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Abstract
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Oxford

Bayesian modelling is a widely used, powerful approach for reducing absolute dating
uncertainties in archaeological research. It is important that the methods used in
chronology building are robust and reflect substantial prior knowledge. This thesis
focuses on the development and evaluation of two novel, prior models: the trapezoidal
phase model; and the Poisson process deposition model. Firstly, the limitations of
the trapezoidal phase model were investigated by testing the model assumptions us-
ing simulations. It was found that a simple trapezoidal phase model does not reflect
substantial prior knowledge and the addition of a non-informative element to the
prior was proposed. An alternative parameterisation was also presented, to extend
its use to a contiguous phase scenario. This method transforms the commonly-used
abrupt transition model to allow for gradual changes. The second phase of this re-
search evaluates the use of Bayesian model averaging in the Poisson process deposition
model. The use of model averaging extends the application of the Poisson process
model to remove the subjectivity involved in model selection. The last part of this
thesis applies these models to different case studies, including attempts at resolving
the Iron Age chronological debate in Israel, at determining the age of an important
Quaternary tephra, at refining a cave chronology, and at more accurately modelling
the mid-Holocene elm decline in the British Isles. The Bayesian methods discussed
in this thesis are widely applicable in modelling situations where the associated prior
assumptions are appropriate. Therefore, they are not limited to the case studies

addressed in this thesis, nor are they limited to analysing radiocarbon chronologies.
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Chapter 1

Introduction

Establishing an absolute chronology is very important in addressing archaeological
and palaeoenvironmental questions. Different methods of dating, relative and ab-
solute, offer ways to better understand the timing of different archaeological and
historical events. Relative dating methods provide the relationship between a group
of events and absolute dating methods provide means to measure how old a sample
is. However, these methods are not without their associated problems. The former
techniques do not provide a calendar time scale, and the latter techniques have their
own sources of uncertainty associated with quality assurance, reliability of individual
determinations, and the transformation from the scientific time scale to the calendar
scale. Radiocarbon dating is the most commonly used scientific dating method, pro-
ducing absolute dates on the calendar scale after calibration. Buck et al.[ (1991} [1992)
introduced the use of a Bayesian approach, combining radiocarbon determinations
(likelihoods) with relative dating information (prior), to provide more precise, accu-
rate, and relevant archaeological information in relation to timing than absolute dates
alone (for example, temporal constraints to a groups of groups of events). This ap-
proach used in analysing radiocarbon data has also been extended to analysing data
from other scientific dating methods (Bronk Ramsey, 2009a; Blaauw and Christen,
2011).

Over the recent decades, Bayesian methods have become popular among archaeol-



ogists and researchers wishing to build chronologies. New models are being developed
to more appropriately represent relative dating information (for example, |Bronk Ram-

sey), [2008; Karlsberg), 2006; Blaauw and Christen), 2011]).

1.1 Research objectives

Some of the mathematical functions of current Bayesian prior models used in ar-
chaeological research generate a bias and do not reflect substantial prior knowledge.
One example is the uniform prior model described in |Buck et al. (1991), which has a
bias towards wider date ranges (i.e. the overall span of the model is lengthened by
likelihoods with large uncertainties). This was overcome by the introduction of a non-
informative prior described in [Nicholls and Jones (2001)). Another potential problem
is that, with numerous different models available, the researcher is faced with the cru-
cial task of model selection. This includes identifying and isolating possible outliers.
As a result of this, |Christen| (1994b) devised an approach of down-weighting outly-
ing ages in model runs, and this method has recently been extended to account for
outliers in the calendar scale (Bronk Ramsey, 2009b). Other methods of identifying
outliers are also available using pseudo Bayes’ factors (Bronk Ramsey, 1995). This
still leaves researchers with the non-trivial task of choosing the most suitable prior
model for analysing data.

Recent literature introduced robust prior models for chronology construction.
They include: the trapezoidal phase prior (Karlsberg, 2006)); and the Poisson process
deposition model (Bronk Ramsey, [2008)). The former models non-abrupt groups (or
phases) of related data; and the latter models deposition sequences using an under-
lying random (Poisson) process. It is the non-abruptness and the randomness that
make these models robust. The research presented in this thesis aims to test and
identify possible bias in the former phase model, before further development and
evaluation. A novel chronological framework is also devised to extend the use of

the current trapezoidal phase prior with new parameters. A model averaging ap-



proach is introduced to the latter deposition prior to remove subjectivity in model
selection. Its use is also thoroughly evaluated. These two methods are then used to
explore different archaeological and palaeoenvironmental case studies. The methods
and frameworks described in this thesis are suitable for modelling chronologies dated
using any absolute dating techniques; they are not limited to analysing radiocarbon
data.

With respect to the precision of data in each of the presented case studies, the
resulting chronologies are heavily reliant on the quality of the radiocarbon determi-
nations (likelihoods); as well as the relative information (prior), obtained from vari-
ous relevant literature and provided by collaborators. This thesis focuses on testing
and developing novel Bayesian techniques in archaeological chronology construction.
Whilst every effort has been made to ensure that the radiocarbon determinations used
are of good quality, the performance of the scientific methods, and the types of ma-
terial used in dating, as well as assessing the archaeological evidence that underpins

the historical chronologies, are beyond the scope of this work.

1.2 Thesis outline

This thesis comprises 4 main parts. An account of the background to the research is
presented in Part [ This includes highlighting the problems in chronology construc-
tion (Chapter , describing the theory of the approach to overcoming those problems
(Chapter [3]), as well as discussing methods of robust chronologies construction (Chap-
ter 4)). The development and evaluation of recently developed Bayesian methods are
presented in Part [[I} focusing on two techniques: the trapezoidal phase prior model
(Chapter [5)); and the Poisson process deposition model (Chapter @ Applications
of the methods to both archaeological and palaeoenvironmental case studies are de-
scribed in Part [[TI, where comparisons are made between the improved and the old
methods using data from different case studies (Chapters . Finally, conclud-

ing remarks are made in Part [[V] and possible avenues of future research suggested



(Chapter [10)).

