece of material culture. It is unlikely that this mystery will
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9.5. Bayesian modelling

be solved, but nonetheless the two samples were grouped into Phase 2 and Phase

3 respectively so as to allow the raw data to govern the model.

Following these three a priori assumptions and using the data from Table 9.8, a three-

phase model was produced using the OxCal program (Bronk Ramsey 2009). Modelled

age results are presented in Figure 9.4, with a summary of these results presented in

Table 9.11. A visual representation of the results of this model is given in Figure 9.5.

Name

Show all
Show structure

¥ Outlier_Model

General
T()
u(0,4)

¥ Sequence
Abydos

Boundary

Start Nagada IIC

or D

¥ Phase
Nagada IIC or
11D

R_Date
525a

R_Date
525b

R_Date
533a

R_Date
533b

Boundary
End Nagada IID

Boundary
Start Reign Djer

¥ Phase
Reign of Djer

R_Date
4034

R_Date
4066

N 4034
(5477)pot

R_Date
4065

Boundary
End Reign Djer

Boundary
FireStart

¥ Phase
Tomb Fire

N
6115(4034)res

N
6120(3158)sed

N
6116(4066)pot

N
6114(3158)res

N 5478
N 5479

Boundary
FireEnd

» Fire

Unmodelled (BC/AD)

from to %  from

1.135 1.135 68.2 -2.65

-3136 68.2 -3498

-3122 68.1 -3366

-3361 68.2 -3515

-3196 68.2 -3498

-2907 68.2 -3082

-2930 68.2 -3096

-3180 68.2 -4898

-2888 68.2 -3012

-930 68.2 -2947

70 68.2 -1846

-1342 68.2 -2082

-15  68.2 -2636

836 68.2-1952

864 68.2 -1049

2.65 95.4 -2.26696e-8 1.29081 2.04945e-12
.98986e-17 4 68.2/3.98986e-17 4 95.4 2

-3108 95.4 -3302

-3104 95.4 -3232

-3349 95.4 -3441

-3119 95.4 -3332

-2896 95.4 -2965

-2917 95.4 -3012

-2622 95.4 -3760

-2884 95.4 -2930

-275 954 -1611

691 954 -578

-1102 95.4 -1592

837 95.4 -900

1741 95.4 -106
1484 95.4 218

1.1431

113

85

55

105

44

66

569

40

668

634

245

868

923
633

2

-3344

-3207

-3461

-3356

-2962

-3006

-3760

-2914

-1611

-578

-1592

-900

-106
218

Modelled (BC/AD)

from

-72

5.37764e-17 2.476 68.2 5.37764e-17

-3396

-3368

-3365

-3374

-3367

-3364

-3095

-3007

-3015

-3043

to %  from

72 68.2-827

-3353 68.2 -3583

-3347 68.2 -3493

-3339 68.2 -3485

-3353 68.2 -3496

-3350 68.2 -3488

-3317 68.2 -3369

-2941 68.2 -3261

-2910 68.2 -3022

-2922 68.2 -3083

-2884 68.2 -3191

to

% n

1513 95.4 77

3.752 95.4 1.81327

o

453

m

1

0.0553263 1.18234 0.05

-3344 95.4 -3404

-3187 95.5 -3353

-318395.4 -3340

-3339 95.4 -3374

-3197 95.4 -3357

-3107 95.4 -3311

-2918 95.4 -3056

-2901 95.4 -2962

-2914 95.4 -2981

-2793 95.4 -2972

Warning! Poor agreement - A= 55.0%(A'c= 60.0%)

-3008

-2981

-1994

-1669

-1570

-1669

-1652

-1611
-1541

-2892 68.2 -3014

-2837 68.2 -3014

-1281 68.2 -2583

-988 68.2 -2070

-771 68.2 -1849

-1191 68.2 -1917

-836 68.2 -1990

-744 68.2 -1916
-572 68.2 -1787

-2888 95.4 -2943

-2595 95.4 -2858

-1053 95.4 -1731

-527

-125

-966

-159

42
170

95.4 -1313

95.4 -1072

95.4 -1434

95.4 -1164

95.4 -1053
95.4 -920

Warning! Poor agreement - A= 39.5%(A'c= 60.0%)

-1401

-1520

-246 68.2 -1676

-929 68.2 -1787

672

-532

95.4 -632

95.4 -1181

1.11774 1.732

83

43

45

39

39

72

91

38

45

92

41

131

383

371

432

239

439

489
509

641

315

-3375

-3357

-3351

-3365

-3358

-3338

-3033

-2959

-2973

-2969

-2928

-2891

-1679

-1322

-1133.

1434

-1218

-1132
-1009

-743

-1205

Indices Select
Amodel=91.2
Aoverall=85.7 Al

AcombA LP c Visible
100 432

99.7 M33
100 99.9 M2

'._‘3

98 M4

W5

170.5 97.499.9 @6
1153 96.899.9 @7
90.2 967 99.9 M8
157.7 97.699.9 9
99.9 10

99.8 M1

1056 97 99.9 M1
1047 96.799.9 ™14

55 95.3 100 15

82.8  96.799.9 #16
99.8 17

99.6 18

116.3 95.8/99.9 20
926 956/99.8 ™21
926 953999 M2

122.2 95.7.99.9 @23

80.7 954998 W24
395 93 998 M2

98.4 26

99.4 w27

Page
break

Figure 9.4: OxCal output table for the Naqada, Abydos (Tomb of Djer), and Ballas ceramic

assemblage showing multiphase model results.

As can be seen in Table 9.11, Figure 9.4, and Figure 9.5, the model supports the as-
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9.5. Bayesian modelling

Table 9.11: Summary of Oxcal Results for the Tomb of Djer (as seen in Figure 9.4). All
ages are in BC (i.e. negative ages are AD dates).

95.4% Probability 68.2% Probability
From ‘ To From ‘ To " ‘ o
Boundary Start | 3882 3351 3574 3369 3534 154
_ 1895.525a 3493 3187 3368 3347 3353 43
7 1895.525b 3485 3183 3365 3339 3340 45
% 1895.533a 3496 3339 3374 3353 3374 39
1895.533b 3488 3197 3367 3350 3357 39
Boundary End 3369 3107 3364 3317 3311 72
Boundary Start 3261 2918 3095 2941 3056 91
1896-1908 E.4034 |3022 2901 3007 2910 2962 38
F—E 1896-1908 E.4066 |3083 2914 3015 2922 2981 45
é X5477 3191 2793 3043 2884 2972 92
2 1896-1908 E.4065 |3014 2888 3008 2892 2943 41
Boundary End 3014 2595 2981 2837 2858 131
Boundary Start 2583 1053 1994 1281 1731 383
X6115 2070 527 1669 988 1313 371
X6120 1849 125 1570 771 1072 432
% X6116 1917 966 1669 1191 1434 239
E X6114 1990 159 1652 836 1164 439
2 X5478 1916 —42 1611 744 1053 489
X5479 1787 —170 1541 572 920 509
Boundary End 1676 —672 1401 246 632 641

sumptions governing a three-phase model, with an overall model agreement index of
91.2 (Appendix N presents the OxCal code used in the model). Although one vessel in
Phase 2 (X5477) and one in Phase 3 (X5479) showed poor internal consistency within
the model, their agreement indices of 55 and 39.5 respectively were still accepted as no
archaeological evidence suggested that these vessels were inconsistent with the rest of
the assemblage (additionally the model was run excluding these vessels but the results
were essentially the same). Furthermore, it can be seen from the OSL data (Table 9.8)
that vessel X5477 had a very wide error range resulting from the measurement proce-
dure and this uncertainty is adequate explanation of the discrepancy. While X5479 had

a relatively small error attached to the OSL measurement (in comparison to other ves-
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sels within the assemblage), archaeologically the vessel is identical to X5478 (the vessels
are identical in form and clay fabric and are very likely to have been made in the same
workshop) and therefore although the agreement index was fairly low for this vessel,
it cannot be discarded from the analysis. This model is thus accepted as the final age
model for this ceramic assemblage.

While Table 9.11 presents the age ranges for each individual date in each model
phase, for ease of discussion central ages within each phase, that is, the most likely mid-
point of the age determination, are best visualised by graphically. Figure 9.6 illustrates
the calculation of the mid-point for Phase 1 using the weighted mean®’, producing a mid-
point date of 3363 Bc+44 years for the phase, which correlates well with the historical
absolute date of the late Predynastic, Naqada IIC/IID period of ¢.3500—¢.3200 Bc (Shaw
2000: 481). Figure 9.7 produces a CAM central age for Phase 2 of 3085 Bc£70 years,
which again is in good agreement with the radiocarbon age associated with Djer in the
most recent radiocarbon dating programme: 3130-3021 Bc, at 95.4% confidence (Dee
et al. 2013). While the radiocarbon dates included in this model were taken from Dee
et al. 2016, the final ages presented here vary slightly to Dee’s. This is because Dee’s
model was based solely upon the radiocarbon dates, whereas this project’s model also
includes the results of OSL dating, which will impact the modelled radiocarbon dates.
Additionally, due to an OSL age being also included in this plot, the CAM has again been
used to determine the central age of this data. This had an insignificant effect, with only
a 10-year difference between the CAM and the weighted mean.

Phase 3 examines a dating horizon which seems to mark the fire/burning event that
took place later in the history of the Tomb of Djer. Figure 9.8 illustrates the OxCal model
produced for the modal peak distribution of the most likely date for this fire event, and
is complimented by Figure 9.9 which gives the CAM date as 1307 Bc +205 years, which

correlates to the historical late 18th Dynasty, that is, the New Kingdom (Shaw 2000).

¢! Unlike the case of the Bét Khallaf material, for Phase 1 the weighted mean has been used to calculate
the mid-point, rather than the central age model (CAM). This is because Phase 1 consists entirely of
radiocarbon ages, not OSL ages. Phase 2 and 3, however, have been analysed using the CAM, as was
outlined in Section 5.4.
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OxCal v4.2.4 Bronk Ramsey (2013); r:5 IntCal13 atmospheric curve (Reimer et al 2013)
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Figure 9.5: OxCal multiphase model of the ceramic assemblage at Nagada, Ballas, and
the Tomb of Djer.
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Figure 9.6: Abanico plot illustrating the ages and central value (weighted mean, dashed
line) of Phase One, the Naqada IIC/IID vessels from Naqada and Ballas.

9.6 Discussion of results in relation to the ceramic

typology

Of the three phases determined through both radiocarbon and OSL measurement, the
first two phases are well corroborated within the archaeological relative chronology and
Phase 3 provides a new interpretation of the chronological history of the Tomb of Djer.

Phase 1 comprises two vessels only, which although from two different locations
(Nagada and Ballas), are similar in type, both belonging to Petrie’s W class, most com-

parable to type W41/W43 (Petrie 1921: Pl. XXIX; Hendrickx 2011: 70). This type is
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Figure 9.7: Abanico plot illustrating the central age model of Phase Two, the four vessels
dating to the reign of Djer.

firmly placed in the literature as belonging to the Naqada IIC/IID period (Hendrickx
2006; Hendrickx 2011; Kaiser 1957), although their size and wall profile would suggest
they belong to the later stage of this relative division, that is, Naqada IID (Hendrickx
2011: 70). There has been considerable debate in recent years over the internal chronol-
ogy of the late Naqada II period, and this has influenced discussion surrounding the
correct relative designation for this Wavy-Handled vessel type. Hendrickx began such a
debate by questioning Kaiser’s decision to impose a division between Stufe II and Stufe
III even though his own definition of the material culture included W41, W43 and W47

ware in both the last phase of Stufe II (Stufe I1d2) as well as in Stufe Illal (Kaiser 1957).
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Figure 9.8: OxCal model of the peak distribution of the most likely date for the firing
event at the Tomb of Djer.

Hendrickx felt that having this vessel type in both archaeological phases undermined
the legitimacy of dividing the boundary between the two phases at this point, and thus
determined that this vessel type belonged to the late Naqada II phase (Hendrickx 2006;
Hendrickx 2011). The subdivision of Nagada IID into sub-phases Naqada IID1 and IID2
(a system followed by both Kaiser and Hendrickx) has likewise recently come under
review. Evidence from the site of Adaima in Upper Egypt strongly suggests that this
division is not supported by the archaeological evidence, and that indeed the concept
of both Naqada IIC and Naqada IID as two distinct cultural phases is difficult to justify
based on the most recent archaeological evidence (Buchez 2007; Buchez 2011). This dis-
cussion is further complicated by recent radiocarbon results, which indicate on, the one
hand, that it is impossible to distinguish dates taken from material usually assigned a

Naqada IIIA1 date and those assigned to Naqada IID, but, on the other hand, it is possible
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Figure 9.9: Abanico plot illustrating the central age of Phase 3, the firing event within
the Tomb of Djer.

to distinguish between Naqada IIC and Naqgada IID (Dee et al. 2014).

Although essential in the understanding of the relative Naqada culture, the discus-
sion of whether Naqada IIC and IID are classified as distinct chronological phases, or
are eventually to be amalgamated into a single phase, is not critical to our discussion
of Phase 1 in the assemblage presented here. At this point in time, high chronological
precision in absolute dating cannot rival the fine-tuning possible by extensive relative
typological sequencing within the ceramic assemblage of the Naqada culture. This is
because not enough absolute dates currently exist for vessels from the Nagada IIC or

IID period and as such, a tight absolute chronology cannot assist in the debate as to
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whether a single phase or two distinct phases should be considered for the late Naqada
I period. What the radiocarbon evidence presented here for Phase 1 does show is that
the contents from these two vessels date to 3363 Bc 44 years, which falls well within
the date range given to the Naqgada Il period following the historical chronology of Shaw
2000 (3500-3200 Bc). However, this date is closer to the younger end of the historical
date range, possibly supporting morphological observations that these two vessels best
fit a Naqada IID date, rather than Naqada IIC. Additionally, radiocarbon/modelled dates
obtained recently on other late Naqada II material are also in good to reasonable agree-
ment with the four radiocarbon dates presented here (e.g. Bard 2003; Dee et al. 2013;
Hassan 1985; Mindant-Reynes and Sabatier 1999: 95; Savage 2001).

Of course, a date obtained from the contents of a vessel is not necessarily a date
for the vessel itself. It is here that an OSL date can assist in providing an independent
verification of the radiocarbon dates of associated material, if an OSL date is obtained
directly from the ceramic fabric itself. It is very unfortunate that, in this instance, the
OSL measurements on both vessels did not yield results and cannot be included in the
age determination for Phase 1. Thus, in theory, the residue/pot contents dated here by
radiocarbon could demonstrate the age of a secondary use event, if the vessels were
re-used at another point during history (Dee et al. 2016). However, given the excellent
agreement with the relative and historical ages for these two vessels, this is unlikely,
and furthermore, it would be difficult to determine such a slight age difference between
a vessel and its secondary use, if both events were in close proximity to one another,
without a significantly larger body of evidence for more fine-tuned absolute dates.

As already discussed, Phase 2 has a central age of 3085 BCc + 70 years. This date is is
good agreement with the published radiocarbon dates existing for the reign of Djer (i.e.
3130-3021 Bc, following Dee et al. 2013, cf. Dee et al. 2016), although it is slightly later
than the broad historical dates (c. 3500 — ¢. 3200 BC) assigned to this period by Shaw
2000, and older than the dates assigned by Hornung et al. 2006 (2870-2823 Bc). Phase 2

is represented by four vessels excavated from the Tomb of Djer, historically considered
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the third king of the First Dynasty. As a whole, the four vessels are often given the
designation ‘Abydos Ware’*?, owing to their being imported into Egypt (their origins
are generally assumed to be the southern Levant, although recent evidence suggests
Lebanon as another possible point of origin (Hartung et al. 2015)). The imports, while not
part of a tight relative typological sequence such as the Egyptian Wavy-Handled ware,
are still archaeologically attested to the Early Bronze II Phase in the Levant (Braun 2009:
27), and are somewhat frequent in royal contexts within the early dynasties (Wilkinson
1999: 158).

Of the four vessels, all four produced a radiocarbon date from the organic pot con-
tents. In contrast, the OSL was not successful on the ceramic fabric as only one sample
produced an OSL measurement, and the measurement on this sample was accompanied
by an extremely large error, that without the assistance of Bayesian modelling, would
have been difficult to interpret. It is unknown why these OSL samples were unsuccess-
ful, but, as already discussed, the success of an OSL date is very often attributable to
the quartz within the ceramic fabric. Not all quartz behaves in a manner conducive to
OSL dating. The reason for this is unknown, although it is assumed it has to do with an
as yet unquantified property of the quartz crystal lattice structure, and the depositional
and sedimentological history of present quartz sources (e.g. Duller 2004; Pietsch et al.
2008; Preusser et al. 2006; Sawakuchi et al. 2011). It is very likely that the clay of the
Djer vessels is made of a raw clay fabric which contains very different quartz to oth-
ers examined throughout this project. This is probably owing to their being imported
wares. However, of the four vessels in Djer’s tomb, this author believes that only two
are imported wares. AN1896-1908 E. 4034 and E. 3158 have very clear morphological
traits which are readily identified as imported styles that vary significantly from the lo-

cal Egyptian assemblage: the flat base, and lug handles. Given than the vessels are so

%> The term ‘Abydos Ware’ is a misleading one, which recently has been much debated. The origin
of this term comes from the fact that many of the royal tombs of the First Dynasty at Abydos contain
these imported wares (Wilkinson 1999: 158). However, criticism of the term arises from the fact that
it is essentially an uninformative umbrella term used for any non-Egyptian ceramics found during the
Early Dynastic Period, probably imported from the north-east Levant/Syrio-Palestine region (Braun 2009:
27-28; Braun 2011: 977-978; Hartung et al. 2015: 295).
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badly burnt, it is not possible to visually examine the clay fabric, but further evidence
of their being imports can be obtained through observation of their concentrations of U
and Th radionuclides: as can be seen in Table 9.3, the concentration of Th in both vessels
(samples X5476 and X5477) is significantly higher than the known Egyptian samples (cf.
Appendix A). Likewise, the concentrations of U are significantly lower. Such significant
discrepancies within the elemental breakdown of a clay source indicate that the clay
source is not likely to be from the same locality.

Indeed, the two imported vessels discussed in this thesis display very different ele-
mental concentrations compared to the Egyptian assemblage, as seen in Table 9.3 and
presented briefly in Appendix A. While these two vessels are clearly imported wares,
in contrast, the other two vessels in the Tomb of Djer (X5478 and X5479)—although at-
tributed variously as imported wares by Petrie (Petrie 1901b: Pl. VIII), and as Nile silt
vessels in the original museum acquisition records—are morphologically much more
Egyptian in nature. They have a rounded base, and although not intact, they are similar
to Petrie’s Late Ware L37 (Pers. Comm. E.C. Kéhler, 2015). It is possible, however, and
the belief of this author, that these vessels (which are identical to one another, probably
made from the same source material and even by the same potter/workshop, given their
comparable morphology and contents), might be made of marl clay. This is supported
by the preliminary ICP-MS data (see Appendix A). It is again not possible to confirm this
at this stage as these vessels were so badly burnt that no reliable visual analysis could
be carried out, although examination of the drilled sample indicated that the fabric was
more likely a marl than a Nile clay.

Phase 3, although chronologically distinct, is, in contrast to Phases 1 and 2, not based
on the ceramic typology. As already discussed, the dates within this phase also come
from the pot contents of the vessels from the Tomb of Djer, but are determined using OSL
rather than radiocarbon dating, and are very different to the corresponding radiocarbon
ages. This is because the radiocarbon age is dating the death of the organic material

contained within the residue in the pots whereas the OSL age is dating the last resetting
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of the OSL signal within the residues; this last resetting is in all probability a secondary
burning event. That the vessels were severely burned in a secondary event (that is, af-
ter their initial manufacture date) is evident through the blackened colour encasing the
vessels (Adams and Porat 1996: 106; Petrie 1901b: 8-9). It is also supported by further
archaeological evidence which has led scholars since the days of Petrie to discuss a fire
event which occurred in the tomb. The date of this fire has previously been based upon
speculation only, although the most commonly held hypothesis is that the fire predates
the Middle Kingdom and possibly dates to the First Intermediate Period. It has been as-
sumed that a burning event in the tomb would have predated the archaeological evidence
that suggests that the tomb underwent restoration in the Middle Kingdom (evidence for
this exists in both the Tombs of Djer and Den) as the recovered material culture from
the Middle Kingdom onwards shows no signs of having been burnt. Furthermore, the
staircase that covered the north-west chamber where these vessels were found was con-
sidered to have been built around the same time (Dreyer et al. 2003; Dreyer 2010; Dreyer
et al. 2013; Effland and Effland 2006; Miiller 2004; Petrie 1901b: 8-9). A First Interme-
diate Period date for the burning is traditionally conjectured on the basis that the First
Intermediate Period is a period in history when Egypt saw political strife and upheaval,
and this might act as an explanation for why a tomb of a (then ancient) king was burned.
This argument is speculative at best: there is much archaeological evidence that
now suggests that the First Intermediate Period was not a time of significant political or
economic strife, but rather that the archaeological changes seen in material culture and
central organisation come from a time of decentralised power and more local epicentres
of culture and authority, rather than significant, country-wide political disruption.
Richards (who also quotes G. Dreyer) offers the explanation that the Teachings for
Merikare—a text written in the Middle Kingdom, but in the voice of a First Intermediate
Period king—might refer to the burning of the Early Dynastic and Old Kingdom tombs
at Abydos, and this includes the Tomb of Djer (Richards 2002: 100). The text states that

‘Egypt will fight in the necropolis, destroying tomb-chambers in a destruction of deeds
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... avile deed happened in my time; the nome of Thinis was destroyed. It happened... I
knew of it only after it was done’ (translation: Parkinson 1997: 221-222, 225). However,
this explanation, although plausible, remains circumstantial: there is no archaeological
evidence that links this text to a First Intermediate Period date, and textual evidence can
be a poor proxy for scientifically or archaeologically determined dating criteria.

Furthermore, we must remember that archaeological activity at the Tomb of Djer
was common throughout much of Egyptian history, from the initial burial of Djer, to the
Egyptian Middle and New Kingdoms, and the Late Period, throughout which the Tomb
of Djer was considered as the Tomb of Osiris by the ancient Egyptians. In essence, the
date of the fire event that blackened much of the Tomb of Djer, and presumably these
four vessels as well, is still open to conjecture and interpretation.

The OSL dates obtained in Phase 3 from the pot contents all systematically point to
a burning event in a much later phase of Egyptian history than the First Intermediate
Period or the Early Dynastic Period. The CAM date for this phase is 1307 Bc +205 years.
Although the date range on this age is broad, the resulting age range of 1512-1102 BcC is
not consistent with a date prior to the Middle Kingdom. In fact, it is entirely in keeping
with a New Kingdom date, with the central age favouring a late 18th Dynasty date, based
on Shaw 2000’s chronology. If we consider the Bayesian model rather than the CAM,
the boundary start age at 95% probability is 2583-1053 Bc and it is 1994-1281 BcC at 68%
probability, with the mean age for this boundary sitting at 1731 Bc £ 383 years (see
Table 9.11). So while this does allow an earlier date to be possible (i.e. 2583 Bc at the
earliest—4th Dynasty according to Shaw 2000), it renders it highly unlikely.

Phase 3 presents us with the first empirically based evidence for the date of the
fire in the Tomb of Djer, and this contributes significantly to our understanding of the
depositional history of the tomb. The central age of 1307 Bc £ 205 years contradicts
the preconception that the fire occurred during the First Intermediate Period or at least
prior to the Middle Kingdom, and rather suggests a New Kingdom date.

Although these results are both exciting and promising, there is still the need to exer-
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cise caution in their interpretation. This phase is based only on six dates, and the spread
in the OSL age estimates is significant, although they are improved by the Bayesian
modelling. The six dates cluster well around the New Kingdom but more confidence
in these results would be achievable using additional measurements from other vessels
from the tomb, and, if available, from the mudbrick walls of the tomb itself. This would
provide a more robust dating programme. Furthermore, an assumption of the mudbrick
composition was necessary in using DosiVox modelling for this assemblage, since no
chemical or elemental breakdown was available for a mudbrick from the Tomb of Djer
(or indeed any chronologically or regionally comparable mudbrick) within the literature
(and no sample was available for analysis as it is likely that no mudbricks from this tomb
exist in museum collections outside Egypt). The chemical composition and density of
the mudbrick chamber structure in the DosiVox model was based therefore on the as-
sumption that the mudbrick would be very similar in composition to Nile silt clay from
the region, which could be deduced from the Bét Khallaf assemblage. This assumption is
a valid one, and examination of the DosiVox assumptions from the Bét Khallaf assem-
blage suggests that the difference would not be significant when considered in relation
to the errors already associated with the OSL data (see Section 5.3.6). However, to im-
prove even further and to ensure an even more precise dating programme, it would be
ideal to have additional and more accurate information in the future for the mudbricks
in the Tomb of Djer, if any should ever become available for analysis.

Finally it is essential to also work with the archaeology alongside the absolute dates.
Archaeologically speaking, it makes very good sense to attribute the burning event to
before the Middle Kingdom, given that no material culture recovered in the tomb from
this period onwards displays evidence of being burnt. It may be that the burning event
we are dating, that is, in the north-west corner of the tomb, in Chamber 30, was a lo-
calised event, and does not relate to the wider tomb burning. Though there are many
possible causes of a localised burning, at this stage they are all pure conjecture. Nonethe-

less, localised burning must still be noted as a possibility and would help explain why
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earlier material elsewhere in the tomb was not also burnt. Therefore, without corrobo-
rative OSL dates from across the tomb, it is possible that the fire event in this chamber
is not a representative date for a larger-scale fire event for the tomb as a whole. A more
comprehensive OSL dating programme would allow these questions to be considered
further.

It is also essential to re-stress that the OSL date measured in a sample records the last
firing event of the vessel. The first firing event, which gives rise to the first OSL signal, in
the case of pottery, is the date of manufacture (i.e. the firing of the vessel). However, any
subsequent, significant heating event will again reset the OSL signal and the radiometric
clock will be reset to zero. Theoretically, there is no limit to the number of times a vessel
can be fired. But the OSL signal measured in the laboratory will be the last of such
events. Thus, it is possible that the Tomb of Djer was set on fire several times throughout
Egyptian history, and that the late New Kingdom is simply the last time such an event
occurred. Indeed, it may be that the blackened walls visible sporadically throughout
the tomb represent a tertiary firing, that is, that the secondary firing simply caused the
mudbricks to fire to their current red colour, but that a subsequent, tertiary firing event
caused the now red bricks (and at the same time, the ceramic vessels observed here) to

blacken further. Further investigation is required.

9.7 'The benefits of using OSL and radiocarbon dating
in tandem

The six vessel assemblage discussed in this chapter has clearly demonstrated the signif-
icant benefits of applying a combination of chronometric dating techniques to a single
artefact or assemblage. The combination of radiocarbon and OSL dating on this assem-
blage of six vessels from the Ashmolean Museum demonstrates how individually these
techniques can only tell part of the story, but together they can go even further.

The most obvious benefit is that not all samples are conducive to all chronometric
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dating techniques. For example, one vessel in this assemblage (1896-1908 E.3158/X5477)
failed to produce a radiocarbon date as the contents of the vessel did not contain re-
trievable organic material, but was instead minerogenic in nature. Although failing to
produce a radiocarbon result, the minerogenic nature of this material meant that it was
suitable for OSL dating. Thus, by using both techniques, additional information was
yielded by these artefacts. The date of a third phase (depositional event) was deduced
using the OSL results: specifically the date of a fire event within the Tomb of Djer. So
while the OSL date could not be used as an independent verification for the radiocar-
bon date in this instance, additional archaeological information was determined through
OSL which might otherwise have remained unknown. Similarly, as for the two vessels
in Phase 1, OSL dating could not be carried out on the ceramic material or vessel con-
tents (again, most likely due to the nature of the quartz, but, additionally in the case of
AN1895.525, because the pot contents yielded no mineral material and was found to be
composed of a fatty material only). Thus, while no OSL date was achievable for Phase 1,
the phase could still be defined through radiocarbon dating alone, where four measure-
ments were carried out upon two samples using two different pretreatment protocols
(Dee et al. 2016).

It is perhaps Phase 3 that best illustrates the benefits of using a multi-method dating
programme. By using radiocarbon dating alone (albeit in conjunction with the rela-
tive ceramic typology), a date is achievable for the most likely original use-event for
this assemblage, based upon the dating of the contents. However, the OSL results pro-
vide another chapter in the story, by dating the additional tomb firing event, which was
known to have occurred, based on additional archaeological evidence, but which had
not yet been dated by independent, empirical means. Thus, once again this assemblage
has illustrated the scope achievable for complex depositional histories, which may oth-
erwise have continued to be based upon theoretical speculation, rather than scientific

analysis.
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9.8 Future directions

These results from the Tomb of Djer present an exciting new step for scientific inves-
tigation of Predynastic and Early Dynastic Egyptian material and this project clearly
demonstrates the untapped potential of applying a suite of scientific analyses to archae-
ological assemblages held in museum collections.

However, this research could be further improved upon in order to ensure more ro-
bustness within the data set. At present, the Tomb of Djer is only represented here by
four vessels. However, more vessels from this context are held within museum collec-
tions and it is possible that permission may be granted for further OSL and radiocarbon
analysis, particularly considering the initial success of the findings presented here. In-
deed, curators at the Ashmolean Museum have already expressed their interest in con-
tinuing with this project (Pers. Comm. L. McNamara, 2015). It is thought that at least 10
additional vessels may be available for further analysis, which would more than double
the current data set. With an increased set of results, the modelling of this assemblage
would be more fine-tuned and produce results which had an even higher confidence
level.

As already mentioned above, a necessary assumption was made in the DosiVox
modelling of the mudbrick walls within the Tomb of Djer. Although this assumption
is unlikely to affect the dating results significantly, it would be best practice to confirm
this by obtaining a compositional and elemental analysis of a mudbrick from the Tomb
of Djer. How possible this will be in the future is uncertain: initial enquiries have indi-
cated that it is likely that no mudbricks from the tomb were removed from Egypt prior
to the exportation ban on antiquities in 1983. Thus it may be impossible to carry out the
measurements required on a short-term timescale. Of course, in the future, the antiqui-
ties law may become less strict for cases of scientific analysis that cannot be carried out
in Egypt, but that remains unpromising at this stage.

It must also be acknowledged that the ceramic material of the ‘Abydos Ware’ and

the two vessels from Naqada and Ballas were made of ceramic fabrics which were only
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partially conducive to OSL dating: as can be seen above, several OSL analyses failed.
Again, it would be beneficial here to perhaps develop a pre-sampling screening method
that would allow us to test the sensitivity of the quartz prior to sample extraction in
order to prevent samples from being drilled from vessels which are unlikely to produce
tangible results.

In conclusion, this chapter has demonstrated the benefits of subjecting ceramic data
sets to multiple chronometric dating techniques. This chapter thus advocates such an
approach to the study of all Egyptian ceramic assemblages, not just the example pre-
sented here. Although there are future steps that must be taken to ensure the continued
improvement of the study of this particular data set, this study has enabled new, and
previously unknown, data to be determined for this data set, particularly in the case of
the Tomb of Djer. It is hoped that this project will be seen as one which has contributed

significantly to the understanding of this area of Egyptian history.
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CHAPTER 10

Concluding remarks

10.1 Summary of findings

The current restrictions placed on the scientific analysis of ancient Egyptian material
have meant that since its inception, OSL dating has been of limited use in Egyptian
archaeology. Owing to the ban on the exportation of archaeological material from the
country, in combination with the large sample sizes historically needed from museum
specimens, this has meant that while other disciplines have benefited from what OSL
dating can bring to their field, Egyptology has had to do without it. It is hoped, however,
that this thesis has clearly demonstrated that this need no longer be the case, and that the
time is ripe for reintroducing OSL dating as a viable and productive avenue of enquiry
for Egyptian ceramic studies.

This thesis, which has focused on the ceramic assemblage of the Naqada III period,
has shown that through application of the minimum extract technique (MET), OSL dat-
ing can now be more sensitively carried out upon museum specimens, requiring only a
small quantity of sample material and causing only minimal damage to the sampled ves-
sel. The main body of ceramic material examined by this thesis was from the site of Bét
Khallaf, and, as laid out in Chapters 5 and 6, the OSL work carried out upon the 24 ves-
sels (housed in the Penn Museum, the Ashmolean Museum, and the Garstang Museum)

illustrated that OSL dating (using the MET sampling protocol) of Egyptian material was
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not only possible, but undeniably beneficial to the study of the late Nagada III ceramic as-
semblage. Indeed, this thesis presents the first OSL dates obtained for ancient Egyptian
ceramic material. Although we cannot yet hope to achieve high chronological precision
(this is currently hampered by having to reconstruct much of the dose rate and by a
restricted data set), the OSL date for the main ceramic phase at Bét Khallaf was in good
agreement with corresponding radiocarbon measurements, and additionally, although
we could not confidently distinguish between Hornung et al’s ‘low’ or Shaw’s ‘high’
chronologies (while favouring the latter slightly), the OSL results were consistent with
the historical absolute dating regimes within error, producing a date range of 2622 Bc
+ 128 years. Thus, these results provide another, independent means of verification for
the beginning of the Third Dynasty of Ancient Egypt. The OSL dating programme was
also able to offer valuable insight into a multiphase archaeological record at Bét Khal-
laf. In addition to the original late Naqada III/early Old Kingdom activity at the tombs,
the cemetery of Bét Khallaf also witnessed additional archaeological activity in the late
First Intermediate Period and the medieval Islamic period. Through OSL dating, used
in conjunction with existing ceramic typology, it was demonstrated that the ceramic
assemblage recovered by Garstang was not solely Early Dynastic in nature, but rather
came from several additional periods of activity. This has allowed us to re-evaluate the
inclusion of at least one vessel (X5470) in Petrie’s Early Dynastic corpus (Petrie et al.
1953) and it further demonstrates the power of OSL as a dating tool to discern different
periods of occupation at a single site.

This thesis has also endeavoured to illustrate how the application of a multidisci-
plinary approach to the study of Egyptian ceramic material can assist in achieving a
more detailed and thorough understanding of this material. OSL dating, while of bene-
fit when used independently, can achieve more informative results when used alongside
other methods. Accordingly, it should not be considered a stand-alone technique, but
rather a single item in a toolbox of analytical techniques available to the archaeolo-

gist. Thus, the Bét Khallaf OSL results were improved significantly by the application of
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Bayesian modelling. Additionally, the introduction of cladistic analysis to the Early Dy-
nastic data set, recounted in Chapter 7, although still a ‘work-in-progress’, illustrates the
degree of additional information that can be gleaned from borrowing a technique tradi-
tionally used in another discipline (in this case the biological sciences) and applying it to
ceramic data sets. Indeed, this technique, of which this project is the first application to
an Egyptian data set, has the potential to allow us to fine-tune our understanding of ce-
ramic development, and in the case of the beer jars, we have already begun to ascertain
variations in the ceramic assemblage (i.e the lentoid-based vessels), which were not pre-
viously identified, and which may lead to a detailed discussion on ceramic provenance
and manufacture, and regional variations.

OSL dating has also been shown to lend itself to relative dating, in cases where the
required information for achieving an absolute OSL date is not forthcoming (that is,
when the environmental dose rate cannot be determined). In Chapter 8, the Turah data
set provided a proof of concept for using OSL as a relative dating tool, and this could
be of use to many museum assemblages for which no external dose rate information is
achievable.

This thesis has also demonstrated the benefits of using OSL alongside other forms
of scientific dating. We saw in Chapter 9 how by subjecting a single data set to both
OSL dating and radiocarbon dating, each technique was able to provide insight into
the history of the vessels that the other could not: radiocarbon dating provided an age
for the original use of the vessel, whereas OSL dating was able to shed light upon a
previously undated burning event in the Tomb of Djer. Although earlier scholarship
had discussed this event as being during the First Intermediate Period, the OSL results
pointed towards a New Kingdom date, that is, significantly later than originally thought.
It is evident in the case of this assemblage at the least that a more complete and complex
archaeological history of a data set can be ascertained by using OSL and radiocarbon
dating in tandem. Similarly, this chapter also demonstrated the future potential of the

application of GC-MS analysis to the study of pot contents and residues to help shed
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light on the use history of the vessels.

10.2 Future priorities and directions

In concluding a large body of work, it is essential to discuss the future potential of the
research and directions which further research could take. In many ways, this thesis
has uncovered more questions than it has answered, offering insight into a multitude of
new research avenues, all of which would be of ongoing benefit to the study of Egyptian
ceramics.

Perhaps the most pressing priority of future research is to clearly demonstrate to a
wider audience the significant benefits that the application of OSL dating can lend to
the study of Egyptian ceramics. As was noted at the beginning of this thesis, the last
mention of OSL dating in Egyptology was by Goedicke (Goedicke 2006), where a dis-
missive summary of the technique was presented with an air of finality as to its (lack
of) usefulness to Egyptian archaeology. There remains today a dubiousness associated
with luminescence dating of Egyptian material, as well as a near-constant confusion
surrounding the differences between OSL dating and thermoluminescence dating. It is
essential to begin to change this misconception, and to establish a new dialogue, dissem-
inating the usefulness of OSL to future studies. While it is unlikely that the antiquities
law of Egypt will change in the near future, it remains crucial to promote the ability to
work with museum material and illustrate clearly the benefits of doing so.

Beyond the specific case of luminescence dating, there has traditionally existed a
general lack of communication between Egyptologists and archaeological scientists,
which has been of benefit to no one—indeed, in many ways it has been detrimental
to the discipline. This has recently begun to change, although it still requires work on
both sides (and the works discussed throughout this thesis do provide exceptions to such
a general statement, particularly the works of Bourriau, Dee and Bronk Ramsey, Kohler,
Nicholson, and Shortland). For their part, more Egyptian archaeologists should be will-

ing to engage in discussions to ensure they are aware of the variety of options available
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to them and their material, and be willing to enhance their field research with museum
studies in which scientific analyses can be carried out. The archaeological scientists
likewise should be willing to accept that the results of scientific analysis are essentially
meaningless unless carried out alongside stringent and informed archaeological research
of a more traditional nature. Cooperation and a willingness to engage on both sides can
only be of benefit to the future of Egyptology. Manning wrote of this situation, alle-
gorising Jane Austen’s Pride and Prejudice that ‘this failure to get along has a veritable
history of nearly six decades! The fault of pride could undeniably be placed at the door
of the scientists; look at much literature, and the fault of prejudice could be suggested
when reading some publications by archaeologists’ (Manning 2010: 11).

To continue this train of thought, it should also be discussed more frequently that
a multidisciplinary approach to a particular field of study is likely to bring significant
progress to scholarship in that field. Therefore, communication once again is vital and a
dialogue must exist that can inform practitioners as to the techniques available to them
and their research. It is also important for individual researchers to acknowledge that
a multidisciplinary approach requires a cross-collaboration with many experts across
several fields. The complexity and level of knowledge required for an individual to be
considered an expert in a single field means that a single researcher (archaeologist or
archaeological scientist) cannot achieve everything on their own. The future of Egyp-
tian archaeological enquiry should lie in collaborations which seek to obtain as much
information as possible from a data set, and engaging with a multitude of researchers,
each of whom can bring to a project something of benefit.

Given that the application of OSL dating is now possible for museum materials, the
present author feels strongly that current fieldwork should be complimented by museum
research and analysis. The natural progression of this project is to improve upon the
results presented here by expanding the data sets presented in this thesis and eventually
achieving a higher degree of precision in OSL dating on museum materials. For the Bét

Khallaf assemblage, it is hoped that the remainder of the assemblage can be located and
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analysed. It is also hoped that the Bét Khallaf data will be complemented by additional
ceramic material from other sites (which are typologically comparable to the Bét Khallaf
material) so that the dating programme for late Naqada III ceramics could be extended.
Furthermore, the application of OSL dating to museum material need not be limited
to the Naqada III period. Indeed, many ceramic typologies from across Egypt would
benefit from OSL dating of their assemblages and it is likely that such research would
lead to chronological questions being resolved. Similarly, the scope of relative dating
using OSL dating could be improved by an increased data set from Turah, and again,
other ceramic assemblages from Egypt could benefit from relative dating, even when an
absolute dating programme cannot be carried out in full.

This thesis has also clearly demonstrated the exciting possibilities that the applica-
tion of cladistic analysis offers to a multidisciplinary approach to the study of Egyptian
ceramics. It is hoped that future work in cladistics will be expanded to included larger,
more comprehensive datasets. In turn, this will allow the evolutionary relationship be-
tween types in a ceramic assemblage to be more fully established, with further, direct
comparisons able to be made between the known archaeological record and the result-
ing cladograms. The use of cladistics is of significant benefit to the study of Egyptian
ceramics as it provides archaeologists with a way to fine-tune and correctly ascertain
the nuances of change in ceramic morphology which are not always directly discernible
through visual analysis alone. It provides a way of assessing, computationally, a sig-
nificant quantity of data throughout which there is much variation, and as the ceramic
record in Egypt is so substantial, cladistics as an additional method of analysing the data
will be a welcomed addition to the field.

With regard to chemical analysis, as seen in Appendix A and Appendix B, this the-
sis was only able to begin to demonstrate the potential power of ICP-MS analysis in
the provenancing of raw clay materials, and of GC-MS analysis in the study of the use
history of ceramics during the Naqada Il period. However, plans are already laid to con-

tinue this project and the first steps taken will be to extend the scope of current analyses
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upon the data set used in this thesis. It is intended to carry out a full elemental analysis
of the ceramic fabric using ICP-MS, and thus extend the discussion of the concentrations
of U, Th, and K to include all detectable elements, and then to subject the pot contents
from Abydos, Naqada, and Ballas vessels to GC-C-IRMS analysis.

Although there is still much work to be done, and there is a long way to go in un-
veiling all the secrets Egyptian ceramics have to offer, the multidisciplinary approach
to the study of ancient Egyptian ceramics has a bright and promising future. This the-
sis, within its limitations, has shown what it is possible to achieve when engaging in
a multidisciplinary analysis of ceramic material, and has demonstrated the benefits of
using traditional and modern scientific methods in combination. It is hoped that this
research will pave the way for further studies and that, in turn, the application of OSL
dating in conjunction with multidisciplinary studies of ceramic material will lead to a

more informed understanding of ceramic history, use, and chronology.
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Glossary, Acronyms and Selected Symbols

D, (alpha dose rate) is the dose a sample receives from alpha radiation.

D (dose rate) is the total amount of radiation that an OSL sample has been exposed to

since depostion. This is comprised of Dem, Dmt and the DCOS.

Dﬁ (beta dose rate) is the dose a sample receives from alpha radiation.

D.ys (cosmic dose rate) is the rate at which an OSL sample has received a radiation

dose from naturally occurring cosmic rays within the atmosphere.

Dot (external dose rate) is the rate at which an OSL sample has received a radiation

dose from its external environment.
D, (gamma dose rate) is the dose a sample receives from gamma radiation.

Dint (internal dose rate) is the rate at which an OSL sample has received a radiation

dose from itself (internally).

D, (equivalent dose rate) is the amount of radiation an OSL sample has received since

it was deposited.

Autapomorphies is a classification based upon overall similarity rather than evolu-

tionary relationships.

Bootstrapping is a heuristic tool for testing robustness of a data set based on random

sampling with substitution.

C.I. (consistency index) is a measure of fit which shows homology due to shared ances-
try (i.e. there is one evolutionary pattern and characters do not appear more than

once).

Cladistics is anapproach to classification developed for biological sciences, based upon
shared derived characters. Originally used for organism classification it can be

used in archaeology for artefact classification.
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Cladogram is a branching hierarchical tree resulting from cladistic analysis.

GC-C-IRMS (gas chromatography-combustion-isotope ratio mass spectrometry) is
similar to GC-MS, but is a gas chromatograph with an isotope ratio mass spec-
trometer. This technique can produce more sensitive analyses and better detection
levels than GC-MS.

GC-MS (gas chromatography — mass spectrometry) is a technique used to determine

the chemical composition of an organic sample.

Gy (grays) is the international unit for absorbed radiation.

ICP-MS (inductively-coupled plasma — mass spectrometry) is a technique used to de-

termine the elemental composition of a sample

Ingroup is all other data (i.e. taxa/vessels) used in the cladistic analysis which are not

part of the outgroup.

LA-ICP-MS (laser ablation inductively-coupled plasma mass spectrometry) is an ana-
lytical technique that is used to determine elemental composition of a sample, but

can be used on solid samples.

Monophyly occurs when all taxa are descendant from the ancestral form and all de-

scendant taxa form a group.

ORAU is the Oxford Radiocarbon Accelerator Unit, University of Oxford.

OSL (optically stimulated luminescence dating) is a chronometric dating technique
which exploits the natural emission of light from certain minerogenic materials
(e.g. quartz), which occurs when the mineral is exposed to certain light frequen-

cies
OUES is the Department of Earth Sciences, University of Oxford.

Outgroup is an organism (type of vessel) which defines the ancestral and derived char-

acter states within the ingroup.

Paraphyly occurs when all taxa are descendant from the ancestral form but not all taxa

are found in final group.

Parsimony is a principal which states that, all things being equal, the simplest hypoth-

esis should be accepted.
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Phenetics is a classification based upon overall similarity rather than evolutionary re-

lationships.

Phylogeny is the evolutionary relationship of a group of organisms based on observed

evolutionary, hierarchical traits

R.I. (retention index) is a measure of robustness which indicates phylogenetic, rather

than ethnogenetic processes have taken place.

RLAHA is the Research Laboratory for Archaeology and the History of Art, University
of Oxford.

SAR (single aliquot regenerative-dose protocol) is a commonly used set of laboratory

measurements used to measure the D, for an aliquot of an OSL sample.

SD (sequence date) is a numerical system devised by Petrie which places the ceramics

of the Pre- and Early Dynastic periods of Egypt into a typological sequence.

Symplesiomorphies is an ancestral feature retained within the ingroup of a cladistic

analysis.

Synapomorphic is a character present in an ancestral form and shared with descen-

dants.

TL is thermoluminescence — as for OSL, but the light is emitted from a crystal when

heated, rather than when exposed to light.
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APPENDIX A

ICP-MS analysis of the ceramic samples

During this project, an additional analytical method, inductively coupled plasma mass
spectrometry (ICP-MS), which was a by-product of the OSL measurements, yielded in-
teresting preliminary results, which, although not central to the original project design,
still warrant brief disclosure, as they add to the goal of advocating a multidisciplinary
approach to the study of Egyptian ceramics put forward in this thesis. The benefit of
examining ICP-MS results on clay fabrics is that they can lend themselves to clay prove-
nancing studies.

As is discussed in Section 5.3.3, the quantification of radioisotopes present in the
ceramic fabric of the vessel being subjected to OSL dating is essential in order to ac-
curately determine the internal dose rate and hence age of a vessel. Of specific impor-
tance to OSL dating is the determination of the quantities of uranium (U), thorium (Th),
and potassium (K) present and this is generally achieved by inductively coupled plasma
mass spectrometry (ICP-MS). ICP-MS is a method for determining the concentrations
of a suite of trace elements within an inorganic sample, and detects elements down to
parts per billion (and sometimes even parts per trillion) levels (Pollard et al. 2007: 195).
Although ICP-MS analysis can use either laser ablation or solution analysis to introduce
the sample into the plasma, solution analysis (preparation using acid digestion), is the
most commonly employed (Pollard et al. 2007: 197), and was how the majority of ICP-
MS analyses were carried out upon the samples presented in this thesis (a description of
the ICP-MS preparation and sampling for work carried out during this project is given
in Section 5.3.3). This analysis was carried out by the Department of Earth Sciences,
University of Oxford. It should be noted that, in addition to ICP-MS, neutron activation
analysis (NAA), x-ray diffraction (XRF), and, to a lesser extent, ICP-OES(AES) (optical
emissions spectroscopy/atomic emission spectroscopy), can be used for quantifying el-
emental concentrations within a sample, but ICP-MS is now considered the industry

standard and choice protocol for such work (Pollard et al. 2007: 195). Furthermore, on a
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A. ICP-MS analysis of the ceramic samples

more practical level, the quantity of sample required for ICP-MS is significantly smaller
than what is required for NAA, which is of pivotal importance when dealing with mu-
seum material.

Although ICP-MS analysis (or similar techniques such as neutron activation analy-
sis (NAA) or x-ray diffraction (XRF)) has long been used as a clay provenancing tool in
archaeology and in Egyptian archaeology (see discussion below), for the purpose of this
project it was initially only to be used as an age calculation tool for OSL dating. In gen-
eral, the quantity of material used for an ICP-MS sample in conjunction with a standard
pottery OSL sample is sufficient to produce a comprehensive elemental analysis of the
ceramic material. However, due to the incredibly small quantities of sample obtained
for the MET, and the need to calibrate the ICP-MS machinery correctly in order to get
the best precision for determining the quantities of U, Th and K, it was only possible to
do a specific analysis of these three elements. As a result, a comprehensive elemental
analysis was not achieved for the majority of samples.®

It was initially expected that the ICP-MS results would only contribute to the OSL
data, owing to our inability to do a full elemental analysis. This was of course regrettable
(but necessary) as a full elemental analysis of a large number of ceramic vessels would
have led to a better understanding of the patterns of trace element concentrations found
within the material, which in turn has the potential to shed light upon the origin of clay
sources and thus the possible provenance of certain types, wares, and individual ves-
sels. However, it was encouraging to see that even with only three elements quantified
(one major/minor element (potassium) and two trace elements (uranium and thorium)),
some patterns emerged within the data set presented here. Nonetheless, it is necessary
to clearly state that these three elements can offer very limited insight into clay prove-
nancing, particularly given that the presence of uranium can often be more indicative of
ground water movement than provenance. In further studies, it would be necessary to
focus upon characterisation of other occurring minor and trace elements within the sam-
ples, to assist in further discussing potential clay sources. In particular, minor elements
examined in clay provenancing studies tend to be calcium, iron, potassium, titanium,

magnesium, manganese, sodium, chromium, and nickel; and trace elements of interest

¢ This was not so much to do with lack of material as with the cost involved with specifically calibrat-
ing the machine to detect such small quantities in such small concentrations. It was already necessary to
run two sets of samples, one looking solely at K and the other at both Th and U. They could not be run
together based on the significant variation between the concentrations of these elements: for accurate
concentration determination they had to be done separately. To have introduced additional elements into
the analysis would have required far greater machine time than funding that was available for the project,
and so it was decided to limit the elemental analysis to U, Th, and K as these were the three elements re-
quired to finalise the OSL dates. However, additional material solution is left over from these analyses
which can be used in future studies to assess other informative trace elements within the samples (see
below for further details).
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A. ICP-MS analysis of the ceramic samples

include caesium, rubidium, vanadium, uranium, tantalum, scandium, lithium, gold, sele-
nium, antimony, strontium, cobalt, and thorium (to name only the most common) (Rice
2005: 390; Kilikoglou et al. 1988). Any such study would be further strengthened by
identifying a range of potential natural clay sources existing in the expected regions of
production, should such information be available and obtainable (Kilikoglou et al. 1988).