All references are listed at the end of the thesis, followed by appendices containing
computer program listings for the experimental part of Chapter |5(and the first 2
sections in Chapter , using the theory and methods described in Chapter ; data,
from literature and collaborators, used in Part ; and the chronology query
language (CQL) used in 0xCal (Bronk Ramseyl 2009a)), outlining the structure of

various models in this thesis.



Part 1

Background



Chapter 2

Chronology building and

associated complications

When studying the past, it is often essential to know the timing of a particular
period or event in order to put it into context with other information. An event,
for the purpose of this thesis, is a date of interest. In archaeology, an event can be
related to the time when an artefact was used or the death of an organism. In geology,
it can be a volcanic eruption or an abrupt environmental change. It can also be a
deposition event. Individual events can be dated relatively, by observing the relative
ordering of multiple objects; or absolutely, via the use of scientific measurements.
Multiple events form the building blocks of any chronology (Bronk Ramsey, [1998).

This chapter discusses the different methods of dating, their limitations, and solutions.

2.1 Dating

Determining the relationship between multiple events is often the initial step in most
archaeological research. This process is known as relative dating, where events are put
into sequences. Deposits from an excavation can be put into a stratigraphic sequence,
and artefacts can be put into a typological sequence. Understanding that an event

occurred before another is a crucial step in chronology construction.



Ultimately, however, it is useful to know the absolute age in calendar years of the
different parts of the relative sequence and methods of absolute dating are needed.
Absolute dating depends on the existence of a regular, time-dependent process (Ren-
frew and Bahn, 2008, p.137). It provides a measured age (also known as the ‘absolute
age’) of a sample based on its physical and chemical properties. The absolute age
is independent of any chronologies or dating techniques. Different absolute dating
methods are used for different types of samples, measuring different physical and
chemical properties, and cover different parts of the calendar scale.

Both relative and absolute dating are widely used to construct chronologies in
archaeology and environmental science. There are many different types of relative and
absolute dating methods, and sometimes, absolute dating can provide information
that can be used relatively. This chapter discusses a selection of these methods,
which provide building blocks for the chronologies constructed in the later parts of

this thesis.

2.1.1 Typology

In archaeology, typology (Brainerd, [1951; Robinson, |1951) is the classification of arte-
facts according to their characteristics (or types). A type is a series of attributes, for
example, decorations, material, and shape, which distinguishes one group of artefacts
from all other groups of artefacts. The underlying assumption of typology is that
each type with the same style belongs to a certain period and originated from the
same region or culture. Archaeologists often use this relative method to date a site,
or strata at a site, and identify trade routes. This method forms the backbone of
many chronological systems, including the hotly debated Iron age chronology in the

Levant, which is discussed in Section [7.3]



2.1.2 Tephrochronology

Tephra is volcanic ash from an eruption. Tephrochronology is a technique which uses
tephra to provide chronology for a site of interest. Following an eruption, tephra
particles become airborne and get deposited downwind of the volcanic source. Depo-
sition of tephra layers is instantaneous (within the uncertainty of absolute dating) and
often widespread (e.g. Lowe|, 2011)). It provides tephra horizons. They can be visible
or non-visible to the naked eye. Non-visible tephra is also known as microtephra or
cryptotephra (Lowe and Hunt, 2001)).

Tephra particles from different volcanic eruptions have different chemistry. They
can, in many cases, be distinguished by their unique chemical fingerprint. Tephra
horizons provide a basis for absolute dating, either directly using argon isotopes (e.g.
Laacher See Tephra (LST); van den Bogaard, |1995]) or indirectly using carbon isotopes
(e.g. Cape Riva tephra; |[Eriksen et al., [1990; |Pichler and Friedrich, [1976) or via the
counting of annual increments (e.g. LST; Brauer et al| [1999). Tephra horizons are
important because they provide independent, physical links for correlation between
different sites. Once dated directly, the tephra becomes a time marker for different

records.

2.1.3 Annual increments

Yearly cycles, i.e. the rotation of the earth around the sun once a year, cause regu-
lar annual fluctuations in climate. This changes certain features of the environment,
which are recorded, for example in trees, lake sediments, and ice cores, and can be
measured to create a chronology. The counting of annual increments (or lamina-
tions) can be relative, if the chronology does not date to present day, i.e. a floating

chronology; or it can be absolute, if the chronology dates to present day.



2.1.4 Potassium-argon and argon-argon dating

Potassium-argon (K-Ar) dating is an absolute dating technique used for establishing
the age of volcanic rocks. “°K is an unstable (radioactive) nuclide that undergoes

beta decay to both **Ca (88.8%) and “°Ar (11.2%) (Faure, [1986).

VK 0 Cate + 1,

The conversion of “°K to “°Ar is achieved via positron (e) emission and electron (e™)

capture. In both cases, an electron neutrino (v.) is produced.

WK S0 Ar et 41,

VK 4 e 5% Ar+ 1,

The age of the sample is determined by measuring the radioactive decay of the unsta-
ble potassium isotope, “°K, with a half-life of 1250 million years (Steiger and Jéiger|,
1977)), to 1°Ar.

Argon-argon (“°Ar/3°Ar) dating was developed as a replacement for K-Ar dating
to improve reliability. In “°Ar/3*°Ar dating, the stable form of *K is converted to
39Ar and the amount of ?*?Ar is measured at the same time as “°Ar. This approach is
considered more reliable because only Ar isotopes are measured and has the advantage
of being able to date very small samples, for example, tephra (Lowe and Walker, 1997,
p.249).

2.1.5 Radiocarbon dating

Carbon is one of the most important building blocks of life. It is an element found
in all organic compounds. It has two naturally occurring stable isotopes, 2C and
130, which make up 99% and 1% of carbon respectively. Unstable, radioactive *C
(also known as radiocarbon) make up 1071°% of carbon in nature. The numbers refer

to the atomic mass of the different isotopes and it is the existence of the unstable



radioactive C that enables radiocarbon dating. It is the most widely used method
of dating and forms the majority of the supporting data for the chronologies in this

thesis, hence, it is discussed in more detail below.

2.1.5.1 Background and basic principles

The radioactive isotope of carbon, '*C, is continually formed in the upper atmo-
sphere. Cosmic rays undergo transformation when entering the atmosphere and pro-
duce neutrons (n). Neutrons participate in a nuclear reaction with the nitrogen in

the atmosphere to form *C and a proton (p):

n+*N-="C+p

Upon formation, the *C reacts with oxygen, oxidises rapidly to **CO and slowly to
1CO, (Weinstock, [1969). The 1*CO, is mixed throughout the atmosphere, exchanges
with the ocean, and may also enter the food chain via photosynthesis. *C is unstable
and goes through beta decay to produce N, an electron (e”) and a antineutrino
(Te):

UC S N4 e + e

The amount of atmospheric C is, in principle, in equilibrium with the amount of
14C in a living organism. Once the organism dies, the uptake of *C stops.

There are two ways of radiocarbon dating: radiometric and using accelerator
mass spectrometry (AMS). The former was first developed by Libby and his group. It
detects the beta particle emitted during radioactive decay of the sample. Radiocarbon
decays at a constant rate and the half-life was first measured to be 5568430 years
(Arnold and Libby|, [1949; Libby et al., {1949; Libbyl |1955), also known as Libby’s half
life. This was later replaced by the ’Cambridge’ half life of 5730+40 years (Godwin,
1962). Libby’s half-life continues to be cited by convention and the difference is
accounted for in calibration. In contrast, AMS directly measures the proportion of

14C atoms relative to 2C or ¥*C atoms in the sample. Both methods use modern
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standards such as oxalic acid and background samples containing very low levels
(<1071 1C/120) of carbon, which is insufficient “C for dating, as reference materials.
Although measured differently, the absolute dates produced by both methods can be
interpreted in the same way.

Whilst being very popular and useful, radiocarbon dating, like many other dating

methods, is not without its issues and these are discussed below.

2.1.5.2 Radiocarbon samples

The selection of samples is one of the most important first steps in dating. Any
organic remains can be radiocarbon dated. Single entity, short-lived, and articulated
samples provide confidence that they do indeed relate securely to the context dated,
and hence are preferred. After selecting the appropriate samples, they are chemically
treated to remove both modern and ancient contaminations before they can be dated.
The dating of animal, plant (including charcoal), and insect remains provides the age
of death of the organism. However, older dates were often radiometric, needing larger
sample size, so bulk materials were often used. The dating of bulk sediment (peat)
samples can be problematic.

Peat is an accumulation of different organic matter at various stages of degradation
and humification. It can, like other organic material, be troublesome to date. Peat
has three chemical components: humins, which is acid and alkali insoluble; humic
acids, which is acid insoluble, alkali soluble; and fulvic acids, which is acid and alkali
soluble (Shore et al., [1995; Cook et al.; [1998). Humin is the solid residue of the plant
remains and is usually regarded as the most representative of the original vegetation,
although it may still be contaminated with in-wash or intrusive carbon (e.g. Dugmore
et al.,|1995; [Waller et al.| [2006)). Humic and fulvic acids are soluble (can be separated
on the basis of pH) and more mobile. Fulvic acid is often found to be younger than
both other corresponding fractions (Shore et al.,|1995]). The more mobile components
are likely to leach downwards and some studies find humic acids to be younger than

the humins (Williams, 1989). Some find that humins provide ages closest to the
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those obtained from macrofossills (McGeehin et al., 2001), which would be the ideal
material to date if found in sediments, and represents the 'true age’ (Bartley and
Chambers, |1992)); other argue that humic acid dates are the most reliable (Johnson
et al., [1990). The different fractions may also provide statistically indistiguishable
dates (Cook et al.| |1998). Different grain size fractions of peat deposit has also been
investigated. Studies have found that the humin dates get older with increasing
grain size (Nilsson et all 2001} Brock et al., 2011)) and the humic acid dates can be
both older or younger than the humins of the corresponding grain size (Brock et al.,
2011). Blaauw et al| (2004)) found that bulk peat samples yield the same results as
above ground plant remains. Considering all of the above case studies, it is difficult
to conclude which fraction provides the most reliable radiocarbon age. The limited
availability of radiocarbon dated chronologies using short-lived plant remains means
that, unfortunately, some of the environmental case studies in this thesis had been

dated using bulk peat sediments.

2.1.5.3 Calibration

A radiocarbon measurement is an estimate of radiocarbon content based on a set of
physical measurements (Renfrew and Bahn|, 2008, p.146). Unfortunately, it does not
reflect the true calendar age of the sample. This is because the level of atmospheric ra-
diocarbon fluctuates slightly from year to year due to changes in the carbon cycle and
in atmospheric conditions caused by sunspot activity and changes in the geomagnetic
field. This leads to difficulty in estimating the calendar age of a sample directly. The
first step in interpreting the result from radiocarbon dating is calibration. It is this
calibration process that makes radiocarbon an absolute dating method. It is essential
for determining the calendar age of a sample, and for comparing the radiocarbon ages
with other records dated using other absolute dating techniques.

Radiocarbon calibration curves are needed in order to estimate the calendar age
of a sample. The most recent consensus terrestrial and marine radiocarbon curves

are IntCal09 and Marine09 respectively (Reimer et al., |2009). The amount of radio-
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carbon in ocean water differs from that in the atmosphere, hence the need for two
curves. This is because the process of carbon exchange between the atmosphere and
living organisms in the deep water is slower. Samples from a marine environment
tend to be 400 years older on average than terrestrial samples from the same period
(Stuiver and Braziunas| [1993). IntCal09 is made up of dendrochronologically dated
records up to 12,550 years before present (BP) and various marine sediments and coral
records for 12,550-50,000 years BP. Whilst being very useful, IntCal09 is not with-
out the uncertainties arising from marine correction. Contiguous terrestrial varved
lake records (Stuiver; (1971} |Kitagawa and van der Plicht, |1998| 2000; Wohlfarth and
Possnert,, 2000; [Staff et al., [2010) would eliminate these uncertainties. The process
and statistics involved in calibration will be discussed in Section In this thesis,
radiocarbon determinations are cited as “BP”, where BP stands for years before 1950
AD; dates “BC”, “BCE”, “AD”, or “CE” are historical dates on the calendar scale;
“cal BC”, “cal BCE”, “cal AD”, or “cal CE” are calibrated radiocarbon or modelled
ages on the calendar scale.