The samples subjected to ICP-MS analysis in this project were those same samples
subjected to OSL analysis, so ICP-MS values for #**U, #**Th, and *’K are available for
each of the samples from Bét Khallaf, Turah, Abydos (Tomb of Djer), Naqada, and Bal-
las. As already discussed, the analyses were carried out by the Department of Earth
Sciences, University of Oxford.** From a provenancing perspective, examination of the

three elements obtained in this study is of limited usefulness.

Table A.1: ICP-MS data from Egyptian samples.

ID | U|Th| K || ID |U| Th | K

X4113(1.34(5.20|1.19| | X5477|1.93|10.57|1.00
X4114|1.03/4.3210.98| | X5478|3.46| 8.75 |0.85
X4115(1.45|5.83|1.26| | X5479(3.20| 7.99 |1.00
X4116(1.99(7.30|0.98 | | X5482|1.95| 6.51 |1.18
X4117(1.85|7.50|1.25| | X5484|1.89| 5.62 |1.22
X5458|1.81/6.70]0.97 | | X5486 |3.68|10.45|0.65
X5459(2.45|7.69|1.01| | X5488|2.29| 8.51 |0.89
X5461|1.31|5.56|1.51| |X5489|2.06| 7.61 |1.25
X5462(1.19(4.90|1.32| | X5490|2.15| 7.82 |0.98
X5463|1.24|5.95|1.45| | X4120|2.18| 6.78 [0.93
X5464|1.27|5.78|1.33 | | X5466|3.78|17.58|1.59
X5465(1.70|7.06|1.41 | | X5469|2.26| 7.87 |1.19
X5467(1.15(5.63|1.48 | | X5471|1.34| 5.82 |1.76
X5468|1.88|6.95|1.04 | | X5474|3.75| 8.15 |0.87
X5470(1.14|6.05|1.27 | | X5476|3.39|14.19|1.21
X5472(1.43|5.15|1.37 | | X5483|1.48| 4.81 |1.16
X5473(1.77|5.64|1.22 | | X5485|1.55| 5.86 |2.09
X5475(4.21/9.03|1.08| | X5487|2.04| 7.22 |0.95

¢* It is necessary to note here again, that the samples X4112, X4118, X4119 and X5460 were analysed
by a commercial company who were unable to complete additional analyses on the ceramic material as
they were not confident in the results due to the small sample sizes.

295



A. ICP-MS analysis of the ceramic samples

Nevertheless, based on the observations of concentrations of U, Th, and K, it was
possible to produce a hierarchical cluster analysis based on principle components (Fig-
ure A.1), which showed a relationship between the isotopic concentrations present in
each sample and the visual clay analysis carried out for each sample, that is, that an ob-
servable correlation existed between clay types (as discussed in the captions for Figure
A.1). Although these preliminary observations are interesting, it would be unwise to
make any further statements regarding their potential implications for clay provenanc-
ing of Egyptian ceramics. Their main purpose here is to acknowledge that ICP-MS as
a by-product of OSL analysis has the potential to also assist in the discussion of clay
provenancing questions. In the future, when funding is obtained to complete an ele-
mental analysis of these samples by further ICP-MS work, it will be fascinating to see
what the results will enable us to say about this data set, and the results in turn will lend
themselves to furthering the application of a multidisciplinary approach to the study of

Egyptian ceramics.
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A. ICP-MS analysis of the ceramic samples
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Figure A.1: Above: A dendrogram illustrating the results of the cluster analysis. Inset:
A plot of the inertia gain as a function of the number of clusters. Below: A three-
dimensional representation of the cluster analysis, illustrating how the clustering has
interpreted the results of the principal component analysis. While, as discussed in the
text, there is insufficient data to make any firm conclusions, it is interesting to note
that cluster 1 is composed of medium to coarse Nile silt clays, cluster 2 is dominated by
marl clays and fine Nile clays (primarily cylindrical vessels and wine jars), cluster 3 is
made up of marl clays originating in Abydos and Wavy-Handled vessels, and cluster 4
is composed of the imported vessels at Abydos and the Islamic sherd.
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APPENDIX B

GC-MS analysis of the pot contents

In addition to the chronological value of the ceramic samples found in the Tomb of
Djer, it was also acknowledged that the samples taken for dating purposes could also be
subjected to gas chromatography mass spectrometry analysis (GC-MS). Such analysis
was possible because there was sufficient sample material available for GC-MS analy-
sis, which remained after OSL sampling of the six vessels from the Ashmolean Museum
yielding pot contents which were both organic and minerogenic in composition (pre-
sented in Chapter 9). GC-MS analysis would further the scope of the study of these
vessels by providing an indication as to the contents of the vessels and thus the poten-
tial use of the vessel. It should of course be acknowledged that the contents of the vessels
might not necessarily be the original contents of the vessels, since they may have been
reused at some point. However, as discussed in Section 9.6, the radiocarbon date ob-
tained for the material was consistent with the First Dynasty (see also Dee et al. 2016),
so it is likely that either the contents still present were original to the vessel or were
contemporary with the time of burial. The benefit of belonging to a multidisciplinary
laboratory meant that, given the latter opportunity, we were able to seek the assistance
of our colleagues to do some preliminary GC-MS analyses. However, funding was not
available to conduct a full analysis of the material and this will have to wait for a future
funding source. Nonetheless, preliminary findings have indicated that further research
along these lines would be of significant interest and value, and are therefore presented
here.

GC-MS is well known in Egyptian archaeology, and this technique has been applied
previously to the study of pot contents/residues (e.g. McGovern 1997, Ribechini et al.
2009; Serpico and Stern 2011; Serpico and White 1996; Serpico and White 2000; Stern
et al. 2000; Stern et al. 2003; Vogt et al. 2002), as well as to the study of both human and
animal mummies (e.g. Buckley et al. 2004; Jones et al. 2014; Kuksis et al. 1978; Parsche

and Nerlich 1995, Colombini et al. 2000), and a variety of other artefacts containing or-
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B. GC-MS analysis of the pot contents

ganic component such as cartonnage pigments (e.g. Scott et al. 2009), resins from the
Uluburun shipwreck (Stern et al. 2008), embalming tars (e.g. Koller et al. 2003) to name
but a select few. Indeed, of the six vessels presented within this study, five have previ-
ously been analysed by Serpico and White (Serpico and White 1996; Serpico and White
2000). Using GC-MS analysis, vessel AN1895.533 from Ballas was identified as contain-
ing lipid-based contents, possibly a mixture of oil and fat, whereas it was only possible to
conclude that the contents were lipid-based for vessel 1895.525 (from Naqada), although
this latter analysis was carried out using Fourier Transport Infrared Spectroscopy (FT-
IR) analysis, not GC-MS (Serpico and White 2000). In 1996, Serpico and White carried
out a series of GC-MS analyses upon 14 vessels from the Tomb of Djer, though only
presenting finalised results for eight of these. Of these eight, three were also used in
the study presented here: 1896-1908 E. 3158, 1896-1908 E. 4065, 1896—1908 E. 4066 (i.e.
1896-1908 E. 4034 was not analysed by the team). For 1896-1908 E. 3158, their analyses
indicated that a vegetable oil was present in the contents. In contrast, 1896-1908 E. 4065
and E. 4066 seemed to exhibit signatures of an animal fat component.

The GC-MS aspect of this project was, as already stated, not in the original research
design of this thesis and the GC-MS analysis was opportunistic as the material sampled
for GC-MS analysis was the discarded material of the OSL sample. Although the Serpico
and White data was available for five of the six vessels, after further discussion with
GC-MS practitioners M. Woodworth and P. Ditchfield at the Research Laboratory for
Archaeology and the History of Art (RLAHA), University of Oxford, it was felt that
re-analysis of these samples using GC-MS could improve upon the original analyses of
Serpico and White. However, our results at present remain preliminary as funding was
not available to complete analyses and only preliminary data could be obtained from our
collaborators at RLAHA. Initial GC-MS analysis was carried out by M. Woodworth and P.
Ditchfield; however, as will be discussed below, initial analyses did not yield conclusive
results and additional analyses have been suggested by Mr Woodworth and Dr Ditchfield
in order to gain a more comprehensive understanding of the material present in these
vessels. These additional analyses could not be carried out at RLAHA, and thus require
additional financial resources which will be sought in the future. However, a preliminary
report was still produced by Mr Woodworth.*

For the new analyses undertaken for this project, sample extraction was carried out
at the Ashmolean Museum, Oxford, and samples were removed using a scalpel. All sam-
ple preparation and analysis were subsequently carried out at RLAHA. Each sample was

twice solvent extracted using standard protocols used at RLAHA (based upon Mottram

¢ Section B is paraphrased from the original report from Mr Woodworth, which can be read in full
in Hood et al. in press. The author would like to extend her sincere thanks to Mr Woodworth and Dr
Ditchfield for carrying out these analyses and for producing this report.
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B. GC-MS analysis of the pot contents

et al. 1999). All samples

‘were analysed by GC-MS using an Agilent 7820A gas chromatograph
equipped with a Restek Rxi-5ms column (30 m length x 0.25 mm ID x 0.25
pm film thickness, 5% diphenyl/95% dimethylpolysiloxane stationary phase).
The mass spectrometer was an Agilent 5975 quadropole, operated in electron
ionization mode (70 eV) and the mass scan range was 40-650 m/z. The gas
chromatograph conditions were as follows: inlet temperature 300°C, flow
rate 1.2 ml/min, transfer line temperature 280°C. Helium was used as the
carrier gas. The temperature program for the GC oven was a 50°C hold for 2
minutes, 50-300°C at 10°C/min with a 10-minute isothermal hold at 300°C.
Injection was made by an Agilent 7693A autosampler and sample injection
volume was 1 pl in splitless mode’ (Hood et al. in press).

Of the six samples analysed, a single sample, AN1896-1908 E.4066, yielded only trace
organic material, and GC-MS results were not forthcoming for this sample. The remain-
ing samples all produced similar lipid profiles, with Figure B.1 providing a representative
sample of this profile. These samples contained saturated fatty acids (with a chain length
between 9 and 26 carbons), and were typified by a prevalence of C16:0 and, secondarily,
C18:0. Trace amounts of C18:1 were the only unsaturated fatty acids observed. Addi-
tionally, the samples yielded a variety of o,w-dicarboxylic acids (‘diacids’) with a chain
length ranging between C4 and C11 for sample AN1895.525 and AN1895.533, and be-
tween C4 and C12 for samples AN1896-1908 E.3158 and AN1896-1908 E.4034. Glycerol
was also present.

The profiles of the analysed samples present severely degraded lipids. Glycerol is
present owing to the degradation of triglycerides to free fatty acids. That diacids are
also present is suggestive of the cleavage of the double bond of unsaturated fatty acids,
and is in keeping with the observation that only trace amounts of any unsaturated fatty
acids (i.e. C18:1) were identified in the samples (Evershed et al. 1992). The presence of
a significant quantity of C9 diacid is indicative of double bond fracturing at position 9,
probably owing to the degradation of oleic acid (C18:1 n-9). That diacids and glycerol
were observable in these samples is illustrative of the arid environment in which the
samples were found as both are vulnerable to leaching in archaeological samples as they
are highly water soluble. Indeed, high concentrations of diacids are infrequently seen
in archaeological samples, except when recovered from depositional environments with
favourable conditions such as highly arid environments (e.g. Barnard 2008; Regert et al.
1998; Colombini et al. 2005).

Woodward further concludes that

‘these samples present a rare opportunity to study such highly degraded
and environmentally fragile samples. The range of diacids present is in-
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B. GC-MS analysis of the pot contents
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Figure B.1: Partial total ion chromatograph of sample AN1896-1908 E.4034, identifying
primary analytes. Diacids are denoted by a square and identified by carbon number.
Fatty acids are denoted by a circle and identified using the formula Cx:y (where z indi-
cates the number of carbons and y indicates the number of double bonds). IS denotes
the internal standard. Diacids and fatty acids are present as their trimethylsilyl esters
(Hood et al. in press)

dicative of a range of unsaturated fatty acids with different double bond
positions. The unsaturated fatty acids from which these degradation com-
pounds formed would be expected to have had a wide variety of double
bond positions due to fatty acids of different chain lengths and, possible,
positional isomers. Diacids with a chain length of more than 10 carbons do
not frequently occur in nature and are associated with plant waxes, although
typically in association with long-chain waxes, which were not observed in
these samples (Colombini et al. 2005). Odd chain-length fatty acids (C15:0
and C17:0) were observed in the samples in trace quantities. While such
fatty acids have been associated with fats from ruminant animals, the quan-
tities observed are at background levels and may be the result of depositional
or post-depositional microbial contribution (Romanus et al. 2007). The pres-
ence of long-chain fatty acids (i.e. C20:0 and above) indicates a plant source
for at least part of the lipid contribution. The ratio of C16:0 to C18:0 fatty
acids is also consistent with a plant source (Kimpe et al. 2004). While prelim-
inary analyses are yet unable to determine the specific origin of the residues
unequivocally, it has provided an insight into some elements of the residue’s
composition as well as a starting point for further examination’ (Hood et al.
in press).
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B. GC-MS analysis of the pot contents

Although we must here reiterate that the samples are significantly degraded with
respect to the lipids, which in turn makes it at present impossible to assign an origin
of the lipid based upon their biomarkers (molecular compounds specific to an individ-
ual source), it has been suggested that a promising next step in the analysis of the con-
tents of these six vessels is to carry out Gas Chromatography-Combustion-Isotope Ratio
Mass Spectrometry (GC-C-IRMS) of C16:0 and C18:0 fatty acids for the 13C/12C ratios
(M. Woodworth, Pers. Comm. 2016, cf. Evershed et al. 2002). GC-C-IRMS has pre-
viously been seen to be an effective proxy for establishing the origin of lipids, and its
primary advantage is that the technique utilises the stable C16:0 and C18:0 components
of the sample, which our samples have in abundance. This analysis can differentiate be-
tween terrestrial and marine sources, ruminants and non-ruminants, as well as C3 and
C4 plants, and it is thought that this will be the best way forward for further analysis of
these samples.

In conclusion, although preliminary analyses can offer insight into the components
of the pot contents, they have not yet been able to offer any detailed information that
might pertain to the origin of the vessels. In order to achieve this, it will be necessary
to engage in GC-C-IRMS analysis. Through this further analysis, it is very probable that
we will be able to identify broadly the contents of the vessels, at least to a family/genus
level, if not species level. It is thought that by using GC-C-IRMS the original results
obtained by Serpico and White (Serpico and White 1996; Serpico and White 2000) could
be improved upon to shed further light upon this assemblage of vessels. We look forward

to continuing to work on this project in the future.
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APPENDIX C

Ceramic catalogue for the Bét Khallaf

material

It should be noted that the ceramics within the following catalogue have two identifica-
tion codes: a museum code (accession number) and a laboratory code. All discussions
within the text of this thesis, when referring to a specific ceramic piece, use the labora-
tory code as the main identifying number.

The 5 digit warecode designation follows that developed by Kohler (Kohler 1998;
Kéhler 2005).
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C. Ceramic catalogue for the Bét Khallaf material

Table C.1: Catalogue entry for X4113

Collection Garstang Museum
Museum Code E.4224

Lab. Code X4113

Provenance Bét Khallaf Tomb K2*

Provenance History

Excavated by John Garstang, 1901.

Vessel/Object Description

Height 3.8 cm

Rim Diameter 17 cm

Fracture is brown; medium-low density, medium
Nile silt clay.
Exterior and interior are rough smoothed with

turning marks near rim.

Warecode 21201
Munsell 7.5YR 5/4

Fabric Description

Coarse limestone > 2.5 mm (1)
Fine limestone < 0.8 mm (1)
Coarse sand > 1 mm (1)

Fine sand < 0.5 mm (1-2)
Coarse chaff < 2 cm (1-2)

Fine chaff < 0.5 mm (2)

Grit < 0.1 mm (3)

Mica < 0.2 mm (1-2)

Publication Records
Likely Garstang (1903: Pl. XXX, 5 or 6)

E422

Additional Notes

* Although museum records are incomplete, based
on the published information, it is likely this piece
comes from Tomb K2 (i.e. based upon the ceramic

types presented in Garstang’s publication).
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C. Ceramic catalogue for the Bét Khallaf material

Table C.2: Catalogue entry for X4114

Collection Garstang Museum
Museum Code E.4228

Lab. Code X4114

Provenance Bét Khallaf, Tomb K2*

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 7.6 cm

Rim Diameter 20.5 cm

Fracture: reddy brown—black—reddy brown; low
density, medium coarse Nile silt clay.
Exterior and exterior surface rough-smoothed;

turning marks around rim.

Warecode (1-2)1201
Red Clay Body:
2.5YR 5/4-6 Clay Body: 5YR 5/4

Munsell

Fabric Description

Coarse limestone < 5 mm (1)
Fine limestone < 1 mm (2-3)
Coarse sand < 4 mm (1-2)
Fine sand < 1 mm (2-3)
Superfine sand < 0.3 mm (2-3)
Coarse chaff < 1 cm (2)

Fine chaff < 5 mm (2)

Grit < 0.1 mm (2)

Mica < 0.1 mm (2)

Publication Records
Likely Garstang (1903: P1. XXX, 13)

Additional Notes

* Although museum records are incomplete, based
on the published information, it is likely this piece
comes from Tomb K2 (i.e. based upon the ceramic

types presented in Garstang’s publication).
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. Ceramic catalogue for the Bét Khallaf material

Table C.3: Catalogue entry for X4115

Collection Garstang Museum
Museum Code E.4610

Lab. Code X4115

Provenance Bét Khallaf, Tomb K2*

Provenance History
Excavated by John Garstang, 1901.

Vessel/Object Description

Height 6.5 cm
Rim Diameter 19.4 cm

No fracture details; low density, fairly coarse Nile
silt clay.

Exterior surface roughened; turning marks around
rim. Interior surface rough-smoothed; turning

marks around rim and base.

Warecode (1-2)1201
Munsell 7.5YR 5/3

Fabric Description

Coarse limestone > 7 mm (1)
Fine limestone > 0.8 mm (2)
Coarse quartz > 4 mm (1)
Fine sand > 0.3 mm (1-2)
Sand > 1 mm (1-2)

Coarse chaff > 2 mm (2)

Grit > 0.1 mm (2-3)

Mica > 0.1 mm (1)

Publication Records
Likely Garstang (1903: P1. XXX, 4)

Additional Notes

* Although museum records are incomplete, based
on the published information, it is likely this piece
comes from Tomb K2 (i.e. based upon the ceramic

types presented in Garstang’s publication).
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. Ceramic catalogue for the Bét Khallaf material

Table C.4: Catalogue entry for X4116

Collection Garstang Museum
Museum Code E.6103

Lab. Code X4116

Provenance Bét Khallaf, Tomb K5*

Provenance History

Excavated by John Garstang, 1901.

Vessel/Object Description

Height 43.1 cm
Rim Diameter 6.8 cm

Fracture is red—brown—red; medium-high density,
medium marl clay.

Exterior is wet smoothed, vertical scraping marks
on body, applied band decoration turning marks on
rim and neck. Interior is wet smoothed, turning

marks near rim.

Warecode 22201
Red Clay Body: 10R 5/6-8
Munsell Yellow Clay Body: 10YR 6/4
White Clay Body: 10YR 7/3-4

Fabric Description

Coarse limestone > 2 mm (1-2)
Fine limestone < 0.8 mm (2)
Coarse sand > 0.6 mm (2)

Fine sand < 0.3 mm (2)

Coarse chaff < 1.5 cm (1)

Fine chaff < 0.5 mm (2)

Grit < 0.1 mm (2)

Mica < 0.1 mm (1)

Publication Records
Likely Garstang (1903: P1. XXXI, 23)

Additional Notes

* Although museum records are incomplete, based
on the published information, it is likely this piece
comes from Tomb K5 (i.e. based upon the ceramic

types presented in Garstang’s publication).
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C. Ceramic catalogue for the Bét Khallaf material

Table C.5: Catalogue entry for X4117

Collection Garstang Museum
Museum Code E.4079

Lab. Code X4117

Provenance Bét Khallaf, Tomb K5*

Provenance History

Excavated by John Garstang, 1901.

Vessel/Object Description

Height 49.6 cm
Rim Diameter 9.1 cm

Fracture unknown; medium-high density, medium
marl clay.

Exterior is wet smoothed, applied band decoration,
vertical scraping marks on body, turning marks on
rim and neck. Interior is wet smoothed, turning

marks near rim.

Warecode 22201
Red Clay Body: 10R 5/4-6

Yellow Clay Body: 7.5YR 6/4

Munsell

Fabric Description

Coarse limestone > 2 mm (1-2)
Fine limestone < 0.2 mm (2)
Coarse sand > 0.6 mm (1-2)
Fine sand < 0.3 mm (2)

Chaff < 5 mm (1)

Large quartz < 8 mm (1)

Grit < 0.1 mm (2)

Mica < 0.1 mm (2)

Publication Records
Likely Garstang (1903: Pl. XXXI, 24-26.

Additional Notes

* Although museum records are incomplete, based
on the published information, it is likely this piece
comes from Tomb K5 (i.e. based upon the ceramic

types presented in Garstang’s publication).
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Table C.6: Catalogue entry for X4118

Collection Garstang Museum
Museum Code E.6445

Lab. Code X4118

Provenance Bét Khallaf, Tomb K5.

Provenance History

Excavated by John Garstang, 1901.

Vessel/Object Description

Height 323 cm
Rim Diameter 13.8 cm

Fracture: brown—red—black—red—brown; medium

density, medium-coarse Nile silt clay.

Exterior surface is very eroded, turning marks near

both top and bottom rims. Interior is wet smoothed,
turning marks near both top and bottom rims,

roughened in between.

Warecode 11201
Munsell 7.5YR 5/3-4

Fabric Description

Coarse limestone < 5 mm (1)
Fine limestone < 1 mm (2)
Coarse sand < 1.5 mm (1-2)
Fine sand < 0.8 mm (1-2)
Coarse chaff < 3 mm (2)
Fine chaff < 0.5 mm (3)

Grit < 0.1 mm (3)

Mica < 0.1 mm (1)

Publication Records
Garstang (1903: P1. XXXI, 30)

Additional Notes
White painted/wash?
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C. Ceramic catalogue for the Bét Khallaf material

Table C.7: Catalogue entry for X4119

Collection Garstang Museum
Museum Code E.4260

Lab. Code X4119

Provenance Bét Khallaf, Tomb K1.

Provenance History

Excavated by John Garstang, 1901.

Vessel/Object Description

Height 28.8 cm
Rim Diameter 9.7 cm

Fracture: red—black—red; medium density,
coarse-medium Nile silt clay.

Exterior surface is quite eroded, possibly remains of

red slip, turning marks on rim/neck, wet smoothed.

Interior is wet smoothed, but very eroded.

Warecode (1-2)1201
Clay Body: 5YR 4-3/2 Red

Slip(?): 10R 4/4-6

Munsell

Fabric Description

Coarse limestone < 3 mm (1)
Fine limestone < 0.8 mm (3)
Coarse sand < 4 mm (1-2)
Fine sand < 0.9 mm (2)
Coarse chaff < 3 mm (2)
Fine chaff < 1 mm (3)

Grit < 0.1 mm (2)

Mica < 0.1 mm (1)

Publication Records
Garstang (1903: PL. XXX, 20)

Additional Notes

Similar vessel known from tomb of Djoser

according to museum record cards.
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Ceramic catalogue for the Bét Khallaf material

Table C.8: Catalogue entry for X4120

Collection Garstang Museum
Museum Code E.3080

Lab. Code X4120
Provenance Bét Khallaf

Provenance History
Excavated by John Garstang, 1901.

Vessel/Object Description

Height 11.2 cm
Rim Diameter 13.8 cm

No fracture details; medium-high density, fine marl
clay.

Exterior surface is smoothed, turning marks on
neck, red slip at widest point of the vessel and on the

rim. Interior smoothed with some turning marks.

Warecode 32321
Clay Body: 2.5YR 5-4/6
Red Slip: 10R 4/6

Munsell

Fabric Description

Coarse limestone < 0.8 mm (1)
Fine limestone < 0.3 mm (1)
Fine sand < 0.2 mm (1)

Coarse chaff < 4 mm (1)

Fine chaff < 0.5 mm (2)

Grit < 0.1 mm (3)

Mica < 0.2 mm (1-2)

Publication Records

Additional Notes

This piece does not appear in any of Garstang’s
publications. In the 1903 volume, Garstang
specifically addresses 3", 5™ and 6™ ceramic forms,
so it is likely that Garstang believed that this vessel
was in a secondary context and did not include it in

his final publication.
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C. Ceramic catalogue for the Bét Khallaf material

Table C.9: Catalogue entry for X5458

Collection Penn Museum
Museum Code E.9914

Lab. Code X5458

Provenance Bét Khallaf, Tomb K1

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 48.3 cm
Rim Diameter 8.7 cm

Fracture is unknown; medium density, medium marl
clay. Exterior is wet smoothed, slightly scraped
vertically, applied banded decoration. Pot mark on
shoulder, turning marks around rim and shoulder.
Some finger prints present on the body. Pot mark on
shoulder. Interior is rough smoothed with wheel

marks, and turning marks on rim.