Calibration of radiocarbon determinations adds an extra level of complication
when it comes to interpreting radiocarbon chronologies. Due to the oscillations in
the calibration curves, a calibrated age is often a multi-modal distribution spanning
several centuries, giving an imprecise estimation. Calibration aside, other sources
of uncertainty (e.g. contaminated, residual, or intrusive samples) would result in

inaccurate estimations.

2.2 Accuracy and precision

A common analogy for accuracy and precision is bullets on a target. Multiple firings
close to the bullseye is considered accurate and precise, far away and scattered from
the bullseye is imprecise and inaccurate. In terms of dating, accuracy refers to the
degree to which the measurement matches the true date of the sample, and precision

refers to the degree of refinement in a measurement.
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OxCal v4.1.7 Bronk Ramsey (2010); r:5
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Figure 2.1: Accuracy and precision in dating (Lowe and Walker, [1997; Walker, 2005).
The ‘true’ age of sample is 8000 BP (white dot). See text for details.

Figure [2.1| shows multiple measurements of the same sample, which has a ‘true’
age of 8000 BP (marked by the white dot). The measurements in red are precise
with small standard errors. They are, however, inaccurate because they are far away
from 8000 cal BP. The measurements in blue are close to 8000 cal BP but with large
standard errors, hence they are accurate but imprecise. The measurements in green
have small errors and are close to 8000 cal BP, and thus are accurate and precise.

If only one measurement is made, it is difficult to determine if said measurement
is accurate. This is often the case in archaeology and environmental science, where
the availability of sample materials is limited, absolute dates are expensive to obtain,
and preservation and contaminations are often problems of concern. Small and old
samples often have large associated uncertainties. Calibration adds another level of
uncertainty because the resulting calendar age is often multi-modal.

Bayesian statistics provides a solution to this problem. Using a Bayesian frame-

work, one could construct a chronology with both absolute and relative dating infor-

mation (Buck et al., 1991} |1992). The resulting output often provides more accurate

and refined chronologies, a simulated example is shown in Figure [2.2]
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OxCal v4.1.7 Bronk Ramsey (2010); :5 data from Reimer et al (2009;
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Figure 2.2: Figure showing a chronology (in grey) after applying a Bayesian frame-
work with order constraints (see Section [3.4.3). The ‘true’ chronology is marked
by the white dots. The inaccurate (red) and imprecise (blue) Gaussian ages and
radiocarbon age (purple) are more accurate and precise after modelling.

2.3 The Bayesian solution

Bayesian inference provides a tool for combining results from relative dating (also
known as prior) information, obtained from archaeological and / or environmental
evidence; and absolute dating (also known as likelihood) information, measured di-
rectly from samples from the same context, to enhance the precision and accuracy
of chronologies. The employment of Bayesian statistics in archaeology is discussed
in more detail in Section [3.4] In recent decades, this technique has been made freely

available, and easily accessible, to a wide community of researchers wishing to build

chronologies via the use of chronology building software such as 0xCal (Bronk Ram-

seyl, [1995], 2001}, [20094) and BCal (Buck et al) [1999), which have a wide range of

different models; and Bpeat (Blaauw and Christen| |2005), Bchron (Haslett and Par-|

nell, 2008} Parnell et al., |2008), and Bacon (Blaauw and Christen, 2011)), which have

individual statistical models within each package.

The availability of different models provides researchers with the freedom of using
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specific models for different event scenarios. Until recently, one was unable to address
archaeological questions involving processes with slow transitions (e.g. Housley et al.
1997; Zeidler et al., 1998; Van Strydonck et al., [2004; Blackwell and Buck], 2003} Buck
and Bard, [2007). Karlsbergl (2006) introduced a prior, in the shape of a trapezoid,
for modelling such transitional processes. However, the trapezoidal prior is not with-
out its limitations. Chapter [5| discusses its limitations, proposes and evaluates two
important developments, making the model more robust and allowing its use in a
contiguous / abutting phase scenario.

The freedom of model selection often poses a dilemma for researchers because
multiple priors might be suitable for modelling the same event scenario. Since the
choice of prior (relative) information is subjective, and the output from a Bayesian
model is heavily dependent on the choice of prior, the output may be biased if the
wrong model is chosen. A method called Bayesian model averaging removes the need
for subjective model input. This technique is currently employed in outlier analysis
(Christenl [1994b; Bronk Ramsey, 2009b). It is a very powerful approach and can also
be used for choosing the suitable prior model for a data set. The model averaging
approach is discussed in further detail in Section [4.3.2.2] and the application of the

method to an age-depth model is evaluated in Section [6.4]
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Chapter 3

Bayesian statistical modelling

There are two approaches to statistics: the frequentist (also known as classical) ap-
proach; and the Bayesian approach. The former makes inferences based on the data
obtained. It does so by calculating the likelihood probability distribution from the
situation. The Bayesian approach makes inferences, posterior probability, by com-
bining prior information with likelihood function(s). It uses Bayes’ theorem, which
is described below. Both frequentist and Bayesian statistical approaches have been
used in chronology construction (e.g.|Grimm et al.,[1993; Bennett, |1994; Boreux et al.,
1997 Buck et all 1991} 1992} Bronk Ramsey, 1995 Blaauw, 2010)). The former can
sometimes produce (erroneously) narrow error ranges and the latter takes into ac-
count the uncertainties in dating, improving the accuracy and precision of absolute
age measurements. This thesis features modelling (primarily radiocarbon) chronolo-
gies with the latter approach, thus, only Bayesian inference will be discussed from
this point forward. The methods of Bayesian calculations described in this chapter
are used in the experimental parts of Chapter 5| for investigating the limitations of
a recently developed prior model; and in Chapter [, for addressing archaeological

questions. The computer program listings are available in appendix [A]
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3.1 History

Bernoulli| (1713)) (in Bernoulli (2006))) first articulated the issue of using inference to
solve inductive problems. Reverend Thomas Bayes provided an answer to Bernoulli’s
problem in a paper published posthumously by Bayes and Price (1763)). The paper
discusses the inference of the parameters of a binomial distribution using observational
data. Early forms of Bayesian inference were called “inverse probability” (Stigler,
1986)). The present day version of the theorem was finalised by |Laplace (1812) (in
Langou (2009)).

3.2 Bayes’ theorem

Bayes’ theorem, named after Thomas Bayes, states that

plylz) x p(z)

p(xly) = o)

where

e p(x) is the prior knowledge about the values of parameter x before obtaining
the data y. In terms of archaeology, this is the relative information obtained

from excavations.

e p(y|z) is the likelihood of obtaining the observations if the parameters were
known. These are the probability density functions obtained from absolute

dating.

e p(y) is the (marginal) probability of obtaining the observed data integrated over

all possible values of the parameters.

e p(z|y) is the posterior distribution incorporating the prior knowledge and the

likelihood, thus what we seek to obtain.
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p(y) can also be thought of as the normalising constant. Bayes’ theorem can also be

written as

p(xly) o< p(ylz) x p(z) (3.1)

or in words: The posterior it proportional to the likelihood times the prior.

3.2.1 A priori

A priori is a Latin phrase that means “from what comes before”. It relates to
the information or knowledge available before the observations are made. This is a
familiar concept and is applied in everyday life.

The use of prior information forms the fundamental difference between frequentist
statistics and Bayesian statistics. Prior information is usually formulated as a single
numerical statement or as a probability density function. This information is usually
deduced from relevant literature or is elicited by experts in the field. In terms of
archaeology, prior information could include related, for example, ceramic or regional,
groups (or phases) and stratigraphic information obtained from excavations.

Prior modelling is important for a small sample populations. It becomes less
important as the sample population increases. Archaeological and environmental
materials are usually scarce and their sample sizes often limited. Thus, chances to
experiment with the samples are restricted. Prior knowledge, therefore, becomes very
important.

There are a number of different types of prior information used within the Bayesian
framework; informative prior, non-informative prior, conjugate prior, and improper

prior.

Informative prior

An informative prior expresses specific, definitive, information about a variable. In-
formative priors arise from knowledge of the data obtained from previous studies.

This is the most obvious form of prior information used in a Bayesian framework. In
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terms of archaeology, this is the relative information.

Non-informative prior

A non-informative prior expresses vague or general information about a variable. Non-
informative priors can express objective information such as the “variable is positive”
or “the variable is less than some limit”. The application of non-informative priors
can make a significant difference to some data sets (e.g. Nicholls and Jones, 2001)). In
Chapter [5 a non-informative prior element is introduced to remove the existing bias

in the trapezoidal phase prior.

Conjugate prior

As its name suggests, a conjugate prior “conjugates” itself to the likelihood function.

A conjugate prior provides a first approximation to the adequate prior distribution.

Improper prior

An improper prior has an integral that does not equal one. It can sometimes be used
as a non-informative prior. Such a distribution can be used in Bayesian statistics as

long as the posterior distribution is not also improper.

3.2.2 Likelithood

The likelihood function is the information brought by an observation. It is the prob-
ability of obtaining a particular set of data. In archaeology, the probability density
functions obtained from absolute dating, for example, calibrated ages in a radiocarbon

chronology, form the likelihood functions.

3.2.3 A posteriori

A posteriori is a Latin phrase that means “from what comes later”. It relates to the
information which is held after observations are made. It is derived from combining

a priori information with likelihood functions.
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3.3 DBayesian calculations

Although the idea of using Bayesian inference to address inductive problem was sug-
gested centuries ago, its use was restricted by the limited computing power that
was available at the time. This is because the calculation of eq. is not always
straightforward. The advances in computing power in recent decades allowed the use
of simulation techniques to facilitate Bayesian calculations and Markov Chain Monte
Carlo is the most commonly used simulation technique in chronology construction in

archaeology:.

3.3.1 Markov Chain Monte Carlo methods

Markov Chain Monte Carlo (MCMC) is a general form of Monte Carlo method.
Monte Carlo methods are a class or computational algorithms that rely on repeated
random sampling to generate results. They are used when simulating physical and
mathematical systems, where it is impossible to compute an exact result with a
deterministic algorithm. They are, therefore, useful for modelling phenomena with
significant uncertainty in inputs. They are used to generate a posterior distribution
when this distribution cannot be analytically calculated.

Monte Carlo methods refer to a large and widely used class of approaches and

these approaches tend to follow a particular pattern (Gilks et al., [1996]):
e Define a domain of possible inputs
e Generate inputs randomly from the domain
e Perform a deterministic computation using the inputs
e Aggregate the results of the individual computations into the final result

In order to explain MCMC in greater detail, it is broken down into two stages:
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Monte Carlo integration

Monte Carlo integrations are algorithms for the approximate evaluation of definite,
usually multidimensional, integrals. Random numbers, {X; : j = 1,...,n}, are cho-
sen over some simple domain, f(X), which is a superset of the (complicated unknown)
function, 7 (.), of interest. Deterministic computations are performed to check to see
if the points chosen are within f(X), before the distribution of 7(.) is estimated. The
law of large numbers (Bernoulli, 1713} 2006)) ensures that the approximation can be
made as accurate as desired by increasing the sample size n. In the case of MCMC, n,
the number of repeated computations (iterations), is under the control of the analyst.

The Markov chain is a method of Monte Carlo integration, which is frequently

employed in archaeological research.

Markov chain

A Markov chain is a random process where all information about the future state
is contained in the present state, i.e. the future states depend only on the present
state, and is independent of the past states. The description of the present state
fully captures all the information that could influence the future evolution of the
process. The development of the Markov chain is a stochastic process, where all state
transitions are determined by random chance.