Warecode 22201
Munsell 5YR 5/2-3

Fabric Description

Coarse limestone < 5 mm (1)
Limestone < 1 mm (1)

Fine limestone < 0.2 mm (1)
Sand > 0.5 mm (1)

Fine sand > 0.2 mm (2)
Chaff < 1 mm (1)

Grit < 0.1 mm (2)

Mica > 0.1 mm (1)

Publication Records
Garstang (1903: PL. XXXI, 22)

Additional Notes
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C. Ceramic catalogue for the Bét Khallaf material

Table C.10: Catalogue entry for X5459

Collection Penn Museum
Museum Code E.9915

Lab. Code X5459

Provenance Bét Khallaf, Tomb K1*

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 46.1 cm
Rim Diameter 8.2 cm

Fracture is unknown; high density, medium-coarse
marl clay. Exterior is wet smoothed, slightly scraped
vertically with several wet incised marks. Applied
banded decoration. Pot mark on shoulder, turning
marks around rim. Interior is wet smoothed with
turning marks on rim and shoulder, and to around

mid-way down the vessel. Very rough base.

‘Warecode 22201
Munsell 5YR 5/3

Fabric Description

Coarse limestone < 4 mm (1)
Limestone < 1 mm (1)

Fine limestone < 0.2 mm (1)
Sand > 0.5 mm (1)

Chaff < 8 mm (2)

Grit < 0.1 mm (2)

Publication Records
Garstang (1903: PL. XXXI, 21)*

Additional Notes

* Although Plate XXXI in Garstang (1903) only have
two wine jars from Tomb K1 illustrated, both Penn
and the Ashmolean state that their respective
vessels are number 21 on Plate XXXI. It is likely
therefore, that as was customary at this time,
Garstang only drew a representative selection of
vessels found. Cf. (X5469)

]
I
L L
1]
L1
1 |
1]
(] |
LI

.

313



C. Ceramic catalogue for the Bét Khallaf material

Table C.11: Catalogue entry for X5460

Collection Penn Museum
Museum Code E.9916

Lab. Code X5460

Provenance Bét Khallaf, Tomb K2

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 27.1 cm
Rim Diameter 10 cm

Fracture is brown—black—brown; low density,
medium Nile silt clay.
Exterior is wet smoothed, turning marks around rim

and shoulder. Interior is wet smoothed with turning

marks on shoulder.

Warecode 21201
Munsell 2.5YR 5/4

Fabric Description
Limestone < 1 mm (1)

Fine limestone < 0.3 mm (1)
Coarse sand > 0.5 mm (2)
Fine sand < 0.1 mm (1)
Chaff < 1.5 mm (2)

Fine chaff < 1 mm (2)

Grit < 0.1 mm (2)

Mica < 0.1 mm (2)

Publication Records
Garstang (1903: PL. XXX, 15)

Additional Notes

314



C. Ceramic catalogue for the Bét Khallaf material

Table C.12: Catalogue entry for X5461

Collection Penn Museum
Museum Code E.9917

Lab. Code X5461

Provenance Bét Khallaf, Tomb K2

Provenance History
Excavated by John Garstang, 1901.

Vessel/Object Description

Height 34.5 cm
Rim Diameter 11.1 cm

Fracture is red-brown; low density, medium Nile silt
clay.
Exterior is roughly smoothed and lumpy from being

hand worked, turning marks around rim. Interior is

rough smoothed with heavy turning marks near rim.

Warecode 21201
Munsell 5YR 5/3

Fabric Description
Limestone < 2 mm (1)

Fine limestone < 1 mm (1-2)
Coarse sand > 1.5 mm (2-3)
Fine sand < 0.2 mm (2-3)
Chaff < 1 cm (2)

Fine chaff < 4 mm (2)

Grit < 0.1 mm (2)

Mica < 0.1 mm (2)

Publication Records
Garstang (1903: PL. XXXI, 33)

Additional Notes
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C. Ceramic catalogue for the Bét Khallaf material

Table C.13: Catalogue entry for X5462

Collection Penn Museum
Museum Code E.9919

Lab. Code X5462

Provenance Bét Khallaf, Tomb K5

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 244 cm
Rim Diameter 10.7 cm

Fracture is red—black—red; medium-low density,
medium Nile silt clay.

Exterior is roughly smoothed and lumpy from being
hand worked, finger imprints around rim. Interior is

rough smoothed with heavy turning marks.

Warecode 21201
Munsell 10R 4/3-4

Fabric Description
Limestone < 2 mm (1)

Fine limestone < 0.5 mm (1)
Coarse sand > 1 mm (1-2)
Fine sand < 0.5 mm (2)
Chaff < 1 cm (2-3)

Fine chaff < 1 mm (2-3)
Grit < 0.1 mm (2)

Mica < 0.1 mm (2)

Quartz < 8 mm (1)

61663

Publication Records
Garstang (1903: P1. XXX, 10)

Additional Notes
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C. Ceramic catalogue for the Bét Khallaf material

Table C.14: Catalogue entry for X5463

Collection Penn Museum
Museum Code E.9920

Lab. Code X5463

Provenance Bét Khallaf, Tomb K2

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 45.2 cm
Rim Diameter 10 cm

Fracture is red—grey-brown—red; medium density,
medium Nile silt clay.

Exterior is roughly smoothed, turning marks from
rim to shoulder, very rough lower surface with
finger impressions. Interior is wet smoothed with

turning marks around rim. Made over hump?

Warecode 21201 b —
Clay Body: 10R 5/8 Firing skin:

Munsell
5YR 5/1-2

Fabric Description
Limestone < 1 mm (1)
Coarse sand > 1 mm (1-2)
Fine sand < 0.4 mm (2)
Chaff < 8 mm (2)

Fine chaff < 1 mm (2)
Grit < 0.1 mm (2)

Mica < 0.2 mm (2)
Organic < 0.5 mm (1)

Large organic < 1 mm (1)

Publication Records
Garstang (1903: PL. XXXI, 31)

Additional Notes
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. Ceramic catalogue for the Bét Khallaf material

Table C.15: Catalogue entry for X5464

Collection Penn Museum
Museum Code E.9921

Lab. Code X5464

Provenance Bét Khallaf, Tomb K2

Provenance History
Excavated by John Garstang, 1901

Vessel/Object Description

Height
Rim Diameter

9.1cm
19.5 cm

Fracture unknown; medium density, medium Nile
silt clay.

Exterior is roughly smoothed, smoothing marks
predominant around base, turning marks from rim
to middle of the vessel. Interior is wet smoothed
with working marks, heavy turning marks around

the rim, internal rim looks like it has been hand

moulded.
‘Warecode 21201
Munsell 10R 5-4/6

Fabric Description
Limestone < 5 mm (1)
Coarse sand > 1 mm (1)
Fine sand < 0.5 mm (2)
Chaff < 5 mm (2)

Fine chaff < 1 mm (2-3)
Grit < 0.1 mm (2)

Mica < 0.2 mm (1)
Organic < 0.2 mm (1)

Publication Records
Garstang (1903: PL. XXX, 3)

Additional Notes
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. Ceramic catalogue for the Bét Khallaf material

Table C.16: Catalogue entry for X5465

Collection Ashmolean Museum
Museum Code E.513

Lab. Code X5465

Provenance Bét Khallaf, Tomb K2

Provenance History
Excavated by John Garstang, 1901

Vessel/Object Description

Height 11.3 cm
Rim Diameter 17.5 cm

Fracture is brown—orange; medium density,
medium Nile silt clay. Exterior is wet smoothed,
turning marks around rim. Diagonal smoothing
marks on body and base. Interior is same as

exterior. Red slip on both interior and exterior.

Warecode 21221
Munsell Red Slip: 10R 5-4/6

Fabric Description

Limestone < 3 mm (1)

Fine limestone < 1.5 mm (2)

Surface treatment makes fabric difficult to

determine, but sand and chaff and grit present.

Publication Records
Garstang (1903: PL. XXX, 7)

Additional Notes
Form 24 s in Petrie et al. 1953.
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C. Ceramic catalogue for the Bét Khallaf material

Table C.17: Catalogue entry for X5466

Collection Ashmolean Museum
Museum Code E514

Lab. Code X5466

Provenance Bét Khallaf, Tomb K2

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 22.2cm
Width 4.95 cm

Fracture is brown-red—dark brown; medium-high
density, fine marl (?) clay. Fragment of a ceramic
spoon. Ladle diameter c. 7-10 cm. Spoon interior is
very well smoothed with turning marks. The handle

is hand formed, wet smoothed, possibly polished.

Possibly Aswan clay?
Warecode 33201
Munsell 2.5YR 5/6-8

Fabric Description
Sand < 0.5 mm (1)

Fine sand < 0.2 mm (2)
Chaff < 0.5 mm (1)
Limestone < 1 mm (2-3)
Mica < 0.1 mm (2)

Publication Records

Additional Notes This piece does not appear in
any of Garstang’s publications. In the 1903 volume,
Garstang specifically addresses 3%, 5™ and 6™
ceramic forms, so it is likely that Garstang believed
that this vessel was in a secondary context and did

not include it in his final publication.

Additional Notes
Form 24 s in Petrie et al. 1953.

|
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. Ceramic catalogue for the Bét Khallaf material

Table C.18: Catalogue entry for X5467

Collection Ashmolean Museum
Museum Code E.515

Lab. Code X5467

Provenance Bét Khallaf, Tomb K5

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 13.9 cm
Rim Diameter 16.5 cm

Fracture is unknown; medium density, medium-fine
Nile silt clay. Exterior is wet smoothed, turning
marks around rim. On main body to base vertical
smoothing marks are present made by finger prints.
Some black ash on base and on one side of the
vessel. Interior is wet smoothed with turning marks
near rim, but rough base. Red slip on both interior

and exterior.

Warecode 21221

Red Slip: 10R 4/4 Clay Body:
Munsell

7.5YR 6/4-6

Fabric Description
Limestone < 0.3 mm (2)
Sand > 0.3 mm (2)
Chaff < 1cm (1)

Fine chaff > 1.5 mm (2)
Grit < 0.1 mm (2)

Mica < 0.1 mm (2)
Fibres < 0.5 mm (2)

Publication Records
Garstang (1903: P1. XXX, 8)

Additional Notes
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C. Ceramic catalogue for the Bét Khallaf material

Table C.19: Catalogue entry for X5468

Collection Ashmolean Museum
Museum Code E.556

Lab. Code X5468

Provenance Bét Khallaf, Tomb K3

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 37 cm
Rim Diameter 10 cm

Fracture is unknown; medium-high density,

medium-fine Nile silt clay (mixed?). Exterior is wet
smoothed, white colour from rim to shoulder, with
turning marks. Some fine diagonal scraping marks.

Interior is wet smoothed with turning marks near

rim.
Warecode ((2-3)1201

White body: 7.5YR 6/3-4 Clay
Munsell

Body: 2.5YR 5/6

Fabric Description

Coarse limestone < 1.5 mm (1)
Limestone < 1 mm (2)

Fine limestone < 0.5 mm (2)
Sand > 0.5 mm (3)

Chaff < 7 mm (1)

Fine chaff > 4 mm (2)

Grit < 1 mm (2)

Publication Records
Likely Garstang (1903: Pl. XXX, 27)

Additional Notes
Form 81k in Brunton (1927).
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C. Ceramic catalogue for the Bét Khallaf material

Table C.20: Catalogue entry for X5469

Collection Ashmolean Museum
Museum Code E.572

Lab. Code X5469

Provenance Bét Khallaf, Tomb K1*

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 40.5 cm
Rim Diameter 7 cm

Fracture is unknown; medium-high density,
medium-fine marl silt clay. Exterior is wet
smoothed with turning marks near rim. Applied

band decoration. Interior is same as exterior (base

fairly rough).
‘Warecode 22201
Munsell 7.5YR 5/2-3

Fabric Description

Coarse Limestone < 4 mm (2)
Limestone < 1.5 mm (2)

Fine limestone < 0.5 mm (3)
Grit < 0.1 mm (1)

Mica < 0.1 mm (1)

Sand and some chaff present as well.

Publication Records
Garstang (1903: PL. XXXI, 21)*

Additional Notes

Although Plate XXXI in Garstang (1903) only have
two wine jars from Tomb K1 illustrated, both Penn
and the Ashmolean state that their respective
vessels are number 21 on Plate XXXI. It is likely
therefore, that as was customary at this time,
Garstang only drew a representative selection of
vessels found. Cf. (X5459) Form 76s in Petrie et al.
1953.
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C. Ceramic catalogue for the Bét Khallaf material

Table C.21: Catalogue entry for X5470

Collection Ashmolean Museum
Museum Code E.573

Lab. Code X5470

Provenance Bét Khallaf, Tomb K2

Provenance History
Excavated by John Garstang, 1901

Vessel/Object Description

Height 28.3 cm

Rim Diameter 9.1cm

Fracture is brown-red—dark brown; medium-low
density, medium-coarse Nile silt clay. Exterior is
rough smoothed, with turning marks around rim.
Firing skin/white was present on some areas.
Remains of red slip. Formed spout. Interior is wet

smoothed with turning marks around rim.

‘Warecode 21222

Munsell

10R 5/6

Clay Body: 7.5YR 5/6 Red Slip:

Fabric Description

Small rocks (quartz?) < 4 mm (1)

Sand < 0.8 mm (2)

Chaff < 1cm (1)

Medium chaff < 5 mm (3)

Fine chaff < 1 mm (3)

Limestone < 1.1 mm (1)

Mica < 0.1 mm (1)

Grit < 0.1 mm (2)

Shell <1 mm (3) - long angular white shards

Publication Records
Garstang (1903: P1. XXX, 13)

Additional Notes
Form 99x in Petrie et al. 1953.
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C. Ceramic catalogue for the Bét Khallaf material

Table C.22: Catalogue entry for X5471

Collection Ashmolean Museum
Museum Code E.4109
Lab. Code X5471
Provenance Bét Khallaf, Tomb K2

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 254 cm
Rim Diameter 8.7 cm

Fracture is brown—dark brown—red-brown—brown;
low density, coarse-medium Nile silt clay. Exterior
is rough smoothed, with turning marks around rim.
Interior is wet smoothed with turning marks around

rim, very rough base.

Warecode 21201
Clay Body: combination of 10R
4/6, 5YR 6/6, 10YR 7/3-4.

Munsell

Fabric Description
Large quartz < 1 cm (1)
Sand < 1 mm (1)

Fine sand < 0.5 mm ()
Chaff < 1.5 cm (2)

Fine chaff < 2 mm (2)
Limestone < 1 mm (1)
Mica < 0.1 mm (2)

Grit < 0.1 mm (2)

Publication Records
Garstang (1903: P1. XXX, 9)

Additional Notes

I'10cm |
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C. Ceramic catalogue for the Bét Khallaf material

Table C.23: Catalogue entry for X5472

Collection Ashmolean Museum
Museum Code E.4110
Lab. Code X5472
Provenance Bét Khallaf, Tomb K2

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height c. 33.7 cm
Max Diameter 18.9 cm

Fracture is unknown; medium density,
medium-coarse Nile silt clay. Exterior is rough
smoothed with turning marks near rim. Interior is

same as exterior.

‘Warecode 21201
Munsell 7.5YR 6-5/4

Fabric Description
Sand < 0.5 mm (2-3)
Fine chaff < 2 mm (3)
Chaff < 1 cm (2-3)
Limestone < 1 mm (1)
grit < 0.2 mm (1)

Publication Records
Garstang (1903: P1. XXXI, 34)

Additional Notes
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. Ceramic catalogue for the Bét Khallaf material

Table C.24: Catalogue entry for X5473

Collection Ashmolean Museum
Museum Code E.4117
Lab. Code X5473
Provenance Bét Khallaf, Tomb K2

Provenance History

Excavated by John Garstang, 1901

Vessel/Object Description

Height 20.1 cm

Rim Diameter 20.3 cm

Fracture is red-brown—pink-brown—red-brown;

low density, medium-coarse Nile silt clay. Exterior
is rough smoothed, turning marks around rim and
upper body. Interior is wet smoothed with turning

marks around rim.

Warecode (1-2)1201
Clay Body: 7.5YR 5/4 Unfired
base: 10YR 3/1

Munsell

Fabric Description
Coarse sand < 5 mm (1)
Sand < 2 mm (2)

Fine sand < 0.5 mm (2-3)
Chaff < 1cm (1)

Fine chaff < 0.5 mm (3)
Limestone < 1 mm (2)
Mica < 0.1 mm (2)

Grit < 0.2 mm (2)

Fibres < 3 mm (1)

Publication Records
Garstang (1903: P1. XXX, 17)

Additional Notes
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APPENDIX D

OSL aliquot data for the Bét Khallaf

ceramic assemblage

The following appendix presents the raw OSL data used to discuss the Bét Khallaf OSL
results presented in Chapter 5. For each sample, this appendix presents the following
data:

1. A kernel density plot (KDE) (Galbraith and Roberts 2012: 9-11).°¢ This plot il-
lustrates the distribution of the aliquots which compose the final OSL equivalent
dose measurement calculated using the central age model (CAM) (Galbraith and
Roberts 2012: 15-16). The data displayed for coarse grains and fine grains are
uncalibrated raw data, therefore the central age model figures presented in this

Appendix need to be used in conjunction with Table 5.1.

2. A table presenting a detailed description of the measurements for each aliquot
used in the calculation of the final OSL measurement for the sample and the re-

jection criteria used. This includes:

a) D, and D, error— the palacodose measurement and its corresponding error.

b) Test dose error—a test dose is given to each aliquot after measurement of
the natural and laboratory-induced luminescence signal (LN, L,, L, etc). This
test dose (TN, T,, T, etc) allows the change in sensitivity of the quartz to be
corrected for by examining the L,/Ty ratio (e.g. Duller 2008: 11); Murray and
Wintle 2000). The rejection criterion set for the test dose error is < 20%.

c) Recycling ratio—a repeat measurement is made on a selected dose step for
each aliquot (usually 50s or 100s). This test checks that the SAR protocol is

¢ KDE plots in the appendix were made using the R Shiny Luminescence Package, available online:
http://zerk.canopus.uberspace.de/R.Lum/
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

d)

correcting for sensitivity changes in the aliquot by examining the ratio be-
tween the initial dose signal and its repeated dose step. Ideally, this ratio
would be 1. However it is standard practice to allow for a 10% error on this
ratio (i.e. 0.0 to 1.1) (e.g. Duller 2008: 11-12; Murray and Olley 2002: 3;
Preusser et al. 2008: 112; Rhodes 2011: 472) For the samples in this thesis,
we have in general adopted the standard < 20% error on the recycling ratio.
This is because the small number of aliquots available for each sample neces-
sitates a larger degree of flexibility in the rejection criteria in order to ensure
enough aliquots are available to determine a final age estimate. While the
majority of aliquots adhered to standard rejection criteria percentages for
most samples, in order to produce a more robust dataset for use alongside
this first application of MET, the 10% rejection criteria limit was extended
to 20% for the recycling ratio. This was a necessary compromise as it was
not possible to increase the sample size extracted due to the unwillingness
of museums to subject their vessels to larger-than-necessary sampling scars.
As this is the first development of MET and its application to a large dataset,
further experimentation would be required assess the effect on the precision
of the D, measurement of using a relaxed rejection criteria of 20% rather
than 10% and to complement the experimental data presented in Figure 4.6

and Figure 4.7.

Recuperation—this occurs when a additional (and thus undesirable) lumines-
cence signal is caused by any preheating that happens to the sample before
measurement (Preusser et al. 2008: 112). To test whether this is occurring
within a sample, a 0s dose step is given to the sample. The resulting signal
measured should be zero, however usually a very small quantity of signal
is still observed. The rejection criterion for the recuperation value is < 5%
(Murray and Olley 2002: 3; Murray and Wintle 2000).

IRSL/OSL ratio—in order to ensure that the OSL signal for each aliquot is not
being contaminated with a feldspar signal component (feldspars also display
luminescence properties although these vary greatly in character from quartz
signals), it is necessary to examine the ratio between the IRSL (feldspar) and
OSL (quartz) signal. Although no official standard rejection criteria exist for
this ratio (Duller 2003), for the samples examined in the project, if a ratio of
< 15% was observed, the aliquot was accepted (i.e. the IRSL signal was < 15%
of the OSL signal). This was measured by dividing the IRSL signal by either
the natural OSL signal or the signal from highest test dose, depending on
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

the individual sample.®” Finally, a select number of fine grain aliquots were
examined with an SEM to determine chemically whether a large quantity
of the grains were in fact feldspars, in addition to quartz. Although only a
small number of samples were screened (eight), using the SEM mapping fea-
ture it was observed that the vast majority of grains were quartz (~90%) and
the rest of the sample was composed of other minerals, including potassium
feldspars, but also sodium and calcium feldspars (Figure A3.1). Therefore,
the combination of an IRSL bleach prior to OSL measurement, incorporation
of an IRSL/OSL ratio rejection criterion, in addition to confirmation of only a
small quantity of feldspars being present renders our measurement protocol

suitable for OSL dating of the quartz fraction.

3. OSL shine down curve—this graph is taken from a representative aliquot of the
sample being measured. It shows the decay of the luminescence signal throughout

laboratory stimulation. Graphs plotted using Analyst (Duller 1999).

4. OSL dose response curve—this graph is taken from a representative aliquot of the
sample being measured. It shows the natural luminescence signal observed (red
line), when plotted against the regenerative dose curve composed of a series of

laboratory induced doses. Graphs plotted using Analyst (Duller 1999).

5. CAM (central age model) table—this table displays the final D, used to calculate
the age of a sample. This is calculated using the central age model (Galbraith and
Roberts 2012) from the aliquots from each sample (i.e. after all rejection criteria
were met). This table also presents the overdispersion (OD) values, and corre-
sponding error, associated with the CAM determination, allowing an assessment

of the statistical variability of the aliquot distribution to be made.

NB All aliquot data units presented in this appendix are in seconds (s). For final age
calculations presented in Chapter 5, these units have been converted into the standard
international unit for absorbed radiation, grays (Gy). The conversion of seconds to grays
is achieved by multiplying the central dose (s) by the calibrated machine (Gy/s)—this
gives the final D, measurement in Gy.

NB In this appendix coarse grain (CG) data is denoted in black ink, whereas fine
grain (FG) data is denoted by red ink.

" 1t is likely that, for every aliquot measured in this project, any IRSL signal present would have been
removed by IR stimulation being carried out before measuring the OSL signal during each SAR cycle (i.e.
a post-IR blue measurement was used) (cf. Mauz and Lang 2004).
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.1: OSL data for Sample X4113 — Coarse Grain and Fine Grain

Density
0.0010 0.0015
umulative frequency
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Figure D.1: Kernel Density Estimate Plot for Sample
X4113

Test
D.(s) | D. eror | Dose Recycling Recup. | IRSL/ OSL
(s) Error Ratio (%) ratio (%)
(%)
6.64 1.25+0.14
72.31 | (£10%) <10 (12%) 3.3%1.5 6
10.14 1.27+0.21
63.56 (16%) =10 (=10%) 8.9+3.7 2
50.64 0.80+0.20
429.58 | (12%) <10 (=10%) 3.042.2 3
37.95 1.17+0.19
594.83 | (£10%) =10 (=10%) 0.4+0.7 2

Figure D.2: Primary Dataset for KDE plot for X4113.
NB primary data set is comprised of 3 aliquots se-
lected from a total of 9 aliquots (coarse grains) and 1
out of 6 aliquots (fine grains) after selection criteria

were met.
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Figure D.3: OSL shine down curve for a representa-
tive aliquot of X4113
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Figure D.4: OSL dose response curve for a represen-
tative aliquot of X4113

Figure D.5: Final OSL measurement (based on the CAM) and over dispersion value for X4113. Calibrated
machine dose rates (Gy/s): 0.03849789 (CG), 0.03739700 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
125.71 63.32 86.33 33.44
594.83 37.95 N/A N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.2: OSL data for Sample X4114 — Coarse Grain (No fine grain material was retrieved for this sample)

Density
0,006 0.008

0.004

0.002

0.000

\
//.
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Figure D.6: Kernel Density Estimate Plot for Sample

Test
D.(s) D. error | Dose Recycling Recup. | IRSL/ OSL
(s) Error Ratio (%) ratio (%)
(%)
6.65 1.08+0.09
93.42 | (<£10%) | <10 (<10%) 5.1+1.2 2
18.90 0.994£0.15
207.80 | (<10%) =10 (=10%) 5.2+1.6 3
10.22 1.12+0.04
277.41 | (£10%) | <10 (=10%) 0.6%0.0 <1
9.79 1.04+0.04
245.63 | (£10%) =10 (=10%) 0.5£0.1 2
11.35 1.06+0.10
221.61 | (<10%) | <10 (<10%) 2.3+0.4 4
26.28 0.95+0.26
196.83 (13%) <10 (=10%) 3.4+2.8 3
15.42 1.25+0.15
178.81 | (<10%) | <10 (=10%) 3.1%+0.9 2

Figure D.7: Primary Dataset for KDE plot for X4114.