Suppose a sequence of random variables, { Xy, X1, X5, ...}, is generated such that
for each time, the state X; > 0, the next state, X, is sampled from a distribution
p(X;+1]X;), which depends only on the current state of the chain, X;. That is, at
any given state, let this be X;, the next state X;,; does not depend further on the
history of the chain {Xy, Xi,...,X;41}. This sequence is called a Markov chain.
Subject to the regularity conditions, the chain will gradually ‘forget’ its initial state
and will eventually converge to a unique stationary distribution, 7 (.), which does not
depend on ¢ or Xy. As ¢ increases, the sample points { X} will look increasingly like
dependent samples from 7(.). MCMC can be applied to a wide field, although its

performance varies depending on the complexity of the problem (Gilks et al., [1996]).
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It is difficult to determine the number of steps needed to converge to a stationary
distribution within an acceptable error. Reaching the stationary distribution quickly
starting from an arbitrary position indicates a good Markov chain. Some MCMC

methods are explained in more detail below.

3.3.1.1 Gibbs sampler

Gibbs sampling, also known as Gibbs sampler, was introduced in the context of image
processing by |(German and German| (1984). The key to the Gibbs sampler is that only
univariate conditional distributions are considered - the distributions when all of the
random variables but one are assigned fixed values. Such conditional distributions
are easier to simulate than complex joint distribution and usually have simple forms.

If one wishes to compute one of both marginal distributions, p(z) and p(y) of
a bivariate random variable (x,y), it is easier to consider a sequence of conditional
distributions, p(z|y) and p(y|z), than it is to obtain the marginal by integration of
the joint density p(x,y). The Gibbs sampler starts with some initial value y, for
y and obtains xy by generating a random variable from the conditional distribution
p(zly = yo). The sampler then uses zg to generate a new value of y;, drawing from
the conditional distribution based on the value zg, p(y|z = o).

The process is repeated n times, generating a Gibbs sequence of length k&, where
a subset of points (x;,y;) for 1 < j < m < n are taken out from the full joint distri-
bution. To obtain the desired total of m sample points, one samples the chain after a
sufficient number of iterations to remove the effects of the initial sampling values and
at set time points. The Gibbs sequence converges to a stationary distribution that
is independent of the starting values, and this stationary distribution is the target
distribution we are trying to simulate.

The Gibbs sampler is particularly useful in high dimensional problems, when it is
possible to sample from each of the one dimensional conditional distributions. It takes
advantage of hierarchical structure. Suppose that there are k parameters t,, ...,

of interest, denoted by t, and we wish to make inference about their joint posterior
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distribution, p(t|x), as well as their marginal posterior distributions p(t;|z). Then
the Gibbs sampler can be used to sample from the conditional distributions in the

following way (Gilks et al. [1996)):

1. Choose arbitrary starting values t° = {t9,¢5, ... 0}

2. Generate a series of random values t1), t® .. t® in the following way:
e draw tgl) from p(t1]|z, téo), . ,t,(co)),
o draw tgl) from p(ts|z, tgl), téo), o ,t,(go)),

o draw tgl) from p(t3|z, tgl), t;l), tflo), cotY),

e draw t,(:) from p(tx|z, tgl), t(21)7 e utk(_li)'

This completes one iteration of the algorithm.

3. Repeat step 2 for n iterations.

The idea behind the Gibbs sampler is to draw samples from the posterior distributions

p(t;|z) using Markov Chains which have the stationary distribution, ¢(t;) = p(;|x).
(

i

" tends to a random quantity whose density is p(t;|x).

Thus for large h, the values (tgh), e ,téh)) are approximately a random sample from

p(t]x).

The Gibbs sampler is a special case of Metropolis-Hastings sampling wherein the

In particular, as n — oo, t

random value is always accepted. It was originally introduced to solve archaeological

problems by [Buck et al.| (1991}, 1992).

3.3.1.2 Metropolis-Hastings algorithm

The Metropolis-Hastings algorithm was constructed by Metropolis et al.| (1953)), orig-
inally for physics and generalised by Hastings (1970) in a more statistical setting. It
applies to a wide variety of problems, since its main restriction is that the distribution
of interest be known up to a constant. This algorithm allows an infinite number of
proposal distributions,, that yield a Markov Chain, to converge to a distribution of

interest.
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For the Metropolis-Hastings algorithm, at each time j, the next state {X,1} is
chosen by first sampling a candidate point Y from a proposal distribution ¢(.|Xj).
The candidate point Y is then accepted with probability a(X;,Y") where

(L a0a(X]Y)
w2,7) = min (1. TS (32)

If the candidate point is accepted, the next state becomes X;;; = Y and if the
candidate point is rejected, the chain does not move, i.e. X;;; = Xj.

The Metropolis-Hastings algorithm can be summarised as (Gilks et al., 1996, p.7):

Initialise Xy; set t =0
Repeat {

Sample a point YV from ¢(.|X})

Sample a uniform (0, 1) random variable U
If U < a(X;,Y) set Xj41 =Y

otherwise set X;;1 = Xj

Increment ¢

The proposal distribution ¢(.|.) can have any form and the stationary distribution
of the chain will be 7(.). Once a sample from the stationary distribution has been
obtained, all subsequent samples will be from that distribution. In this case, only
symmetric proposals, having the form ¢(Y'|X) = ¢(X|Y) for all X and Y (Gilks et al.,
1996|, p.9), are used. Hence, the ratio of ¢(X|Y)/q(Y|X) from eq. 3.2]is always 1 and
can be ignored. This applies to all of the Bayesian calculations described in Chapter
[l In cases where the proposal distribution is not symmetric, ¢(Y'|X) # ¢(X|Y), the

ratio of ¢(X1|Y")/q(Y'|X), must be account for.

Single-component Metropolis-Hastings

Instead of updating the whole of X en bloc, it is often more convenient and computa-

tionally efficient to divide X into components {Xj, Xs, ..., X;} of possibly differing
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dimension, and then update these components one by one. This was the frame-
work for MCMC originally proposed by Metropolis et al.| (1953), and it is referred as
single-component Metropolis-Hastings.

An iteration of the single-component Metropolis-Hastings algorithm comprises
h updating steps. A fixed updating order is normally assumed, although it is not
necessary. Random permutations of the updating order are quite acceptable. The ith
update of X at iteration j may depend of the current values of any of the components
of X, ie. X(ji) ={X{,X3},..., X, X/ X1, ..., X)), where X(;) denotes all X
except the ¢th element.

The single-component Metropolis-Hastings algorithm is the method used to con-

struct the trapezoidal prior model described in Chapter [5| for efficiency.

3.4 Bayesian statistics in Archaeology

Bayesian statistical tools are now routinely used by many researchers who wish to
construct a formal model, incorporating a priori knowledge and suitable data (like-
lihoods), to arrive at a posteriori inferences. More than two decades ago, tools were
developed for formal chronology building (Naylor and Smith) [1988)). Initially, at-
tention was focused on the calibration and interpretation of radiocarbon data; very
soon after that, it became apparent that the Bayesian statistical framework is ideally
suited to the integration of relative chronological information from a range of different
sources, in particular stratigraphic sequences and historical evidence, with absolute
dating information (Buck et al., (1991} |1992, 1994; Bronk Ramsey, 1995} [Litton and
Buck, [1996; Buck and Christen, 1998).

There are two main types of prior information one could build into a Bayesian
model for analysing chronological records: groupings (or phases) and sequential infor-
mation. The former allows the researcher to group together related data; this can be
samples from the same culture, region, or even sediment blocks, using mathematical

functions. The latter allows the ordering of data to be constrained and this is par-
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ticularly useful in sedimentary records. The two types of prior information can also
be used together for more complex models. Other assumptions also include regional

offsets and the probability of a particular sample being an outlier.

3.4.1 Radiocarbon age calibration

When a sample is dated using radiocarbon, we are interested in obtaining the un-
known calendar age at which the organic material ceased metabolising. Let this
calendar age be z;, measured in calendar years BP (cal BP). This calendar age has a
uniform prior

p(z;) ~ U(—00,00)

(Bronk Ramsey, 2009a)) which is an improper prior. However, it can be used because
the posterior for this age is not improper. If measured using carbon isotopes, this
sample will have a known radiocarbon determination, y;, which is a realisation of the

random variable Y. Y can be represented as

Y =r(x;)+e

, where the radiocarbon concentration is r(z;) and € is the uncertainty associated
with the experimental error in the dating process. Both r(z;) and e are provided
by the radiocarbon laboratory. The associated error, ¢, is represented as normally

distributed with mean 0 and o;(x;), as the standard deviation.

€~ N(0,07(x;))

Y is modelled using a Gaussian distribution and depends upon the unknown parame-
ter x;. The counts of radioactive decay of the unstable carbon isotopes have a Poisson

distribution which is approximated by the Gaussian distribution

Y ~ N(r(z:), 07 (2:)) (3.3)
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OxCal v4.1.7 Bronk Ramsey (2010); r: data from Reimer et al (2009),
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Figure 3.1: A section of the high precision radiocarbon calibration curve IntCal09
(Reimer et al., [2009) for calibrating terrestrial dates.

where r(z;) represents the radiocarbon calibration curve with uncertainty modelled

as (Christen| [1994alJb)

o7 (z;) = s7 + s%(y) (3.4)

Using a Bayesian framework, the unknown calendar age can be calculated using in-
formation provided by the measured radiocarbon determination and the calibration

curve. A likelihood distribution based on equations [3.3] and [3.4] is obtained

1 (rs — r(x;))?

s? + s2(x;) (35)

p(yilzi) o

In the absence of informative prior information, the convention is to assume that
the prior value for z; is equally likely to lie anywhere over the range of the calibration.
This is usually represented using a uniform prior for x;, implying that the posterior
density (calibrated radiocarbon age distribution), p(z|y), is essentially equivalent to
the likelihood. Due to the non-linear nature of the calibration curve (Fig. [B.1)), the
likelihood distribution can often be non-symmetric and multi-modal, which can make

interpretation difficult (Fig. [3.2)).
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OxCal v4.1.7 Bronk Ramsey (2010); r:
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Figure 3.2: Calibration of a radiocarbon determination. The Gaussian distribution
on the right is the uncalibrated radiocarbon determination. The irregular oscillating
diagonal line is the calibration curve at one standard error and the black distribution
at the bottom is the posterior density of unmodelled data.

3.4.2 Groupings / Phases

Grouping is very important in the modelling of archaeological data. If group infor-
mation is not specified, the data is assumed to be unrelated and independent; and
the output from the model will reflect that assumption (Nicholls and Jones, 2001).
The most frequently used prior assumption is that a group (or phase) of events is
uniformly distributed (Buck et al., 1992) between two boundary parameters. Let
{z;,;i=1,...,n} be the events in a single uniform phase model on the calendar scale.
For a single phase within two boundary parameters, t, and t,, where t, < 3, the

prior for the group is
" pr(te, T, ty)

p(t) X pH(t(lytb> | W

(3.6)

where n is the number of events in the group.

The uniform phase model can be used singly, to model one group of data; or it
can be used in a multiple phase scenario, to model multiple groups of related data.
The relationships between multiple phase can be defined as: overlapping, where the
phases are independent of each other; sequential, where hiatuses exist between the
phases, and that the end of the earlier phase is constrained to be before the start of

the later phase; and contiguous (or abutting), where the phases are directly adjacent
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(a) Uniform distribution (b) Gaussian distribu- (¢) Uniform rise
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| 1 | | I | |
(d) Uniform decline (e) Exponential rise (f) Exponential decline

Figure 3.4: Phase models defined with different mathematical functions. The black
vertical lines are the model (boundary) parameters.

to each other, and that the end of the earlier phase is the start of the later phase,
indicating a direct transition of one phase to the next (Bronk Ramsey, 1995] 2009a;

Buck et al., |1999). The different multiple phase scenarios are illustrated in Figure
3.3

A B

C D

Time

Figure 3.3: Figure illustrating different multiple phase scenarios. Phases A and B
are contiguous, at the same time overlapping with phase C. Phase D is sequential to
phase C.