NB Primary data set is comprised of 7 aliquots (se-

lected from a total of 7 aliquots after selection criteria

X4114 were met).
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Figure D.8: OSL shine down curve for a representa-
tive aliquot of X4114

Figure D.9: OSL dose response curve for a represen-

tative aliquot of X4114

Figure D.10: Final OSL measurement (based on the CAM) and over dispersion value for X4114. Calibrated
machine dose rates (Gy/s): 0.03842184 (CG).

Central dose

(s)

Central Dose
Error (s)

OD (%)

OD error (%)

194.45

24.44

32.32

5.19
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.3: OSL data for Sample X4115 — Coarse Grain and Fine Grain
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Figure D.11: Kernel Density Estimate Plot for Sample

Test

D.(s) | D.emror | Dose Recycling Recup. IRSL/ 08l

(s) Error Ratio (%) ratio (%)
(%)

1533 0.98+40.10

17208 | (=10%) <10 (=107 1.240.5 5
1034 1.2140.08

182.93 | (£10%) <10 (<10%0) 0.140.1 <1
936 1.1240.06

20079 | (=10%) | =10 (=10Ph) 03401 <1
13.66 1.02+0.09

25462 | (=10%) =10 (=1CPk) 14405 5]
2432 1164019

25147 | (=£10%) =10 (=10%%) -13+-10 i4
13.19 1.0640.10

242,15 | (£10%) <10 (=107 0.240.5 5
1293 1.07 +0.09

23553 | (£10%) <10 (= 10%0) 0740.5 2
1120 1064012

14868 | (£10%) =10 (=10%%) 1342 i0

Figure D.12: Primary Dataset for KDE plot for X4115.

NB Primary data set is comprised of 3 aliquots se-

lected from

a total of 7 aliquots (coarse grains) and 5

X4115 out of 5 aliquots (fine grains) after selection criteria
were met.
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Figure D.13: OSL shine down curve for a representa- Figure D.14: OSL dose response curve for a represen-

tive aliquot of X4115

tative aliquot of X4115

Figure D.15: Final OSL measurement (based on the CAM) and over dispersion value for X4115. Calibrated
machine dose rates (Gy/s): 0.03842184 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
190.3 6.38 0.57 1.67
222.73 19.75 18.62 2.88
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.4: OSL data for Sample X4116 — Coarse Grain (No fine grain data available; of 6 aliquots, all failed

to meet rejection criteria)
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Figure D.16: Kernel Density Estimate Plot for Sample
X4116

Test
D.(s) D. error Dose Recycling Recup. | IRSL/ OSL
(s) Error Ratio (%) ratio (%)
(%)
15.33 0.98+0.10
172.98 | (=10%) <10 (=£10%) 1.2+0.5 5

Figure D.17: Primary Dataset for KDE plot for X4116.
NB Primary data set is comprised of 1 aliquot selected
from a total of 2 aliquots after selection criteria were

met.
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Figure D.18: OSL shine down curve for a representa-
tive aliquot of X4116
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Figure D.19: OSL dose response curve for a represen-

tative aliquot of X4116

Figure D.20: Final OSL measurement (based on the CAM) and over dispersion value for X4116. Calibrated

machine dose rates (Gy/s): 0.03849789 (CG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
172.98 15.33 N/A N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.5: OSL data for Sample X4117 — Fine Grain (No coarse grain data available; of 2 aliquots, all failed

to meet rejection criteria)
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Figure D.21: Kernel Density Estimate Plot for Sample
X4117

Test
D.(s) D. error | Dose Recycling Recup. R4 signd
e (s) Error Ratio (%) (%)
(%o}
36.73 1.3440.33
31162 (1296) =10 (=100 18 il
5580 0.68£0.19
397,04 (1638} 1= (138 D321 11
774 0. 860,24
537.38 (14%8) 12 (1098} 71424 10
60,15 0.640.%
32972 (1538} 1z (=108 2025 7
3l 0.8140.31
18047 (1658) 14 (1098 0249 11

Figure D.22: Primary Dataset for KDE plot for X4117.
NB primary data set is comprised of 5 aliquots se-
lected from a total of 6 aliquots after selection criteria

were met.

— Natural — 3008 |

QOSL (cts per
@
(=]

k2
=

ﬂ'h v,l. J” wlﬂ'm '1‘ ll"I"qu'*

0 10 20 30 40 50 B0 YO 80 490
Time (=)

Figure D.23: OSL shine down curve for a representa-

tive aliquot of X4117
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Figure D.24: OSL dose response curve for a represen-

tative aliquot of X4117

Figure D.25: Final OSL measurement (based on the CAM) and over dispersion value for X4117. Calibrated

machine dose rates (Gy/s): 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
335.16 51.9 31.18 6.78
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.6: OSL data for Sample X4118 — Coarse Grain and Fine Grain

Density

0015

0.010

0.005

0,000
L

2
Cumulative frequency

Equivalent dose [5]

Figure D.26: Kernel Density Estimate Plot for Sample

X4118

Test
Du(s) De error | Dose Recycling Recup. R4/ 09
(s) Error Ratio (o) ratio (%0)
(%)
1523 1.19+0.08
32170 | (£107%) =10 (11%) 0.540.2 =1
1875 1114012
20449 | (£10%) =10 (=£10%) 04404 s
18.06 1.20+0.13
34032 | (=10 | =10 (£10%) 0105 3
2542 1.04+0.14
35884 | (10RG) =10 (<10%) -1.0+0.6 4
26.56 0.944+0.14
32065 | (<10RG) =10 (=10%) -03+09 =1
17.74 1.18+0.17
22591 (=10Ph) =10 (=10%) 02410 S

Figure D.27: Primary Dataset for KDE plot for X4118.
NB Primary data set is comprised of 2 aliquots se-
lected from a total of 5 aliquots (coarse grains) and 4

out of 4 aliquots (fine grains) after selection criteria
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Figure D.28: OSL shine down curve for a representa-
tive aliquot of X4118

were met.
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Figure D.29: OSL dose response curve for a represen-

tative aliquot of X4118

Figure D.30: Final OSL measurement (based on the CAM) and over dispersion value for X4118. Calibrated
machine dose rates (Gy/s): 0.03849789 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
311.74 11.84 N/A N/A
309.98 27.78 16.46 N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

No OSL data is available for Sample X4119

+ No data for coarse grain material. Of 6 aliquots, all failed to meet rejection criteria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

No OSL data is available for Sample X4120

+ No data for coarse grain material. Of 3 aliquots, all failed to meet rejection criteria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.

338



D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.7: OSL data for Sample X5458 — Coarse Grain and Fine Grain

Density

Gumulative frequency

Equivalentdose [5]

Figure D.31: Kernel Density Estimate Plot for Sample
X5458

Test
D.(s) D. error | Dose Recycling Recup. R4 signd
ol (s) Bror Rato (%) (%)
(%)

16,5 1.0420.09

26199 (=1090) <10 (1090) 2,507 3
24.63 11840.12

285.58 (=1096) <10 (S1096) S4t15 7
13.4 1.140.09

255,92 (£1090) <10 (199 2307 3
1.97 0.9840.05

B.97 (£106) <10 (1096 08t2.1 4
54.25 0,8340.35

266,85 (1996) 14 (<1096 0322 ]
2.3 0.5040.23

227.40 (1496} <10 (£1096) 05t34 10
36.23 0.730.23

204,03 (1596} 1 (<1096 Tok45 7
233 1.3340.2

204,41 (1136} <10 (1686) 62t15 2
33.58 0,8340.29

227.06 (1496) 11 (<100 1031 10
16,62 0.9240.12

244,83 (=1090) <10 (21090) 27411 c
2L 1374020

290,10 (18%) <10 (21098 3311 4

Figure D.32: Primary Dataset for KDE plot for X5458.
NB Primary data set is comprised of 5 aliquots selected from a
total of 7 aliquots (coarse grains) and 6 out of 6 aliquots (fine

grains) after selection criteria were met.
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Figure D.33: OSL shine down curve for a representa-
tive aliquot of X5458
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Figure D.34: OSL dose response curve for a represen-
tative aliquot of X5458

Figure D.35: Final OSL measurement (based on the CAM) and over dispersion value for X5458. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
270.74 9.47 0 N/A
246.66 11.91 5.59 1.5
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.8: OSL data for Sample X5459 — Coarse Grain (No fine grain data available; of 6 aliquots, all failed

to meet rejection criteria)
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Figure D.36: Kernel Density Estimate Plot for Sample

Da(s)

D. eror

(s)

Recycling
Ratio

Recup.
(%)

IRSL signal
(%)

318.47

52.47
(16%)

1.25+0.29
(=10%)

1.4+2.5

262.78

53.47
(20%)

1.30+0.21
(£10%)

-1.2+0.9

100.66

5.29
(=10%)

1.24+0.07
(18%)

0.8+0.4

Figure D.37: Primary Dataset for KDE plot for X5459.

NB Primary data set is comprised of 3 aliquots se-

lected from a total of 10 aliquots after selection cri-

teria were met.
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Figure D.38: OSL shine down curve for a representa-

tive aliquot of X5459

Figure D.39: OSL dose response curve for a represen-

tative aliquot of X5459

Figure D.40: Final OSL measurement (based on the CAM) and over dispersion value for X5459. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG).

Central dose

(s)

Central Dose
Error (s)

OD (%)

OD error (%)

198.2

59.91

50.12

15.78
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.9: OSL data for Sample X5460 — Coarse Grain and Fine Grain

Density
0.008 0.008
1 1

0.004

0.002
L

0.000

Cumulative frequency
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Figure D.41: Kernel Density Estimate Plot for Sample

Figure D.42: Primary Dataset for KDE plot for X5460.
(Shown Overleaf). NB Primary data set is comprised
of 23 aliquots selected from a total of 30 aliquots
(coarse grains) and 14 out of 16 aliquots (fine grains)

after selection criteria were met.
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Figure D.43: OSL shine down curve for a representa-

tive aliquot of X5460

Figure D.44: OSL dose response curve for a represen-
tative aliquot of X5460

Figure D.45: Final OSL measurement (based on the CAM) and over dispersion value for X5460. Calibrated
machine dose rates (Gy/s): 0.04007744 (CG), 0.03842184 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
224.06 14.89 37.41 2.92
286.97 19.82 20.49 2.72
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Figure D.42: Primary data set for X5460.

Test N
De(s) | % | Dose | Recycling | Recup. Ra | Grain 5§e
Erer | Ratio | (@) | ©9 Gm
® | o) (06) | weatment
o0- 250
7.0 1000 TE HC +a0
27629 | i<ime) | =10 (£10%) 05400 <1 Tiin HE
o0- 29 |m
662 L0 T HCl+
B2 | (€1 <10 (£10%) 0.620.1 <1 20 min HE
o0- 2
761 L0 T HCI+
2m17 | €1me) | <10 (£10%) 0.4£00 <1 5 min HE
o0- 29 m
13.33 LOBE0IL T HCI+
16098 | (€196) | €10 (£10%) 17206 g 0 min HE
o0- 29 m
12 1224007 T HCI+
zane | ime) | <40 (15%) 10402 <1 0 min HE
- 250 |
945 LOE0.07 TEHCI+
25417 | ¢<1me) | =10 (<1096) 0.7£0.1 <1 30 min HE
@-
8.52 1145018 T HCI*
omm | &) | <io (£10%) 22:02 2 3 min HF
-
7% LEH005 TEHCI+
19E9 | (€1m6) | <10 (£10%) 09401 s 3 rrin HE
o0- 29 1m
70 LIE0.04 T HCl+
252,54 | (1096 <10 (10%) 0.7+0.1 =1 20 min HE
o0- 29 m
8.07 12006 T HCI+
25724 | <1m6) | =10 (1736 04401 <1 0 min HE
- 29 m
721 L1004 TEHCI+
2450 | (€1m6) | <10 (L1%) 0.4£0.0 <1 30 min HE
1- 29 m
.87 106005 T HCI+
s | (£ime) | <i0 (210%) 06401 <1 0 min HF
o0- 25 |
6.2 114008 TEHCI+
2w | ime) | <10 (11%) 07400 <1 30 rrin HE
9.57 112006 - 29 m
21470 | <ime) | 210 (S10%) 13402 4 TE HCl e
10.18 LELE0E o1- 29 pm
o7 | Ime) | 10 REES) 10403 s TE HCl
10.80 L1008 1- 29 pm
20765 | sime) | 240 (£10%) 14403 4 TE HCl
1.5 10006 1- 29 pm
o34 | (<ame) | <40 (1456 01401 3 TE Hel
o688 1.0e+0.06 S0 = 280 pm
1776 | (E1056) | <10 (£10%) 0903 1 TE Hel o
8.3 0801 o0- 28 m
oosan | ¢=ame) | =10 (<10%) 0901 a T Al o
748 LIGED0E o0- 28 m
2171 | (10 <10 (<10%) 11201 3 TE Aol
=3 113006 ©0 = 280 pm
17575 | (c1me) | €10 (£10%) 08202 4 TE Hl
o0- 20 m
801 1006 TE no
1540 | (1096) | <10 (210%) 07403 3 treatment
o0- 28 m
1063 LOE0.07 TEno
2618 | ¢<ame) | =10 (£10%) 0802 6 treatment
o0- 29 m
76 113006 TE no
18996 (Z10%) <10 (21098} 0.310.2 5 treatrment
- 25
1482 LEH0.13 TEno
zmn | <ime) | 210 (17%) 06405 12 treatent

Test .
Du(®) | o | Dose | Recycling | Recup. Lot %ﬂ'"f&ze
Eror | Ratio @) | 52 m
© | (g (@0) | teatment
S0 -5
33% 1114009 MET HCl
36813 (£10%6) <10 (£10%6) A.5+0.2 21 +30 sec HE
o0 - 250 pm
9.23 1124007 MET HCl
17594 | (<1086 <10 (<10%) 09#0.3 2 +30 sec HE
o0 - 250 Lm
8.3 1.07£0.05 MET HCl
25603 (51086} 10 (£10%6) 06201 21 +30 sec HE
o0 - 250 pm
&2 128009 MET HCl
AT (£1096) =10 {16967 20+17 12 +30 sec HE
S0-25
873 1.16£0.05 MET HCl
22625 (21086 ) 10 (1196 08401 21 +30 sec HE
S0-25
94.85 0.53£0.37 MET HCl
51993 (196} 14 (£10%6) 8336 11 +30 sec HE
o0 - 250 pm
2332 1.0540.12 MET HCl
267.39 (=116 =10 (£1036) 14206 s +30 sec HF
o0 - 250 pm
13893 1226029 MET HCI
38610 (37%) 10 (£1096) 12413 13 +30 sec HE
Test
- IRSL
D.(s) D. Dose | Recycling | Recup. .
error | ¢ " signal
(s) rror Ratio (%) (%)
(%)
42.29 1.37+0.33
418, (11%) <10 (=10%) 2.7+-1.0 4
68.56 1.35+0.39
315.05 | (22%) <10 (<£10%) 0.64-1.9 8
28.55 0.72+0.13
253.88 | (12%) <10 (16%) 0.1%-1.7 6
49.10 1.20+0.33
288.87 | (17%) <10 (£10%) 0.3%-1.8 12
21.89 82+0.18
229.29 | { <10 (=10%) 1.5+1.6 12
1.2620.26
284.73 <10 (£10%) 0.041.1 10
29.62 2.2241.67
165.12 | (18%) 11 (=10%) 6.3+4.5 13
38.41 1.05+0.21
335.61 | (12%) =10 (=10%) 1.4+1.3 10
67.68
412.73 | (17%) 13 1.0%-1.4 10
57.36
337.88 | (17%) 12 5.042.1 8
53.97
214.96 | (26%) 14 3.545.0 10
49.15
178.69 | (28%) 16 5.6+7.0 9
58.60
357.55 | (17%) 16 6.2+2.6 9
36.72 1.300.34
270.24 | (14%) =10 (=10%) 0.7+2.0 11
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.10: OSL data for Sample X5461 — Coarse Grain and Fine Grain

0.020

0.015

Density

0.005
1

0.010
T .
™
20

2
Cumulative fraquency

0.000
L

220 240 260 280 300

Equivalentdase [5]

320 340

Figure D.46: Kernel Density Estimate Plot for Sample

Test
D.{s) | D. emror | Dose Recycling Recup, IRA_signa
(s) Eror Ratio (%0) (%0)
(%)
4821 1.260.24
313.34 {14963 <10 (119 2.742.2 4
3400 1328018
23716 (1496 <10 (10%) 2.5+1.4 2
1125 1.17£0.08
prRc ] (£1me) =10 (12363 0.240.1 =1
114.37 116029
257,30 (4550 20 (£10%) 11.947.4 a8
55,80 0.65£0.29
200,20 (263 hE] (21038} 7.5t4.6 11
Eo.0o 0.82£0.25
240,63 (21%) 20 (210%) 5065 6
E6.44 0.01+0.35
229,72 (2596 20 (10%) 9.546,1 3

Figure D.47: Primary Dataset for KDE plot for X5461.

NB Primary data set is comprised of 3 aliquots se-

lected from a total of 6 aliquots (coarse grains) and 4

out of 6 aliquots (fine grains) after selection criteria

X5461
were met.
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Figure D.48: OSL shine down curve for a representa-

tive aliquot of X5461

Dose (=)

Figure D.49: OSL dose response curve for a represen-

tative aliquot of X5461

Figure D.50: Final OSL measurement (based on the CAM) and over dispersion value for X5461. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
272.38 10.42 0 N/A
241.20 31.33 0 N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.11: OSL data for Sample X5462 — Coarse Grain (No fine grain data available; of 6 aliquots, all

failed to meet rejection criteria)
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Figure D.51: Kernel Density Estimate Plot for Sample
X5462

Test
Du(s) D, error | Dose Recycling Recup. R4 signa
(O] Eror Ratio (%) [CD)]
(%)
2368 1.28£0.17
219.25 (1196) <10 (£10%) 0,5£2.5 s

Figure D.52: Primary Dataset for KDE plot for X5462.
NB Primary data set is comprised of 1 aliquot selected
from a total of 10 aliquots after selection criteria were

met.
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Figure D.53: OSL shine down curve for a representa-
tive aliquot of X5462
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Figure D.54: OSL dose response curve for a represen-

tative aliquot of X5462

Figure D.55: Final OSL measurement (based on the CAM) and over dispersion value for X5462. Calibrated

machine dose rates (Gy/s): 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
219.25 23.69 N/A N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.12: OSL data for Sample X5463 — Coarse Grain and Fine Grain
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Figure D.56: Kernel Density Estimate Plot for Sample
X5463

Test

De(s) D. error | Dose Recycling Recup. |IRSL signal

(s) Error Ratio (%) (%)
(%)

10.74 1.07£0.07

218.18 | (<10%) <10 (£10%) 0.0%0.4 4
11.07 115+0.06

255.11 | (<10%) <10 (=10%) 0.8+0.3 4
10.57 1.01#0.07

209.67 | (<10%) <10 (£10%) -0.2%-0.5 5
22.34 1.30£0.16

248.36 | (<10%) <10 (14%) 0.9+0.6 1
10.50 1.11+0.09

240.50 | (<10%) <10 (£10%) 0.6+0.3 2
20.08

235.19 | (=10%) <10 0.1%-1.1 3
14.4

242.64 (£10%) 10 0.4+0.5 4
14.84 1.24%0.13

251.24 (<10%) <10 (£10%) 1.8+0.6 2

Figure D.57: Primary Dataset for KDE plot for X5463.
NB Primary data set is comprised of 4 aliquots se-
lected from a total of 10 aliquots (coarse grains) and

4 out of 6 aliquots (fine grains) after selection criteria

were met.
450 — MNatural 200 | 24 i
22
400 2
& 350 18 '
g 500 15 2
= ‘a ]
kn = .
B 250 i12p =l
T 200 = 1
-
7 08
© 150 iy x
100 04 g
g0y ) 02
“ﬂ'ﬂ".':l;"'al.l' 'Jl';' .‘uvl- e ....'-":'Il.-w'.'ljl:'.: Sl 0
0 0 50 100 150 200 250 300 350 400 450 500

0 10 20 30 40 350 6O
Time (=)

70 80 90

Dosze (s)

Figure D.58: OSL shine down curve for a representa-

Figure D.59: OSL dose response curve for a represen-
tative aliquot of X5463

tive aliquot of X5463

Figure D.60: Final OSL measurement (based on the CAM) and over dispersion value for X5463. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
230.70 10.17 6.79 N/A
242.85 6.92 0 N/A

345



D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.13: OSL data for Sample X5464 — Coarse Grain and Fine Grain

Density
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Do (s} D, error | Dose Recycling Recup. IRS signa
© (s) Eror Ratio (%) (CH)
(%)

8,51 1174005
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Figure D.61: Kernel Density Estimate Plot for Sample
X5464

Figure D.62: Primary Dataset for KDE plot for X5464.
NB Primary data set is comprised of 4 aliquots selected from a
total of 6 aliquots (coarse grains) and 6 out of 6 aliquots (fine

grains) after selection criteria were met.
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Figure D.63: OSL shine down curve for a representa-

tive aliquot of X5464
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Figure D.64: OSL dose response curve for a represen-
tative aliquot of X5464

Figure D.65: Final OSL measurement (based on the CAM) and over dispersion value for X5464. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
221.04 6.17 3.06 0.55
244.19 6.11 0 N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.14: OSL data for Sample X5465 — Coarse Grain and Fine Grain
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Figure D.66: Kernel Density Estimate Plot for Sample
X5465

Test
Do(s) D. eror | Dose Recycling Recup, R4 signa
e (s) Eror Ratio (%0) (%0)
(%)

0.9 101+0.18

20388 (15%) =10 (<1096) 77453 10
3.3 0.91£0.22

242,40 (1496) =10 (<1m6) 0123 7
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1430 11540,13
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20,79 108£0.19

26364 (£1096) =10 (=1m6) 515 7
17,17 0.82£0. 12
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2422 1060, 17

263,60 (=1035) =10 (21m98) 341 g

Figure D.67: Primary Dataset for KDE plot for X5465.
NB Primary data set is comprised of 2 aliquots se-
lected from a total of 6 aliquots (coarse grains) and 6
out of 6 aliquots (fine grains) after selection criteria

were met.
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Figure D.68: OSL shine down curve for a representa-
tive aliquot of X5465
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Figure D.69: OSL dose response curve for a represen-
tative aliquot of X5465

Figure D.70: Final OSL measurement (based on the CAM) and over dispersion value for X5465. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
226.75 22.82 0 N/A
262.01 7.56 0 N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.15: OSL data for Sample X5466 — Coarse Grain (No fine grain data available;

failed to meet rejection criteria)

of 6 aliquots, all
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Density
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Figure D.71: Kernel Density Estimate Plot for Sample
X5466

Do (53 D, eror | Dose Recycling Recup. RS signa
o (s) Error Ratio (%) (%0)
(%)
7.8 0.97+0.09
62,01 (11567 =10 (218 737 4
12,18 11740.16
66,35 (18.5%) <10 Sz 2355 3
1.27+0.13
78,73 (11%) =10 {15%) 3332 2
[%=c] 1174045
169.76 (3496) 1 (<1096) 17433 s

Figure D.72: Primary Dataset for KDE plot for X5466.
NB Primary data set is comprised of 3 aliquots se-
lected from a total of 7 aliquots after selection criteria

were met.
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Figure D.73: OSL shine down curve for a representa-
tive aliquot of X5466
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Figure D.74: OSL dose response curve for a represen-
tative aliquot of X5466

Figure D.75: Final OSL measurement (based on the CAM) and over dispersion value for X5466. Calibrated

machine dose rates (Gy/s): 0.03877326 (CG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
75.41 5.14 0 N/A

348



D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.16: OSL data for Sample X5467 — Coarse Grain and Fine Grain

Density
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Figure D.76: Kernel Density Estimate Plot for Sample
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Da(s) D. eror | Dose Recycling Recup, R4 signa
e (s) Bror Ratic (0) (%)
(%)
1B.47 1074014
21401 (=109 =10 (< 1096) 4.0t-16 2
211 10240, 14
210,50 (13%) =10 (=1m6) 2226 4
2555 0.87+0.11
2e.m (13%) =10 (<1096) 27£2.0 =1
31.48 1.34£0.31
200,84 (1636 =10 (21e) 0.040.0 2
jenic. 2.87+2.23
160.54 (17%8) 12 (21098} 72485 7

Figure D.77: Primary Dataset for KDE plot for X5467.
NB Primary data set is comprised of 4 aliquots se-
lected from a total of 16 aliquots (coarse grains) and

1 out of 6 aliquots (fine grains) after selection criteria

X5467 were met.
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Figure D.78: OSL shine down curve for a representa-

tive aliquot of X5467
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Figure D.79: OSL dose response curve for a represen-
tative aliquot of X5467

Figure D.80: Final OSL measurement (based on the CAM) and over dispersion value for X5467. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
208.90 12.19 0 N/A
182.84 30.34 N/A N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.17: OSL data for Sample X5468 — Coarse Grain and Fine Grain

Density
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Figure D.81: Kernel Density Estimate Plot for Sample
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Figure D.82: Primary Dataset for KDE plot for X5468.

NB Primary data set is comprised of 3 aliquots selected from a

X5468 total of 12 aliquots (coarse grains) and 6 out of 6 aliquots (fine
grains) after selection criteria were met.
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Figure D.83: OSL shine down curve for a representa-
tive aliquot of X5468

Figure D.84: OSL dose response curve for a represen-
tative aliquot of X5468

Figure D.85: Final OSL measurement (based on the CAM) and over dispersion value for X5468. Calibrated
machine dose rates (Gy/s): 0.03912468 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
221.01 14.20 0 N/A
245.30 9.26 0 N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

No OSL data is available for Sample X5469

+ No data for coarse grain material. Of 12 aliquots, all failed to meet rejection crite-

ria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.18: OSL data for Sample X5470 — Coarse Grain and Fine Grain
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Figure D.86: Kernel Density Estimate Plot for Sample
X5470

D.(s) D. ervor | Test Dose | Recycling Recup. IRSL signal
(s) Error (%) Ratio (%) (@)
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Figure D.87: Primary Dataset for KDE plot for X5470.
NB Primary data set is comprised of 7 aliquots selected from 10
aliquots (coarse grains) and 6 out of 6 aliquots (fine grains) after

selection criteria were met.
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Figure D.88: OSL shine down curve for a representa-
tive aliquot of X5470
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Figure D.89: OSL dose response curve for a represen-
tative aliquot of X5470

Figure D.90: Final OSL measurement (based on the CAM) and over dispersion value for X5470. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose ° o
(s) Error (s) OD (%0) OD error (%)
210.02 11.26 13.59 1.46
263.98 24.90 18.30 3.28
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

No OSL data is available for Sample X5471

+ No data for coarse grain material. Of 5 aliquots, all failed to meet rejection criteria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.

353



D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.19: OSL data for Sample X5472 — Coarse Grain and Fine Grain
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Figure D.91: Kernel Density Estimate Plot for Sample
X5472

Test
D.(s) D, error | Dose Recycling Recup. R4 signd
e (s) Error Ratio (%) (%)
(%)
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Figure D.92: Primary Dataset for KDE plot for X5472.
NB Primary data set is comprised of 7 aliquots selected from a
total of 9 aliquots (coarse grains) and 1 out of 6 aliquots (fine

grains) after selection criteria were met.
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Figure D.93: OSL shine down curve for a representa-
tive aliquot of X5472
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Figure D.94: OSL dose response curve for a represen-
tative aliquot of X5472

Figure D.95: Final OSL measurement (based on the CAM) and over dispersion value for X5472. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
238.61 5.19 0 28.62
271.37 47.55 N/A N/A
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D. OSL aliquot data for the Bét Khallaf ceramic assemblage

Table D.20: OSL data for Sample X5473 — Coarse Grain and Fine Grain
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Figure D.96: Kernel Density Estimate Plot for Sample
X5473

Du(s) De eror | Test Dose | Recycling Recup. IRSsigna
e (s) Error (%) Ratio (o) (Co)
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Figure D.97: Primary Dataset for KDE plot for X5473.
NB Primary data set is comprised of 3 aliquots selected from a
total of 12 aliquots (coarse grains) and 6 out of 6 aliquots (fine

grains) after selection criteria were met.
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Figure D.98: OSL shine down curve for a representa-

tive aliquot of X5473
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Figure D.99: OSL dose response curve for a represen-

tative aliquot of X5473

Figure D.100: Final OSL measurement (based on the CAM) and over dispersion value for X5473. Calibrated
machine dose rates (Gy/s): 0.03877326 (CG), 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
215.74 31.19 29.28 N/A
251.08 9.36 0 N/A 355



APPENDIX E

DRAC input and output data for material
from Bét Khallaf
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Table E.1: Input Data for DRAC for material from Bét Khallaf

. Exter- errExter- Calculate Grain size Grain size
Min- . External errExternal External | errExternal K | external Rb .
Sample ID | FG/CG Conversion factors nalU nal U min max
eral Th (ppm) Th (ppm) K (%) (%) from K . .
(ppm) (ppm) conc? (microns) (microns)
X4113 CG Q Guerinetal2011 1.34 0.075 5.2 0.2912 1.19 0.06664 Y 90 180
X4114 CG Q Guerinetal2011 1.03 0.058 4.32 0.24192 0.98 0.05488 Y 90 250
X4115 CG Q Guerinetal2011 1.45 0.081 5.83 0.32648 1.26 0.07056 Y 90 180
X4116 CG Q Guerinetal2011 1.99 0.111 7.3 0.4088 0.98 0.05488 Y 90 180
X4113 FG PM Guerinetal2011 1.34 0.075 52 0.2912 1.19 0.06664 Y 4 11
X4115 FG PM Guerinetal2011 1.45 0.081 5.83 0.32648 1.26 0.07056 Y 4 11
X4117 FG PM Guerinetal2011 1.85 0.104 7.5 0.42 1.25 0.07 Y 4 11
X4118 FG PM Guerinetal2011 2.3 0.129 6.3 0.3528 1.54 0.08624 Y 4 11
X5458 CG Q Guerinetal2011 1.82 0.102 6.7 0.3752 0.97 0.05432 Y 90 180
X5459 CG Q Guerinetal2011 2.45 0.137 7.69 0.43064 1.01 0.05656 Y 90 250
X5461 CG Q Guerinetal2011 1.31 0.073 5.56 0.31136 1.51 0.08456 Y 90 180
X5462 CG Q Guerinetal2011 1.19 0.067 4.9 0.2744 1.32 0.07392 Y 180 250
X5463 CG Q Guerinetal2011 1.24 0.069 5.95 0.3332 1.45 0.0812 Y 90 250
X5464 CG Q Guerinetal2011 1.27 0.07112 5.78 0.32368 1.33 0.07448 Y 90 180
X5458 FG PM Guerinetal2011 1.81 0.10136 6.7 0.3752 0.97 0.05432 Y 4 11
X5460 FG PM Guerinetal2011 1.9 0.1064 6.2 0.3472 1.83 0.10248 Y 4 11
X5461 FG PM Guerinetal2011 1.31 0.07336 5.56 0.31136 1.51 0.08456 Y 4 11
X5463 FG PM Guerinetal2011 1.24 0.06944 5.95 0.3332 1.45 0.0812 Y 4 11
X5464 FG PM Guerinetal2011 1.27 0.07112 5.78 0.32368 1.33 0.07448 Y 4 11
X5465 CG Q Guerinetal2011 1.7 0.0952 7.06 0.39536 1.41 0.07896 Y 90 180
X5466 CG Q Guerinetal2011 3.68 0.20608 17.58 0.98448 1.59 0.08904 Y 90 250
X5467 CG Q Guerinetal2011 1.15 0.0644 5.63 0.31528 1.48 0.08288 Y 90 250
X5468 CG Q Guerinetal2011 1.88 0.10528 6.95 0.3892 1.04 0.05824 Y 90 180
X5470 CG Q Guerinetal2011 1.14 0.06384 6.05 0.3388 1.27 0.07112 Y 90 250
X5472 CG Q Guerinetal2011 1.43 0.08008 5.15 0.2884 1.37 0.07672 Y 90 250
X5473 CG Q Guerinetal2011 1.77 0.09912 5.64 0.31584 1.22 0.06832 Y 90 180
X5465 FG PM Guerinetal2011 1.7 0.0952 7.06 0.39536 1.41 0.07896 Y 4 11
X5467 FG PM Guerinetal2011 1.15 0.0644 5.63 0.31528 1.48 0.08288 Y 4 11
X5468 FG PM Guerinetal2011 1.88 0.10528 6.95 0.3892 1.04 0.05824 Y 4 11
X5470 FG PM Guerinetal2011 1.14 0.06384 6.05 0.3388 1.27 0.07112 Y 4 11
X5472 FG PM Guerinetal2011 1.43 0.08008 5.15 0.2884 1.37 0.07672 Y 4 11
X5473 FG PM Guerinetal2011 1.77 0.09912 5.64 0.31584 1.22 0.06832 Y 4 11
X5460(3) CG Q Guerinetal2011 1.42 0.07952 5.79 0.32424 1.48 0.08288 Y 90 250
X5460(3) FG PM Guerinetal2011 1.42 0.0795 5.79 0.3242 1.48 0.0829 Y 4 11
X4118(3) CG Q Guerinetal2011 1.42 0.0795 5.79 0.3242 1.48 0.0829 Y 90 180
X4118(3) FG PM Guerinetal2011 1.42 0.0795 5.79 0.3242 1.48 0.0829 Y 4 11




Table E.2: Input Data for DRAC for material from Bét Khallaf continued

Water content

beta-Etch ioh
alpha-Grain size beta-Grain size Etch depth min Etch depth depth ((wet weight - errWater
Sample ID . . . . . a-value erra-value dry
attenuation attenuation (microns) max (microns) attenuation . content %
factor welght)/ dry
weight) %
X4113 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X4114 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X4115 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X4116 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X4113 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X4115 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X4117 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X4118 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5458 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5459 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5461 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5462 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5463 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5464 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5458 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5460 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5461 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5463 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5464 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5465 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5466 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5467 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5468 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5470 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5472 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5473 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5465 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5467 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5468 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5470 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5472 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5473 Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X5460(3) Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X5460(3) Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2
X4118(3) Brennanetal1991 Guerinetal2012-Q 0 0 X 0.1 0.02 3 2
X4118(3) Brennanetal1991 Guerinetal2012-Q 0 0 X 0.038 0.002 3 2




Table E.3: Input Data for DRAC for material from Bét Khallaf continued

Overbur- errOver- . . .

Sample ID | Depth (m) errDepth den density bur.d en Latitude (decimal degrees) Longitude (decimal Altitude

(m) density (g degrees) (m)
(g cm-3)
cm-3)

X4113 12 1 2 0.2 26.295483 31.7717979 94
X4114 12 1 2 0.2 26.295483 31.7717979 94
X4115 12 1 2 0.2 26.295483 31.7717979 94
X4116 11 1 2 0.2 26.295483 31.7717979 94
X4113 12 1 2 0.2 26.295483 31.7717979 94
X4115 12 1 2 0.2 26.295483 31.7717979 94
X4117 12 1 2 0.2 26.295483 31.7717979 94
X4118 12 1 2 0.2 26.295483 31.7717979 94
X5458 27 1 2 0.2 26.295483 31.7717979 94
X5459 27 1 2 0.2 26.295483 31.7717979 94
X5461 12 1 2 0.2 26.295483 31.7717979 94
X5462 11 1 2 0.2 26.295483 31.7717979 94
X5463 12 1 2 0.2 26.295483 31.7717979 94
X5464 12 1 2 0.2 26.295483 31.7717979 94
X5458 27 1 2 0.2 26.295483 31.7717979 94
X5460 12 1 2 0.2 26.295483 31.7717979 94
X5461 12 1 2 0.2 26.295483 31.7717979 94
X5463 12 1 2 0.2 26.295483 31.7717979 94
X5464 12 1 2 0.2 26.295483 31.7717979 94
X5465 12 1 2 0.2 26.295483 31.7717979 94
X5466 12 1 2 0.2 26.295483 31.7717979 94
X5467 11 1 2 0.2 26.295483 31.7717979 94
X5468 12 1 2 0.2 26.295483 31.7717979 94
X5470 12 1 2 0.2 26.295483 31.7717979 94
X5472 12 1 2 0.2 26.295483 31.7717979 94
X5473 12 1 2 0.2 26.295483 31.7717979 94
X5465 12 1 2 0.2 26.295483 31.7717979 94
X5467 11 1 2 0.2 26.295483 31.7717979 94
X5468 12 1 2 0.2 26.295483 31.7717979 94
X5470 12 1 2 0.2 26.295483 31.7717979 94
X5472 12 1 2 0.2 26.295483 31.7717979 94
X5473 12 1 2 0.2 26.295483 31.7717979 94
X5460(3) 12 1 2 0.2 26.295483 31.7717979 94
X5460(3) 12 1 2 0.2 26.295483 31.7717979 94
X4118(3) 11 1 2 0.2 26.295483 31.7717979 94
X4118(3) 12 1 2 0.2 26.295483 31.7717979 94




Table E.4: DRAC outputs for material from Bét Khallaf

Water Water Water Water . .

Cosmic- errCosmic-

Sample ID FG/CG Mineral corrected corrected corrected corrected doserate doserate

alpha- erralpha- betadoser- errbeta- (Gyka-1) (Gyka-1)
doserate doserate ate doserate y-Ka y-Ka
X4113 CG Q 0.1 0.027 1.16 0.06 0.051 0.005
X4114 CG Q 0.072 0.026 0.931 0.053 0.051 0.005
X4115 CG Q 0.11 0.03 1.239 0.064 0.051 0.005
X4116 CG Q 0.143 0.039 1.133 0.054 0.056 0.006
X4113 FG PM 0.236 0.02 1.247 0.061 0.051 0.005
X4115 FG PM 0.26 0.022 1.333 0.065 0.051 0.005
X4117 FG PM 0.333 0.028 1.424 0.067 0.051 0.005
X4118 FG PM 0.343 0.029 1.681 0.081 0.051 0.005
X5458 CG Q 0.131 0.035 1.091 0.053 0.018 0.002
X5459 CG Q 0.147 0.052 1.201 0.062 0.018 0.002
X5461 CG Q 0.102 0.028 1.4 0.075 0.051 0.005
X5462 CG Q 0.054 0.01 1.184 0.063 0.056 0.006
X5463 CG Q 0.094 0.034 1.334 0.077 0.051 0.005
X5464 CG Q 0.103 0.029 1.267 0.067 0.051 0.005
X5458 FG PM 0.311 0.026 1.179 0.054 0.018 0.002
X5460 FG PM 0.307 0.026 1.85 0.093 0.051 0.005
X5461 FG PM 0.241 0.02 1.502 0.076 0.051 0.005
X5463 FG PM 0.245 0.02 1.456 0.074 0.051 0.005
X5464 FG PM 0.243 0.02 1.362 0.068 0.051 0.005
X5465 CG Q 0.131 0.036 1.408 0.072 0.051 0.005
X5466 CG Q 0.278 0.102 1.991 0.101 0.051 0.005
X5467 CG Q 0.088 0.032 1.338 0.078 0.056 0.006
X5468 CG Q 0.136 0.037 1.156 0.056 0.051 0.005
X5470 CG Q 0.092 0.034 1.193 0.068 0.051 0.005
X5472 CG Q 0.092 0.033 1.282 0.073 0.051 0.005
X5473 CG Q 0.119 0.032 1.245 0.063 0.051 0.005
X5465 FG PM 0.31 0.026 1.517 0.074 0.051 0.005
X5467 FG PM 0.229 0.019 1.458 0.075 0.056 0.006
X5468 FG PM 0.323 0.027 1.25 0.058 0.051 0.005
X5470 FG PM 0.238 0.02 1.304 0.065 0.051 0.005
X5472 FG PM 0.242 0.02 1.398 0.07 0.051 0.005
X5473 FG PM 0.283 0.024 1.341 0.064 0.051 0.005
X5460(3) CG Q 0.098 0.035 1.374 0.079 0.051 0.005
X5460(3) FG PM 0.256 0.021 1.5 0.075 0.051 0.005
X4118(3) CG Q 0.108 0.03 1.397 0.074 0.056 0.006
X4118(3) FG PM 0.256 0.021 1.5 0.075 0.051 0.005




APPENDIX F

Mineralogy of ceramics samples

Another factor which can potentially impact on D is inclusions of additional minerals,
or, more specifically, the potential dose received by the sample from radiogenic minerals
contained within the sample’s clay fabric. Inclusions found in ceramic fabrics are often
a mixture of minerals, many of which can have their own radiogenic properties that can
affect the dose rate received by the quartz grains within the sample.

To determine which minerals may be present in a sample in addition to quartz, it
is possible to examine sample material, after OSL measurement, under an SEM. It was
beyond the scope of this project to examine every aliquot measured, thus only two rep-
resentative samples of each Nile and marl clay from Bét Khallaf were examined. In
addition to this a literature review was also done to determine the extent of additional
minerals commonly found within Egyptian clays.

For the two marl and two Nile silt samples selected from the Bét Khallaf data set, an
SEM mineral map was made of ~50% of a fine grain aliquot of each sample.®® Figures
F.1 and F.2 present two example images of the SEM mapping process carried out.

The mineral maps provide a brief, but informative overview of a selection of grains

¢® Unfortunately SEM analysis could only be carried out upon the fine grain fraction of the samples.
This is because prior to OSL measurement, the coarse mineral grains must be held fast on to the surface
of the grain (i.e. so that they do not detach during measurement). This is done using a silicon gel. Due to
the small number of grains measured on each disc however, the silicon gel was found to coat the grains in
a very thick layer of silicon which is difficult to see through on an SEM and the quantity of silica present
could potentially make further analysis more difficult. In contrast, the fine grain fraction is settled onto
the discs and as such requires no silicon gel as a holding agent. Furthermore, more fine grain material was
available for analysis (several thousand grains rather than ~20 grains), and also no HF acid etch had been
carried out upon the sample, thus a more representative mineral fraction would be examined. Of course,
fine grain aliquot preparation induces its own biases. In particular, only a 4-11 pm is represented, thus
minerals outside this size range will be excluded from analysis. Additionally, the fine grain aliquots were
prepared using a settling technique based upon Stokes’ law. The settling process was set up to select for
quartz grains specifically (i.e. with a density of 2.65g/cm®) and thus minerals with a significantly different
density may not have been obtained during the settling process, thus producing a sampling bias in the
final observed material.
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F. Mineralogy of ceramics samples

Project 19

Figure F.1: SEM mineral map of sample X4117, a marl clay sample from Bét Khallaf.

based upon their elemental composition, where specific elements can be screened for
which allow identification of minerals known to potentially affect the dose of the sam-
ple. Secondly, SEM mapping allowed a basic understanding of the quantity of specific
elements (and thus minerals) to be achieved.

For the purposes of this project, we were particularly interested in determining
whether the sample had any zircon inclusions as zircon has properties that can greatly
affect the dose rate of a sample, as well as having a luminescence signal of its own (Flem-
ing 1979: 116, Smith et al. 1986: 229).

From analysis of ~50% of the surface of each aliquot, it was found that the dominant
mineral within the grain population was quartz (~90%), although some feldspars (both
Ca, Na, and K feldspars) and some primarily calcium-based minerals (possibly apatite or
amphiboles, a more detailed analysis was not possible). In sample X5460 a single zircon
was also present. These numbers are approximate only as a full quantitive analysis
was not possible due to time restrictions. Therefore, these values are mainly qualitative
values. Furthermore, a small quantity of other different types of minerals are likely to
be present, as seen in the literature, but only those known to affect the OSL analysis of

a sample were actively looked for.
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Project 19

Figure F.2: SEM mineral map of sample X5460, a Nile silt clay sample from Bét Khallaf.

Of course, given the potential biases of a fine grain fraction with regard to min-
eral presence/absence, it is difficult to determine absolute occurrence of heavy minerals
within the fabric. However, Fleming 1979 does note that we expect to see heavy miner-
als such as zircon and apatite within most clay fabrics, although these are usually less
than < 1%, so again they are not necessarily going to be present in a very small sample
size, and, furthermore, it is unlikely that such small concentrations will affect the overall
dose rate for this project (only a single zircon was seen out of several thousand grains).

To aid the limited SEM analysis presented here, a literature review for Egyptian
petrographic studies was also carried out. Although the literature surrounding petro-
graphic studies is limited, it is still possible to gauge a fairly comprehensive assessment
of the typical components found in both Egyptian Nile silt and marl clays for late Nagada
I11/01d Kingdom ceramics.*’ In a study by Ownby (Ownby 2009) a selection of Old King-
dom pottery was found to have a fairly uniform distribution of clay inclusions across

the analysed data set. Marl clay fabrics consistently yielded inclusions of quartz, poly-

¢ A larger corpus of petrographic analysis exists for ceramics dating to other periods of Egyptian
history (especially the Middle and New Kingdoms). However, it was decided to limit the material used as
a comparative resource to the material which was approximately contemporary with the Bét Khallaf data
set, thus not permitting a temporal bias for clay provenance to affect comparisons too extensively.
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F. Mineralogy of ceramics samples

crystalline quartz, k-feldspars, plagioclase, mica (muscovite and biotite), limestone, red
iron oxides, serpentine, amphiboles, chaff, clay pellets, and chert. Additionally, in some
samples, marls were also seen to include pyroxenes, microfossils and epidote, and Nile
silts were seen to include garnet and bone. Ownby also includes tentative inclusions
(which cannot be verified optically), of marls having tourmaline and zircon present, and
the possibility of Niles having epidote, quartzite, volcanic glass, chalcedony, kyanite,
grog, zircon, olivines, tourmaline, and zoisite.

Of these inclusions identified by Ownby, the only inclusion found which could po-
tentially affect the D of OSL samples was zircon. Yet again, within Ownby’s work,
zircons seem to be infrequent enough, when coupled with the SEM results presented
here, to indicate that zircons are not a significant cause for concern within this project.
Furthermore, should zircons be a contributing factor within the Bét Khallaf samples, it
is likely that this would be evidenced by a significantly elevated uranium concentration
of well over 100 ppm and as high as several thousand ppm (Fleming 1979: 116).

Another contributing factor to the impacts of additional mineral grains in the clay
fabric upon OSL dating is the question of sample homogeneity. In an ideal situation,
to accurately determine D;,,;, one would need to determine the composition and thus
the natural radiation emission of the entire matrix, that is, the whole pot. This would of
course result in the destruction of the vessel. Obviously, this is not possible for museum
material (nor indeed is it desirable for any sample, even from recently excavated field-
work site)—the sacrifice of an entire ancient object for scientific gain is not a permissible
compromise. Thus, the full extent of the clay composition of a vessel can never be fully
reconstructed, nor is it guaranteed that the sample taken for analysis is necessarily rep-
resentative of the entire vessel, though it may be more representative of the material
surrounding the D, sample — only the nearby material matters for D, and Dﬁ. This is
unfortunately an unavoidable issue in OSL dating: the only possibility is to acknowledge
that D, is based on an assumption of a representative sample.

In summary, the elemental and petrographic information allows us to make several
necessary, but informed, assumptions as to the nature of the composition of the ceramic
material, which in turn assists in understanding the intricacies of accurately construct-
ing D for OSL dating;

1. that the majority of the samples are composed mainly of quartz

2. feldspars, zircons, and other minerals which may give rise to an internal dose are
present, but in quantities small enough not to necessitate major consideration for

the purpose of this project.
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3. that the Dmt sample measured is assumed to be representative of the actual Dmt

of the vessel.
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APPENDIX G

Sample DosiVox input files for Bét Khallaf

In this appendix we list an example of the Dos1Vox input files used for simulation of the
external dose rates in Bét Khallaf. The sections of the file which specify the dosimetry
are omitted for brevity as they add no new information. They can easily be recreated by
copying the contents of the preceding cartography section and replacing the material

indices with the appropriate relative radionucleide concentrations, given at the start of

each section.
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An example input file for ?*U. The file is listed below, with dosimetry information removed for brevity. Radionucleide concen-

trations are given in Table G.1.

Material Name | Material Index | Radionucleide Concentration (ppm)

Clay
Fill
Gebel
Air
Residue
ClayBase

0 1.43
1.51
1.51
0.0

[ O R R

1.43

Not Present

Table G.1: Radionucleide concentrations for sample Bét Khallaf DosiVox input file.

v_emitter_U_npart_8000_id_13 #
result file name

8000 1. # ( x 1000 ) emitted
particles, clock value (%)

3 0 0 0 #particle emitted: 1 for
alpha, 2 for beta, 3 for gamma ;

momentum of emission in X,Y,Z
directions (0 0 0 for random
direction)

1 0.01 #element emitter (1 for
uranium series, 2 for thorium
series, 3 for potassium, 0 for
User Defined), cut in range
value (mm)

1 3142 5 0 #index for detector
definition, detector voxel,
material for mapping, emission

from grains

7 1 50. 50. #number of probe cells,
probe diam (mm), probe offset
in X and Y (in % of voxel X,Y
sizes)

4 #number of new components
defined

6 #number of materials used

18 _Tio1 2 Ti 101
19 MnO 1 2 Mn 101
20 _P205 1 2P 205
21 Org 1 3 C 55 H 98 0 6

0 # material index

Clay # material name

1.6 # dry density (g/cm3)

3 # water content, % of dry mass

11 # number of components

1 60 2 159 10 11 2.5 12 4 13 2 14
218 1.5 19 0.5 16 1.5 20 1 #
component index, % of dry mass

### granulometry ###

2 2.65 5 2 #grain component index,
density, compacity (%), number
of granulometric fractions

### diameter in mm, volumetric
fraction (%) of the total grains

mass (sum must be equal to 100)
HaH

0.15 70

0.05 30



89¢

1 # material index

Fill # material name

1.2 # dry density (g/cm3)

3 # water content, % of dry mass

11 # number of components

15527.59 4.5 11 2 12 10.0 13
1.5 14 1.5 18 1 20 1 19 0.5 16
15.5 # component index, % of dry

mass

### granulometry ###

0 0 0 0 #grain component index,
density, compacity (%), number
of granulometric fractions

### diameter in mm, volumetric
fraction (%) of the total grains

mass (sum must be equal to 100)
HeH

2 # material index

Gebel # material name

2.6 # dry density (g/cm3)

3 # water content, % of dry mass

11 # number of components

15527.59 4.5 11 2 12 10.0 13
1.5 14 1.5 18 1 20 1 19 0.5 16
15.5 # component index, % of dry

mass

### granulometry ###

0 0 0 0 #grain component index,
density, compacity (%), number
of granulometric fractions

### diameter in mm, volumetric
fraction (%) of the total grains

mass (sum must be equal to 100)
HH#H

3 # material index

_Air # material name

0.001 # dry density (g/cm3)

3.5 # water content, % of dry mass

1 # number of components

15 100 # component index,
mass

### granulometry #H##

0 0 0 0 #grain component index,
density, compacity (%), number
of granulometric fractions

### diameter in mm, volumetric
fraction (%) of the total grains

mass (sum must be equal to 100)
HeH

% of dry

4 # material index

_Residue # material name

1.0 # dry density (g/cm3)

10 # water content, % of dry mass

11 # number of components

113 23.591.511 0.5 12 3.5 13 1

14 0.5 18 0.5 20 0.5 19 0.5 21
75 # component index, % of dry
mass

### granulometry #H##

0 0 0 0 #grain component index,
density, compacity (%), number
of granulometric fractions

### diameter in mm, volumetric
fraction (%) of the total grains

mass (sum must be equal to 100)
HAH

5 # material index
ClayBase # material name

1.6 # dry density (g/cm3)

3 # water content, % of dry mass

11 # number of components

1 60 2 15 9 10 11 2.5 12 4 13 2 14
2 18 1.5 19 0.5 16 1.5 20 1 #
component index, % of dry mass

### granulometry #H##

2 2.65 5 2 #grain component index,
density, compacity (%), number
of granulometric fractions

### diameter in mm, volumetric
fraction (%) of the total grains

mass (sum must be equal to 100)
HeH

0.15 70

0.05 30

15 12 20 # voxels number along
X,Y and Z axes

300 150 #voxels size along X
,Y and Z axes (mm)

300

### MEDIUM COMPOSITION -
cartography of materials with
their index

NN DNDNDNDNDDNDDNDNDN
NN DNDNDDNDDNDDNDDNDDNDN
NN DNDNDNDDNDNDDNDDNDN
NN DNDNDNDDNDNDDNDDNDN
N DN DNDNDNDDNDNDDNDNDN
N DNDDNDNDNDDNDNDDNDNDN
DN DNDNDNDDNDDNDDNDDNDDNDN
NN DNDNDNDDNDDNDDNDDNDN
NN DNDDNDNDDNDNDDNDDNDN
NN DN DNDNDDNDNDDNDDNDN
N DNDDNDNDNDDNDNDDNDNDN
N DNDDNDNDDNDDNDNDNDDNDN
N DNDDNDNDDNDDNDDNDDNDDNDN
NN DNDNDNDDNDDNDDNDDNDN
NN DNDNDNDDNDNDDNDDNDN
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---Removed for brevity---

(Continued Overleaf)

371



CLS

### Define detector size ###
30 30 15 # voxels number along X,Y and Z axes

### INTERNAL VOXEL COMPOSITION - Cartography of
materials with their index
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APPENDIX H

Input data for OxCal modelling of Bét

Khallaf Case 1

This appendix presents the OxCal input file for the Bét Khallaf Case 1 model.

Plot ()

{

Outlier_Model ("General",T(5),U

(0,4),"t");

Sequence("Bet Khallaf")

{

Boundary("Start ED")
{
U(BC(4000),BC(2000));
color="red";
s
Phase("BK ED")
{
Date("X5462", N(AD(2015)
-4502,553))
{
Outlier(0.05);
}s
Date("X4114CG", N(AD(2015)
-4773,698))
{
Outlier(0.05);
}s
Date("X5461", N(AD(2015)
-4639,316))
{
Outlier(0.05);
}s
Date("X4118", N(AD(2015)
-5435,309))
{

Outlier(0.05);

}s

Date("X5472", N(AD(2015)
-4663,293))

{

Outlier(0.05);

}s

Date("X4115", N(AD(2015)
-3675,243))

{

Outlier(0.05);

}s

Date("X5460", N(AD(2015)
-4747,291))

{

Outlier(0.05);

}s

Date("X5464", N(AD(2015)
-4282,198))

{

Outlier(0.05);

}s

Date("X5458", N(AD(2015)
-5134,490))

{

Outlier(0.05);

}s

Date("X5459", N(AD(2015)
-3996,1231))

{

Outlier(0.05);

}s
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H. Input data for OxCal modelling of Bét Khallaf Case 1

Date("X4116", N(AD(2015)
-3480,715))
{
Outlier(0.05);
}s
Date("X4117", N(AD(2015)
-5258,852))
{
Outlier(0.05);
}s
Date("X5468", N(AD(2015)
-4340,228))
{
Outlier(0.05);
}s
Date("X5473", N(AD(2015)
-4250,246))
{
Outlier(0.05);
}s
}s
Boundary("End ED")
{
color="orange";
s
Boundary("Start FIP")
{
color="yellow";
s
Phase("BK FIP")
{
Date("X5463", N(AD(2015)
-4096,186))
{
Outlier(0.05);
}s
Date("X5467", N(AD(2015)
-3732,281))

{
Outlier(0.05);
}s
Date("X5465", N(AD(2015)
-4042,204))
{
Outlier(0.05);
¥
Date("X5470", N(AD(2015)
-4443,303))
{
Outlier(0.05);
s
s
Boundary("End FIP")
{
color="green";
}s
Boundary("Start Islamic")
{
color="blue";
}s
Phase("BKIslamic")

{

Date("X5466", N(AD(2015)-987,91))

{
Outlier(0.05);
}s
}s
Boundary("End Islamic")
{
U(AD(500) ,AD(1900));
color="violet";
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APPENDIX I

Input data for OxCal modelling of Bét
Khallaf Case 2

This appendix presents the OxCal input file for the Bét Khallaf Case 2 model.

{
Outlier(0.05);
Plot () 1
{ Date("X5472", N(AD(2015)
Outlier_Model ("General",T(5),U -4663,293))
(0,4),"t"); {
Sequence("Bet Khallaf") Outlier(0.05);
{ s
Boundary("Start ED") Date("X4115", N(AD(2015)
{ -3675,243))
U(BC(4000),BC(2000)); {
color="red"; Outlier();
s }s
Phase("BK ED") Date("X5460", N(AD(2015)
{ -4747,291))
Date("X5462", N(AD(2015) {
-4502,553)) Outlier(0.05);
{ s
Outlier(0.05); Date("X5464", N(AD(2015)
}s -4282,198))
Date("X4114CG", N(AD(2015) {
-4773,698)) Outlier(0.05);
{ s
Outlier(0.05); Date("X5458", N(AD(2015)
1 -5134,490))
Date("X5461", N(AD(2015) {
-4639,316)) Outlier(0.05);
{ }s
Outlier(0.05); Date("X5459", N(AD(2015)
1 -3996,1231))
Date("X4118", N(AD(2015) {
-5435,309)) outlier(0.05);
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I. Input data for OxCal modelling of Bét Khallaf Case 2

s
Date("X4116", N(AD(2015)
-3480,715))
{
Outlier(0.05);
b3
Date("X4117", N(AD(2015)
-5258,852))
{
Outlier(0.05);
s
Date("X5468", N(AD(2015)
-4340,228))
{
Outlier(0.05);
}s
Date("X5473", N(AD(2015)
-4250,246))
{
Outlier(0.05);
s
s
Boundary("End ED")
{
color="orange";
s
Boundary("Start FIP")
{
color="yellow";
s
Phase("BK FIP")
{
Date("X5463", N(AD(2015)
-4096,186))

{
Outlier(0.05);

}s

Date("X5467", N(AD(2015)
-3732,281))
{
Outlier(0.05);
s
Date("X5465", N(AD(2015)
-4042,204))
{
Outlier(0.05);
33
Date("X5470", N(AD(2015)
-4443,303))
{
Outlier(0.05);
s
}s
Boundary("End FIP")
{
color="green";
}s
Boundary("Start Islamic")
{
color="blue";
}s
Phase("BKIslamic")

{

Date("X5466", N(AD(2015)-987,91))

{
Outlier(0.05);
}s
1
Boundary("End Islamic")
{
U(AD(500) ,AD(1900));
color="violet";
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APPENDIX ]J

Ceramic catalogue for the Turah and

Hierakonpolis material

It should be noted that the ceramics within the following catalogue have two identifica-
tion codes: a museum code (accession number) and a laboratory code. All discussions
within the text of this thesis, when refereeing to a specific ceramic piece, using the lab-
oratory code as the main identifying number.

The 5 digit warecode designation follows that developed by Koéhler (Kohler 1998;

Kohler 2005).

389



J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.1: Catalogue entry for X4112

Collection Garstang Museum
Museum Code E.5248

Lab. Code X4112

Provenance Hierakonpolis, Tomb 306™

Provenance History
Excavated by John Garstang, 1906

Vessel/Object Description

Height 13.5 cm
Width 17.2 cm

Fracture: grey-red—grey—grey-red; medium-high
density, medium -fine nile silt clay (maybe some
mixing?).

Exterior is wet smoothed with some diagonal
scraping marks; pot mark depicting serekh of

Narmer; Interior is wet smoothed.

‘Warecode 21201
Munsell 7.5YR 5/4

Fabric Description

Coarse limestone < 3 mm (1)
Fine limestone < 0.3 mm (2)
Coarse sand < 2 mm (1-2)
Fine sand < 0.4 mm (1-2)
Coarse chaff < 0.5 mm (1)
Fine chaff < 0.2 mm (1-2)
Grit < 0.1 mm (2)

Mica < 0.1 mm (1)

Publication Records
Garstang (1907: 135; P III)

Additional Notes

* Excavation notes, (published in ASAE), indicate
this piece was excavated at the Temenos in HK,
under a structure excavated initially by Green and
Quibell, priod to Garstang’s excavations. However
the museum card says Tomb 306, HK. It is likely that
the museum catalogue in wrong with respect to the

information contained on its card.
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.2: Catalogue entry for X5482

Collection University of Vienna e P
Museum Code Vienna 16 ;ww o
Lab. Code X5482 T =
Provenance Turah _ -
Provenance History P ,/J |
Excavated by Junker, 1901 from Turah. Provenance & |
unknown. /

Vessel/Object Description s |
Height 20.9 cm / ‘
Diameter 10.3 cm “

No fracture details; high density, medium-fine marl
clay.

Exterior surface smoothed with some fingerprint

turning marks present. Incised band (wavy handle)

decoration, done in an upwards motion; possibly

some white slip, or else firing skin. Interior surface

rough-smoothed; turning marks.

Warecode 32301
Munsell CB: 2.5YR 5/6 WS/FS: 10YR 7/2

Fabric Description

Coarse limestone > 4 mm (2)
Fine limestone > 1 mm (2-3)
Fine sand > 0.3 mm (2)

Sand > 1 mm (2-3)

Coarse chaff > 3 mm (2)
Fine chaff > 1 mm (2-3)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
Slightly abnormal large limestone inclusions (not a
fabric from Abydos)

391



J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.3: Catalogue entry for X5483

Collection University of Vienna
Museum Code Vienna 4

Lab. Code X5483

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height 28.6 cm
Diameter 11.6 cm

Pinky-brown fracture; high density, medium marl
clay, possibly mixed.

Exterior surface roughly smoothed with turning
marks on rim to neck and some scraping marks on
body. Painted red net design and wavy handle;

turning marks around rim. Interior surface rough,

with many working marks on body and turning

marks around rim.

Warecode 22201 + red paint
Munsell CB: 10YR 6/3 RP: 2.5YR 4/2-3

Fabric Description

Coarse limestone > 2.5 mm (1)
Fine limestone > 0.2 mm (3)
Fine sand > 0.2 mm (2-3)

Sand > 1 mm (1)

Coarse chaff > 5 mm (1)

Fine chaff > 1 mm (2)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Organic (?) > 1 mm (1)

Publication Records

Additional Notes
Poorly mixed clay, might have a little bit of nile in it.
Definitely not similar to Abydos fabric.

392



J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.4: Catalogue entry for X5484

Collection University of Vienna
Museum Code Vienna 21

Lab. Code X5484

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height 12.9 cm
Diameter 7.5 cm

No fracture details; medium density, medium marl
clay.

Exterior surface roughly smoothed, but perhaps
once very smooth but now very eroded; turning
marks on base and rim. Interior surface smoothed

with working marks.

Warecode 22(37)01
Munsell 5YR 6-5/4

Fabric Description

Coarse limestone > 2 mm (1)
Fine limestone > 0.5 mm (2-3)
Fine sand > 0.2 mm (1-2)
Sand > 0.5 mm (2)

Coarse chaff > 3 mm (1)

Fine chaff > 0.5 mm (1-2)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
Very sandy, large limestone inclusions, would have

originally been quite fine but now erroded
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.5: Catalogue entry for X5485

Collection University of Vienna
Museum Code Vienna 19

Lab. Code X5485

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height 17.5 cm
Diameter 6.2 cm

No fracture details; medium density, medium Nile
silt clay.

Exterior surface rough smoothed with turning
marks around rim; seems to have been shaped by
natural shape of hand. Interior surface

rough-smoothed; turning marks around rim.

‘Warecode 21201
Munsell 10R 4/4-6

Fabric Description

Coarse limestone > 3 mm (1)
Fine limestone > 0.3 mm (1-2)
Fine sand > 0.3 mm (2)

Sand > 1 mm (1-2)

Coarse chaff > 5 mm (1-2)
Fine chaff > 1 mm (1-2)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes

il
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.6: Catalogue entry for X5486

Collection University of Vienna
Museum Code Vienna 3

Lab. Code X5486

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height 29.9 cm
Diameter 11 cm

No fracture details; medium-high density,
medium-fine marl clay.

Exterior surface roughly smoothed; scraping marks
all over body. Turning marks on neck and rim.

Interior surface same as exterior, but rough (not

roughly smoothed).
Warecode 22(2-3)01
Munsell 2.5YR 6/4-6

Fabric Description

Coarse limestone > 1.5 mm (1)
Fine limestone > 0.3 mm (2)
Fine sand > 0.2 mm (2-3)

Sand > 0.6 mm (2)

Coarse chaff > 4 mm (1)

Fine chaff > 1 mm (2)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
Very sandy, not as much coarse imestone, slightly

finer fabric than others in assemblage.
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.7: Catalogue entry for X5487

Collection University of Vienna
Museum Code Vienna 104

Lab. Code X5487

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height 23.9 cm
Diameter 9.9 cm

No fracture details; high density, medium marl clay.
Exterior surface roughly smoothed with many
slightly oblique working marks over body. Many
working marks near base; pot mark. Interior surface

rough, with turning marks around rim.

‘Warecode 22201
Munsell 7.5YR 6/2-3

Fabric Description

Coarse limestone > 4 mm (1)
Fine limestone > 0.5 mm (1-2)
Fine sand > 0.1 mm (2-3)
Sand > 0.4 mm (2-3)

Coarse chaff > 4 mm (1)

Fine chaff > 0.1 mm (2)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
More like a wine jar marl (cf. ICP-MS), possibly

later cylindrical vessel imitation.
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.8: Catalogue entry for X5488

Collection University of Vienna /

Museum Code Vienna 103 ‘
Lab. Code X5488 l
Provenance Turah

Provenance History l
Excavated by Junker, 1901 from Turah. Provenance

unknown. aa— [
Vessel/Object Description I o
Height 24.9 cm T ,
Diameter 11.4 cm

Red-brown fracture; high density, medium-fine marl ’
clay.

Exterior surface very well smoothed, some working

marks on base and body; rim and neck fairly eroded,;

wavy handle decoration. Interior surface

rough-smoothed; many working/turning marks.

Warecode (2-3)2305

CB: 7.5YR 6/3-4 Smooth clay:
Munsell

2.5YR 7-6/3

Fabric Description

Coarse limestone > 3 mm (1)
Fine limestone > 0.2mm (1)
Fine sand > 0.2 mm (1-2)
Fine chaff > 1 mm (1)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
Very similar to the Abydos material. Very fine (i.e. 5

designation),
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.9: Catalogue entry for X5489

Collection University of Vienna
Museum Code Vienna WJB

Lab. Code X5489

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height
Diameter

Red—grey—red fracture; medium density,
medium-fine Nile silt clay (slightly mixed?).
Exterior surface rough smoothed; some working
marks; pot mark; banded decoration; very eroded
near rim. Interior surface rough-smoothed; some

working marks.

Warecode 21201
Munsell 2.5YR 5-4/4

Fabric Description

Coarse limestone > 5 mm (2)
Fine limestone > 1 mm (3)
Fine sand > 0.5 mm (2)

Sand > 1 mm (2)

Coarse chaff > 4 mm (1)
Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
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J. Ceramic catalogue for the Turah and Hierakonpolis material

Table J.10: Catalogue entry for X5490

Collection University of Vienna
Museum Code Vienna WJS

Lab. Code X5490

Provenance Turah

Provenance History
Excavated by Junker, 1901 from Turah. Provenance

unknown.

Vessel/Object Description

Height 59.8 cm
Diameter 14.6 cm

No fracture details; high density, medium-fine Nile
silt clay (slightly mixed?).

Exterior surface well smoothed and polished;
turning marks around rim to shoulder, and some

near base. Interior surface rough-smoothed.

Warecode 21301
Munsell 2.5YR 4/4

Fabric Description
Limestone > 3 mm (1-2)
Fine limestone > 0.2 mm (2)
Fine sand > 0.3 mm (2)
Sand > 1 mm (1)

Coarse chaff > 3 mm (1)
Chaff > 0.5 mm (1-2)

Grit > 0.1 mm (2)

Mica > 0.1 mm (2)

Publication Records

Additional Notes
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APPENDIX K

OSL aliquot data for the Turah and

Hierakonpolis ceramic assemblage

The following appendix presents the raw OSL data used to discuss the Turah OSL results
presented in Chapter 8.

It should be noted that The discussion of the rejection/acceptance criteria given in
Appendix D is also applied to the following OSL raw data.

NB All aliquot data units presented in this appendix are in seconds (s). For final age
calculations presented in Chapter 8, these units have been converted into the standard
international unit for absorbed radiation, Grays (Gy). The conversion of seconds to grays
is achieved by multiplying the central dose (s) by the calibrated machine (Gy/s)—this
gives the final D, measurement in Gy.

NB In this appendix coarse grain (CG) data is denoted in black ink, whereas fine

grain (FG) data is denoted by red ink.
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.1:

OSL data for Sample X4112 — Coarse Grain (No fine grain data was retrieved for this sample)

Test
D.(s) D. error | Dose Recycling Recup. | IRSL/ OSL
(s) Error Ratio (%) ratio (%)
—— L oa (%)
g g - 25.26 0.87+0.10
3 o 326.81 | (<10%) | <10 (10%) | 2.1%0.6 <1
. | o 5.13 1.0940.03
5 - 204.18 | (S10%) | <10 (10%) | 0.4£0.0 <1
° -l 9.3 1.19£0.07
- . 197.57 | (210%) | <10 (12%) 0.4%0.5 <1
i = T 7.16 1.08£0.05
> ot g 196.58 | (<10%) | <10 (10%) | 0.4%0.2 =1
o ® 8.62 1.09£0.06
8 3 e} © 3 194.8 | (<10%) | =10 (<10%) | 0.7+0.3 <1
/ o H 6.05 1.10£0.04
gl / = 188.16 | (210%) | <10 (£10%) 0.1%0.1 <1
° i * 10.06 0.98+0.06
. » 181.78 | (210%) | <10 (s10%) | 2.1x0.6 2
g 5.64 1.0240.05
. ' L o 167.27 | (<10%) | <10 (<10%) | 0.4%0.5 <1
g . 12.7 0.94£0.09
g1 : — 162.16 | (<10%) | <10 (<10%) | -2.1%1.3 <1
150 200 250 300 350 6.11 1.07+0.5
152.82 | (210%) | <10 (10%) | 0.5%0.2 <1
Equivalent dose [s] 11.11 1.17£0.11
128.31 | (210%) | <10 (10%) | -3.0%-1.4 <1
Figure K.1: Kernel Density Estimate Plot for Sample | _ ,
Figure K.2: Primary Dataset for KDE plot for X4112.
X4112 NB primary data set is comprised of 11 aliquots (selected from a total
of 18 aliquots after selection criteria were met).
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Figure K.3: OSL shine down curve for a representa-
tive aliquot of X4112

Figure K.4: OSL dose response curve for a represen-
tative aliquot of X4112

Figure K.5: Final OSL measurement (based on the CAM) and over dispersion value for X4112. Calibrated

machine dose rates (Gy/s): 0.04113196 (CG).

Central dose | Central Dose
(s) Error (s) 0D (%) OD error (%)
180.61 11.78 21.85 2.22
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.2: OSL data for Sample X5482 — Fine Grain (No coarse grain data available; of 5 aliquots, all failed

to meet rejection criteria)

Density
0.004 0.006 0.008

Cumulative frequency

0.002
1

0.000
1

Equivalent dose 5]

Figure K.6: Kernel Density Estimate Plot for Sample
X5482

D.(s) D. error |Test Dose| Recycling | Recup. |IRSL signal
(s) Error (%) Ratio (%) (%)
57.35 3.59+13.45

350.33 (16%) 13 (=10%) 5.1+-5.7 12
48.01 0.77£0.24

287.82 (17%) 12 (19%) 0.2+-2.9
25.65 0.89+0.17

324.88 | (<10%) <10 (£10%) 1.441.3 3
49,51 1.27+0.44

397.62 (13%) =10 (£10%) 3.942.8 7
58.44 1.8740.96

307.20 (20%) 12 (£10%) 1.4+3.3 6
33.88 1.2140.40

260.56 (14%) <10 (=10} 1.94-3.5 11

Figure K.7: Primary Dataset for KDE plot for X5482.
NB primary data set is comprised of 6 out of 6

aliquots after selection criteria were met.
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Figure K.8: OSL shine down curve for a representa-

tive aliquot of X5482
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Figure K.9: OSL dose response curve for a represen-
tative aliquot of X5482

Figure K.10: Final OSL measurement (based on the CAM) and over dispersion value for X5482. Calibrated

machine dose rates (Gy/s): 0.03819457 (CG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
322.27 16.43 0.09 12.17
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

No OSL data is available for Sample X5483

+ No coarse grain material was recovered from this sample as it did not survive the

HF treatment.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.3: OSL data for Sample X5484 — Coarse Grain (No fine grain data available; of 5 aliquots, all failed

to meet rejection criteria)

14

0.020 0.025
~
1

0.015
|
1.0

Density
Gumulative fraquency

0.010
L
\
-
p

0.005
|

0.000
0

190 200 210 220 230

Equivalent dose [s]

Figure K.11: Kernel Density Estimate Plot for Sample
X5484

D.(s) D. eror | Test Dose| Recycling Recup. |IRSL signal
(s) Error (%) Ratio (%) (%)
43.71 0.83+£0.29

210.47 (21%) 12 (510%) 6.546.0 =1

Figure K.12: Primary Dataset for KDE plot for X5484.
NB primary data set is comprised of 1 aliquot selected
from a total of 8 aliquots after selection criteria were

met.
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Figure K.13: OSL shine down curve for a representa-
tive aliquot of X5484
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Figure K.14: OSL dose response curve for a represen-
tative aliquot of X5484

Figure K.15: Final OSL measurement (based on the CAM) and over dispersion value for X5484. Calibrated

machine dose rates (Gy/s): 0.03842184(CGQG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
210.47 43.71 N/A N/A
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

No OSL data is available for Sample X5485

+ No data for coarse grain material. Of 13 aliquots, all failed to meet rejection crite-

ria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.4: OSL data for Sample X5486 — Coarse Grain and Fine Grain

0.015
|

Density
0.010
4

Cumulative frequency

0.005

0.000

Equivalentdose [5]

Figure K.16: Kernel Density Estimate Plot for Sample
X5486

D.(s) D, error | Test Dose| Recycling Recup. |IRSL signal
(s) Error (%) Ratio (%) (%)
23.84 0.93+0.17
242.29 | (<10%) <10 (£10%) -2.1%-1.6 =1
76.79 1.46+0.51
241.16 (32%) 16 (£10%) 3.9+4.1 2
43.58 0.87+0.22
273.40 (16%) 11 (£10%) 1.2+2.1 2
23.06 0.9540.14
§ (£10%) =10 (£10%) 0.4+-0.9 5
29.86 1.28+0.23
281.15 (11%) (=£10%) (=£10%) 3.5+1.4 6
21.79 1.24+0.23
302.12 | (<10%) (<10%) (=10%) 1.4:1.1 5
19.72 1.14+0.19
263.97 (=10%}) (=10%) (=10%) 4.8+1.2 4
24.17 1.3240.22
331.59 | (<10%) (=10%) (£10%) 2.4+0.9 6
34.84 1.2240.22
296.11 (12%) (<10%) (=10%) 3.4+1.4 7

Figure K.17: Primary Dataset for KDE plot for X5486.
NB primary data set is comprised of 3 aliquots selected from a total
of 7 aliquots (coarse grains) and 6 out of 6 aliquots (fine grains) after
selection criteria were met.
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Figure K.18: OSL shine down curve for a representa-
tive aliquot of X5486
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Figure K.19: OSL dose response curve for a represen-
tative aliquot of X5486

Figure K.20: Final OSL measurement (based on the CAM) and over dispersion value for X5486. Calibrated
machine dose rates (Gy/s): 0.03842184 (CG), 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
249,89 20.23 0 N/A
301.32 10.73 0 N/A
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

No OSL data is available for Sample X5487

« No data for coarse grain material. Of 9 aliquots, all failed to meet rejection criteria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.5: OSL data for Sample X5488 — Coarse Grain and Fine Grain

Density
0.003 0.004 0.005 0.006
1
3.0

T
Gumulative fraqusncy

0.002
I
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I

0.000

T T T
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Figure K.21: Kernel Density Estimate Plot for Sample
X5488

De(s) | DO emror | Test Dose | Recycling Recup, IRA signa
(s) Eror (%0) Ratio (%) (%)
8,75 085,58
206,18 (2396 17 (1095 155G 15
7245 203182
Mo (2193 17 (<1096) 57460 1
4174 214167
ponck:] (215 13 (1095 10458 14
Figure K.22: Primary Dataset for KDE plot for X5488.

NB primary data set is comprised of 3 aliquots se-
lected from a total of 6 aliquots after selection criteria

were met.
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Figure K.23: OSL shine down curve for a representa-
tive aliquot of X5488
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Figure K.24: OSL dose response curve for a represen-
tative aliquot of X5488

Figure K.25: Final OSL measurement (based on the CAM) and over dispersion value for X5488. Calibrated

machine dose rates (Gy/s): 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
271.89 36.4 8.59 7.46
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K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.6: OSL data for Sample X5489 — Coarse Grain and Fine Grain

Cumulative frequency

e
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Figure K.26: Kernel Density Estimate Plot for Sample

D. eror | Test Dose| Recycling Recup. |IRSL signal
Deis) | “(s)  |Error (%)| Rati o o
atio (%) (%)

9.28 0.97+0.07

237.78 | (<10%) <10 (£10%) 0.2+40.3 6
10.41 1.01+0.09

213.77 | (<10%) <10 (£10%) 0.3+-0.4 =1
10.40 1.1140.09

272.39 | (<10%) <10 (£10%) 0.8+0.3 =1
8.83 1.01+0.06

270.58 | (<10%) <10 (£10%) 0.9+0.2 =1
8.66 1.05+0.07

248.66 | (<10%) <10 (£10%) 0.6+0.3 =1
11.57 1.03+0.07

294.30 | (<10%) <10 (£10%) 0.6+0.3 =1
12.08 1.25+0.10

260.30 (£10%}) =10 (16%) .0£0.5 2

Figure K.27: Primary Dataset for KDE plot for X5489.
NB primary data set is comprised of 2 aliquots selected from a total of
14 aliquots (coarse grains) and 5 out of 6 aliquots (fine grains) after
selection criteria were met.
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Figure K.28: OSL shine down curve for a representa-

tive aliquot of X5489

Figure K.29: OSL dose response curve for a represen-

tative aliquot of X5489

Figure K.30: Final OSL measurement (based on the CAM) and over dispersion value for X5489. Calibrated
machine dose rates (Gy/s): 0.03842184 (CG), 0.03819457 (FG).

Central dose | Central Dose
(s) Error (s) OD (%0) OD error (%)
227.3 8.35 2.86 0.79
268.7 6.74 4.12 0.49

409



K. OSL aliquot data for the Turah and Hierakonpolis ceramic assemblage

Table K.7: OSL data for Sample X5490 — Fine Grain (No coarse grain data available; of 12 aliquots, all

failed to meet rejection criteria)

Density
0.003 0.004 0.005

0.002
|

0.001
1

0.000

ulative frequency

Cumi

T T
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Figure K.31: Kernel Density Estimate Plot for Sample

De(s) D. error |Test Dose| Recycling Recup. |IRSL signal
(s) Error (%) Ratio (%) (%)
0.89+0.28
268.17 <10 (=10%) 7.2+2.9 14
1.33+£0.36
259.41 =10 (=10%) 2.5+2.5 13
.50 1.80+0.568
188,78 {18%) =10 (13%) 1.0£-4.4 14
48.94 0.76+0.29
333.42 (15%) <10 (=10%) 0.0£2.6 12
29.31 0.87+0.26
214.86 (14%) <10 (£10%) 0.1+-3.3
46.60 0.79+0.28
321.58 (15%) 11 (£10%) 3.3+-5.2 6

Figure K.32: Primary Dataset for KDE plot for X5490.

NB primary data set is comprised of 6 out of 6

aliquots (fine grains) after selection criteria were

met.
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Figure K.33: OSL shine down curve for a representa-
tive aliquot of X5490

Figure K.34: OSL dose response curve for a represen-
tative aliquot of X5490

Figure K.35: Final OSL measurement (based on the CAM) and over dispersion value for X5490. Calibrated
machine dose rates (Gy/s): 0.03819457 (FG).
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APPENDIX L

Ceramic catalogue for the Abydos, Ballas,

and Naqada material

It should be noted that the ceramics within the following catalogue have two identifica-
tion codes: a museum code (accession number) and a laboratory code. All discussions
within the text of this thesis, when referring to a specific ceramic piece, use the labora-
tory code as the main identifying number.

The 5 digit warecode designation follows that developed by Koéhler (Kohler 1998;

Kohler 2005).
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L. Ceramic catalogue for the Abydos, Ballas, and Nagada material

Table L.1: Catalogue entry for X5474

Collection Ashmolean Museum
Museum Code AN 1895.525

Lab. Code X5474

Provenance Nagada, Grave T5

Provenance History
Excavated by Flinders Petrie, 1895

Vessel/Object Description

Height 26.5 cm

Diameter 11.8 cm

Fracture is unknown; medium density, medium marl

clay. Interior is badly eroded and filled with pot

contents. Exterior is wet smoothes with lots of

visible working marks, finger prints and scraping

marks. Wavy handle decoration.

Warecode 22201
Clay Body: 7.5YR 6/4 Firing

Skin: 2.5YR 6/3-4

Munsell

Fabric Description

Sand < 0.5 mm (2)

Fine sand < 0.2 mm (2)

Limestone < 1 mm (1)

Fine limestone < 0.2 mm (2)

Mica < 0.1 mm (1)

Chaff < 4mm (1)

Fine chaff < 1 mm (1-2)

Small black inclusions < 0.2 mm (2-3)

Publication Records
Petrie and Quibell 1896: 19-20; P1. LXXXII.

Additional Notes
Form W14-19 in Petrie 1921. Sequence Date 50.

pot contents
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L. Ceramic catalogue for the Abydos, Ballas, and Nagada material

Table L.2: Catalogue entry for X5475

Collection Ashmolean Museum
Museum Code AN 1895.533

Lab. Code X5475

Provenance Ballas, Grave 588

Provenance History
Excavated by Flinders Petrie, 1895

Vessel/Object Description

Height 28.2cm

Diameter 11.2 cm

Fracture is unknown; medium density, medium marl
clay. Interior surface is very eroded and filled with
pot contents. Exterior surface is wet smoothes with
visible working marks. Wavy handle decoration is

applied. Rim eroded, discolouration from moisture

visible.
‘Warecode 22201
Munsell 7.5YR 5/4-6

Fabric Description

Sand < 0.5 mm (2-3)

Fine sand < 0.2 mm (2-3)
Limestone < 1 mm (1)

Fine limestone < 0.2 mm (2)
Mica < 0.1 mm (1)

Chaff < 5mm (1)

Fine chaff < 1 mm (2)

Small black inclusions < 0.2 mm (1-2)
Fibres < 0.3 mm (1)

Grit < 0.1 (2)

Publication Records

Additional Notes
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L. Ceramic catalogue for the Abydos, Ballas, and Nagada material

Table L.3: Catalogue entry for X5476

Collection Ashmolean Museum
Museum Code E.3158

Lab. Code X5476

Provenance Abydos, Tomb O (Djer)

Provenance History
Excavated by Flinders Petrie 1899-1902.

Vessel/Object Description

Height 26.3 cm
Diameter 13.8 cm

Fracture is grey; no clean breaks so difficult to
determine fabric characteristics, but likely imported
clay (medium density). Exterior is smoothed,
perhaps polished, but difficult to determine as
covered with tar-like material and charred material.
Slight evidence of vertical working marks on body.
Where visible, surface seems well smoothed.

Interior surface is covered in charred pot contents.

Warecode (2-3)3301
Munsell Clay Body: 10YR 5/3

Fabric Description

Sand < 0.3 mm (2)

Grit < 0.1 mm (2)

Small angular brown inclusions < 0.6 mm (2)
Large angular brown inclusions < 1 mm (2)
Fine limestone < 0.1 mm (2)

Mica < 0.1 mm (2)

Fine Chaff < 0.2 mm (2)

Charcoal (?) < 1 mm (1)

Publication Records
Pet

Additional Notes
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L. Ceramic catalogue for the Abydos, Ballas, and Nagada material

Table L.4: Catalogue entry for X5477

Collection Ashmolean Museum
Museum Code E.4034

Lab. Code X5477

Provenance Abydos, Tomb O (Djer)

Provenance History
Excavated by Flinders Petrie 1899-1902.

Vessel/Object Description

Height 24.5 cm
Diameter 9.5 cm

Fracture is red in colour, but as no clean breaks;
difficult to determine fabric characteristics, but
likely imported clay (medium density). Exterior is
coated in charred remains and sediment so can not
get a clear view of surface. Possibly evidence of
polishing, but unclear. Pot mark present near top of
vessel. Likely smoothed exterior, with some vertical
scrape marks. Interior is almost entirely covered in

pot contents.

Warecode 23201
Clay Body: 5YR 4/4 “polished”

area: 7.5YR 3/2-3

Munsell

Fabric Description

Sand < 0.6 mm (2)

Fine sand < 0.2 mm (2)

Grit < 0.1 mm (2)

Black/brown inclusions < 0.2 mm (2)
Limestone < 0.5 mm (1)

Fine limestone < 0.1 mm (2)

Mica < 0.1 mm (2)

Chaff < 1mm (1)

Fine Chaff < 0.2 mm (2)

Publication Records

Additional Notes
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L. Ceramic catalogue for the Abydos, Ballas, and Nagada material

Table L.5: Catalogue entry for X5478

Collection Ashmolean Museum
Museum Code E.4065

Lab. Code X5478

Provenance Abydos, Tomb O (Djer)

Provenance History
Excavated by Flinders Petrie 1899-1902.

Vessel/Object Description

Height 23.7 cm
Diameter n/a

Fracture is brown; high density, medium-fine marl
clay. N.b. very difficult to determine clay type as
surface very burnt and no fresh break. Interior
surface is eroded but fairly smooth. Pot contents in
base. Exterior surface is wet smoothed with some

vertical scraping and working marks.

pot
contents

(m/ r‘—‘J
o

‘Warecode 22201
Munsell 5YR 5-4/3

Fabric Description

Sand < 0.5 mm (1-2)

Fine sand < 0.1 mm (1-2)
Limestone < 1 mm (1)

Fine limestone < 0.2 mm (1)
Mica < 0.1 mm (2)

Fine chaff < 0.5 mm (1)
Organic < 0.8 mm (1-2)
Fibres < 1.5 mm (1-2)

Grit < 0.1 (2-3)

Publication Records

Additional Notes
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L. Ceramic catalogue for the Abydos, Ballas, and Nagada material

Table L.6: Catalogue entry for X5479

Collection Ashmolean Museum
Museum Code E.4066

Lab. Code X5479

Provenance Abydos, Tomb O (Djer)

Provenance History
Excavated by Flinders Petrie 1899-1902.

Vessel/Object Description

Height 23.5cm
Diameter n/a

Fracture is brown; high density, medium-fine marl
clay. N.b. very difficult to determine clay type as
surface very burnt and no fresh break. Interior
surface is eroded but fairly smooth. Pot contents in
base. Exterior surface is wet smoothed with some

vertical scraping and working marks.

Warecode (22201
Munsell 5YR 5-4/3

Fabric Description

Sand < 0.5 mm (1-2)

Fine sand < 0.1 mm (1-2)
Limestone < 1 mm (1)

Fine limestone < 0.2 mm (1)
Mica < 0.1 mm (2)

Fine chaff < 0.5 mm (1)
Organic < 0.8 mm (1-2)
Fibres < 1.5 mm (1-2)

Grit < 0.1 (2-3)

Publication Records

Additional Notes
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APPENDIX M

OSL aliquot data for the Abydos, Naqada,
and Ballas ceramic assemblage (both

ceramic data and residue data)

The following appendix presents the raw OSL data used to discuss the results presented
in Chapter 9.

It should be noted that the discussion of the rejection/acceptance criteria given in
Appendix D is also applied to the following OSL raw data.

NB All aliquot data units presented in this appendix are in seconds (s). For final age
calculations presented in Chapter 9, these units have been converted into the standard
international unit for absorbed radiation, Grays (Gy). The conversion of seconds to grays
is achieved by multiplying the central dose (s) by the calibrated machine (Gy/s)—this
gives the final D, measurement in Gy.

NB In this appendix coarse grain (CG) data is denoted in black ink, whereas fine

grain (FG) data is denoted by red ink.
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

No OSL data is available for Sample X5474

+ No data for coarse grain material. Of 5 aliquots, all failed to meet rejection criteria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both

ceramic data and residue data)

Table M.1: OSL data for Sample X5475 — Coarse Grain (No fine grain data available; of 6 aliquots, all failed

to meet rejection criteria)

T
J 20

Density
Cumulative fraquency

0,004 0006 0,008 0010 0012 0014
-
~
an
18

0000 0,002
0

Equivalentclose [s]

Test
Du(s) . eror | Dose Recycling Recup, IRA_ signa
(O] Eror Ratio (%) (@@)
(%)
1201 0.90£0.15
7885 (1508 <10 (=10%) 11.0£5.2 <1
2185 1.12£0.18
196,26 (1596) <10 (=10%) 07423 <1

Figure M.2: Primary Dataset for KDE plot for X5475.
NB primary data set is comprised of 2 aliquots se-

lected from a total of 8 aliquots after selection criteria

were met.
Figure M.1: Kernel Density Estimate Plot for Sample
X5475
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Figure M.3: OSL shine down curve for a representa-
tive aliquot of X5475

Figure M.4: OSL dose response curve for a represen-

tative aliquot of X5475

Figure M.5: Final OSL measurement (based on the CAM) and over dispersion value for X5475. Calibrated

machine dose rates (Gy/s): 0.03849789 (CG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
98.4 16.27 16.84 6.65
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

No OSL data is available for Sample X5476

+ No data for coarse grain material. Of 5 aliquots, all failed to meet rejection criteria.

+ No data for fine grain material. Of 6 aliquots, all failed to meet rejection criteria.
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both

ceramic data and residue data)

Table M.2: OSL data for Sample X5477 — Fine Grain (No coarse grain data available; of 5 aliquots, all failed

to meet rejection criteria)

Density
Cumulative frequency

0000 0.001 0.002 0003 0.004 0005 00068 0.007

T
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Figure M.6: Kernel Density Estimate Plot for Sample
X5477

Du(s) De eror | Test Dose | Recycling Recup. IRS signa
e (s) Ervor (%) Ratio ()] (90)

Z.12 1244013

3%.55 (£1096) =10 (199) 18+0.8 =1
=50 1194014

26008 (=109} =10 (21098) 20410 =1
208 1354014

207.5% (=10 =10 (2% oot08 =1
2.3 1104012

3318 (=109} =10 (21098) 26409 =1
13.22 1274009

21008 (21083 =10 (18%) 22405 =1
2.7 1084010

434,06 (£10%) =10 (1096} 0.2406 =1

Figure M.7: Primary Dataset for KDE plot for X5477.
NB primary data set is comprised of 6 out of 6

aliquots after selection criteria were met.
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Figure M.8: OSL shine down curve for a representa-
tive aliquot of X5477
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Figure M.9: OSL dose response curve for a represen-
tative aliquot of X5477

Figure M.10: Final OSL measurement (based on the CAM) and over dispersion value for X5477. Calibrated

machine dose rates (Gy/s): 0.03842184 (FG).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
307.37 28.06 21.09 3.14
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both

ceramic data and residue data)

Table M.3: OSL data for Sample X5478 — Coarse Grain (No fine grain data available; of 12 aliquots, all

failed to meet rejection criteria)
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Figure M.11: Kernel Density Estimate Plot for Sam-
ple X5478

D.(s) D. ervor | Test Dose| Recycling Recup. |IRSL signal
(s) Error (%) Ratio (%) (%)
48.69 0.95£0.51
112.29 (44%) =10 (s10%) [-15.4%-22.3 10%
Figure M.12: Primary Dataset for KDE plot for

X5478. NB primary data set is comprised of 1 aliquots
selected from a total of 16 aliquots after selection cri-

teria were met. . calibration
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Figure M.13: OSL shine down curve for a represen-

tative aliquot of X5478
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Figure M.14: OSL dose response curve for a repre-

sentative aliquot of X5478

Figure M.15: Final OSL measurement (based on the CAM) and over dispersion value for X5478. Calibrated

machine dose rates (Gy/s): 0.03842184 (FG).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
112.29 48.69 N/A N/A
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

Table M.4: OSL data for Sample X5479 — Fine Grain (No coarse grain data available; of 5 aliquots, all failed

to meet rejection criteria)

ty
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Cumulative frequency

105 110 15 120

125

D.(s) D. error | Test Dose| Recycling Recup. |IRSL signal
(s) Error (%) Ratio (%)
39.75 1.38+0.44
113.73 (36%) 14 (£10%) 15.8£11.2 3
Figure M.17: Primary Dataset for KDE plot for

X5479. NB primary data set is comprised of 1 aliquots

selected from a total of 16 aliquots after selection cri-

teria were met.
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Figure M.16: Kernel Density Estimate Plot for Sam-
ple X5479
G0 — Matural 1006 | 08
55
50 o7 %
@ 45 06
Z 40
S : 05
& 35 I .
z £ P
g SU! F’ ‘ ’ % 04 I ; _
725 ‘l ‘ 03
<20 IJ | 0o P I
s w1
10 '
N
0 10 20 %0 40 %0 60 70 80 90 D 20 40 B0 B0 100 120 140 160 180 200
Time (s) Dose (=)
Figure M.18: OSL shine down curve for a represen- Figure M.19: OSL dose response curve for a repre-

tative aliquot of X5479

sentative aliquot of X5479

Figure M.20: Final OSL measurement (based on the CAM) and over dispersion value for X5479. Calibrated
machine dose rates (Gy/s): 0.03842184 (CG).
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

No OSL data is available for Sample X6112

+ No data for coarse grain material. Of 2 aliquots, all failed to meet rejection criteria.

+ No fine grain material was retrieved from this sample.
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

No OSL data is available for Sample X6113

+ No data for coarse grain material. Of 14 aliquots, all failed to meet rejection crite-

ria.

+ No fine grain material was retrieved from this sample.
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

Table M.5: OSL data for Sample X6114 — Coarse Grain (No fine grain material was retrieved for this

sample)
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Figure M.21: Kernel Density Estimate Plot for Sam-
ple X6114
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Figure M.22: Primary Dataset for KDE plot for

X6114. NB primary data set is comprised of 8 out

of 8 aliquots after selection criteria were met.
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Figure M.23: OSL shine down curve for a represen-

tative aliquot of X6114
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Figure M.24: OSL dose response curve for a repre-

sentative aliquot of X6114

Figure M.25: Final OSL measurement (based on the CAM) and over dispersion value for X6114. Calibrated
machine dose rates (Gy/s): 0.03912468 (CG, aliquots 1-2), 0.03799368 (CG, aliquots 3-8).
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

Table M.6: OSL data for Sample X6115 — Coarse Grain (No fine grain material was retrieved for this

sample)
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Figure M.26: Kernel Density Estimate Plot for Sam-
ple X6115
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Figure M.27: Primary Dataset for KDE plot for

X6115. NB primary data set is comprised of 7 out

of 8 aliquots after selection criteria were met.
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Figure M.28: OSL shine down curve for a represen-

tative aliquot of X6115
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Figure M.29: OSL dose response curve for a repre-

sentative aliquot of X6115

Figure M.30: Final OSL measurement (based on the CAM) and over dispersion value for X6115. Calibrated
machine dose rates (Gy/s): 0.03912468 (CG, aliquots 1-2), 0.03799368 (CG, aliquots 3-7).

Central dose | Central Dose o o
(s) Error (s) OD (%) OD error (%)
103.43 17.89 40.97 8.39
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both
ceramic data and residue data)

Table M.7: OSL data for Sample X6116 — Coarse Grain (No fine grain material was retrieved for this

sample)
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Figure M.31: Kernel Density Estimate Plot for Sam-
ple X6116

De(s)

D. error

(s)

Test Dose
Error (%)

Recycling
Ratio

Recup.
(%)

IRSL signal
(%)

107.18

2.66
(=10%)

1.03+0.03
(£10%)

0.1+0.1

107.98

2.64
(=10%)

1.00+0.03
(=10%)

0.1+0.1

113.50

3.18
(=10%)

1.00+0.04
(=10%)

2.0+0.3

134.72

3.84
(£10%)

0.95+0.03
(=£10%)

0.4£0.2

132.55

3.84
(=10%)

0.95+£0.03
(=10%)

0.8+0.2

131.10

3.40
(=10%)

0.95+£0.03
(£10%)

0.6+0.1

127.24

4.78
(£10%)

0.95+0.04
(=10%)

1.8+0.4

116.46

3.10
(<10%)

0.93£0.03
(£10%)

0.7+0.2

Figure M.32:

Primary Dataset for KDE plot for

X6116. NB primary data set is comprised of 8 out

of 8 aliquots after selection criteria were met.
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Figure M.33: OSL shine down curve for a represen-
tative aliquot of X6116
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Figure M.34: OSL dose response curve for a repre-

sentative aliquot of X6116

Figure M.35: Final OSL measurement (based on the CAM) and over dispersion value for X6116. Calibrated
machine dose rates (Gy/s): 0.03912468 (CG, aliquots 1-2), 0.03799368 (CG, aliquots 3-8).

Central dose | Central Dose
(s) Error (s) OD (%) OD error (%)
120.73 3.79 8.42 0.68
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M. OSL aliquot data for the Abydos, Naqada, and Ballas ceramic assemblage (both

ceramic data and residue data)

Table M.8: OSL data for Sample X6120 — Coarse Grain (No fine grain material was retrieved for this

sample)
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Figure M.37: Primary Dataset for KDE plot for

X6120. NB primary data set is comprised of 8 out

of 8 aliquots after selection criteria were met.
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Figure M.38: OSL shine down curve for a represen-
tative aliquot of X6120
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Figure M.39: OSL dose response curve for a repre-

sentative aliquot of X6120

Figure M.40: Final OSL measurement (based on the CAM) and over dispersion value for X6120. Calibrated
machine dose rates (Gy/s): 0.03912468 (CG, aliquots 1-2), 0.03799368 (CG, aliquots 3-8).
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APPENDIX N

Input data for OxCal modelling of the
Naqada, Ballas, and Tomb of Djer (Abydos)

assemblage

The input file for the final OxCal model, which incorporates ages and model assump-

tions.

Plot()
{
Outlier_Model ("General",T(5),U
(0,4),"t");
Sequence ("Abydos")
{
Boundary("Start Naqada IIC or IID
")
{
color="blue";
s
Phase("Naqada IIC or IID")
{
R_Date("525a", 4577, 35)
{
Outlier(0.05);
s
R_Date("525b", 4543, 31)
{
Outlier(0.05);
s
R_Date("533a", 4625, 31)
{
Outlier(0.05);
s
R_Date("533b", 4582, 29)

{
Outlier(0.05);
s
}s
Boundary("End Nagada IID")
{
color="violet";
}s
Boundary("Start Reign Djer")
{
color="red";
s
Phase("Reign of Djer")
{
R_Date("4034", 4344, 32)
{
Outlier(0.05);
¥
R_Date("4066", 4397, 29)
{
Outlier(0.05);
¥
Date("4034 (5477)pot", N(AD(2015)
-5774,569))
{
Outlier(0.05);
}s
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N. Input data for OxCal modelling of the Naqada, Ballas, and Tomb of Djer (Abydos)
assemblage

R_Date("4065",
{
Outlier(0.05);
}s

s

Boundary("End Reign Djer")

{

color="orange";

}s

Boundary("FireStart")

{

color="yellow";

}s

Phase("Tomb Fire")

{

Date("6115(4034)res", N(AD(2015)

-3625,668))

4307, 33)

{

Outlier(0.05);

}s

Date("6120(3158)sed", N(AD(2015)
-2592,634))

{

Outlier(0.05);

}s

Date("6116(4066)pot", N(AD(2015)
-3606,245))

{
Outlier(0.05);

}s

Date("6114(3158)res", N(AD(2015)

-2914,868))

{
Outlier(0.05);
1s
Date("5478",
)
{
Outlier(0.05);
}s
Date("5479",
)

{
Outlier(0.05);
1s
s

Boundary ("FireEnd")
{

color="green";

1
s
Fire =

}s

(FireStart + FireEnd)/2;

N(AD(2015)-2120,923)

N(AD(2015)-1797,633)
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