Other non-uniform groupings, with different mathematical functions are also avail-

able (Bronk Ramsey, [2009a)):

e Gaussian distribution, suggesting a steady rise in deposition followed by a
steady decline in deposition (Fig. |3.4b))

e Exponential distribution, suggesting an exponential rise (Fig. [3.4€) or an
exponential decline (Fig. [3.4f)

e Ramped distribution, suggesting a uniform rise (Fig. [3.4c) or a uniform
decline in deposition (Fig. (3.4d))

The model parameters of the above phase priors are suitable for modelling events

associated with significant phase activity, i.e. the density of the model parameter is
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not zero; and the majority of the phase priors, apart from the Gaussian model, are
only suitable for the modelling of abrupt processes. |Karlsberg (2006) introduced a
trapezoidal phase prior for modelling processes with slow transitions, which is a more
realistic prior for archaeological research. The development and evaluation of this

prior model is discussed in Chapter 5]

3.4.3 Deposition models

Sequential prior information is not limited to constraining multiple phases of data.
Individual events can also be constrained according to stratigraphy. The simplest
deposition model allows the ordering of events to be defined (Buck et al., [1991}
Bronk Ramseyl, [1998| |2008)). Let {x;,i = 1,...,n} be the events in a dated record on
the calendar scale, which occurred in a specific order between the bottom ¢,, and the

top of the sequence t,. The prior for this is (Bronk Ramsey, 2008)

1l to<x; <z <...<x, <1
pu(t,x) = (3.7)
0 otherwise

For each x;, an associated z; for its depth in the sequence can also be assigned,
however, this information is not essential for this simple model. The only assumption

in this model is that deposition is monotonic. The prior probability for any single

event occurring at time 2’ is given by (Bronk Ramsey, 2008])

1
— ta <2 <t
P |t ty) = (ty — to) v (3.8)
0 otherwise
The overall prior probability becomes
& 1
p(x[ta, ty) ox H = 1) (3.9)
=0 \'b T e

For any interpolated point z’, the time of deposition must lie somewhere between z;
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and x;,1, hence, there is a uniform prior for z over the range x; to x;

1
— <2<z
p(ZL‘,) = Tivr1 — XI5 v o Titt (310)

0 otherwise

With this simplest assumption, one can also build in known age gaps (with or
without uncertainties) between deposits, this method is known as wiggle matching
(Christenl, [1994b; |Christen and Litton, 1995; Bronk Ramsey et al.; 2001; Bronk Ram-
sey, 2008; Blaauw and Christen, [2005) and is suitable for modelling dendrochrono-
logical samples, ice cores, or varved lake sediments. The depth profile of a record can
also be built in (Haslett and Parnell, |2008; Parnell et al., [2008), with assumptions on
accumulation rates (Blaauw and Christen) 2011) or relating to the coarseness of sed-
iments (Bronk Ramsey, [2008)). A model assuming uniform deposition rate, although
not recommended, can also be used for modelling for the sequence (Bronk Ramsey,
2008). In a uniform deposition model, the time (z) at any particular depth (z) is

defined through linear interpolation over the range z; < z < z;14

(z —2z)

(Zi+1 - Zi) (3.11)

r=x; + (ZBZ’_H — ,CL’%)

The uniform deposition model is not recommended because its assumption is unre-
alistic. One can never assume a constant sedimentation rate over decades, let alone
centuries. However, this is the most-used assumption within the palaco-community.
Random deposition is a more realistic depiction of the complex sedimentation for
many case studies. The development and the evaluation of a prior for random depo-

sition with an underlying Poisson process is discussed in Chapter [6]

3.4.4 Bayesian modelling packages

Bayesian calculations are complex and often difficult to compute. It has only been

made accessible in archaeological research in the past two decades. Statictical pack-
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ages with user friendly interfaces have been made available to aid chronology construc-
tion. Recent chronology building software include: 0xCal (Bronk Ramsey) 2009a),
BCal (Buck et al., |1999)), Bacon (Blaauw and Christen), [2011)), BChron (Haslett and
Parnell, 2008; Parnell et al., 2008]), and Bpeat (Blaauw and Christen, [2005)).

Bpeat (Blaauw and Christen, 2005) and Bchron (Haslett and Parnell, 2008; [Parnell
et al., [2008)) use a piecewise linear process to construct age-depth models. The latter
has an additional function which uses a Gamma (random) process to add a number
of monotonic increments between dated points to account for the uncertainty. Bacon
(Blaauw and Christen, 2011) constructs age-depth models using a stepwise auto-
regressive Gamma process. Priors for step-size (similar to the step-size parameter in
0xCal; in Section , accumulation rate, and memory effect, need to be defined. The
memory effect provides the coherence in accumulation rates along the depth profile.
All of these models contain functions for formal outlier analysis, which is explained
in further details in Section 4.3l

Results of Bayesian models are often reproducible even when implemented in
different packages with different prior information (Blaauw and Christen) [2011; Hua,
et al. in press). This is because correct definitions of prior models, including model
parameters, yields similar posterior results due to the random sampling of MCMC.

The statistical package used for modelling and presenting results in this thesis is
0xCal (using versions later than 4.1.7; Bronk Ramsey, 2009a). The experimental part
of Chapter |5l and trapezoidal phase model were implemented independently using the

computing language C++ (computer program listings are available in appendix [A.2]).

3.4.4.1 The 0xCal modelling program

The Bayesian modelling program, 0xCal, is made up of three modules. The pro-
gram is written in the computing language C++ for fast computations and integrated
in a html format to provide a user friendly interface. This forms the project man-
ager. Users can input the specifics of a model into the program using Chronological

Query Language (CQL; Bronk Ramsey, 1998). The CQL takes the format
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command (inputs) {further information};

The analysis module takes information provided by the CQL and performs the model
run. The underlying algorithm for Bayesian calculations uses the Metropolis-Hastings
approach. A convergence checker is also available and runs are stopped automatically
after the model has reached satisfactory convergence. Posterior probability distribu-
tions are then generated and confidence intervals are calculated for the output module.
The output module allows the users to view the posterior of the model run in a tabular
or graphical form.

The main components of a model are events, which can be in the form of:

e a radiocarbon determination; R_Date("name",u,0) ;
e a calendar date; C_Date("name",expression); or

e an unknown date; Date("name" ,expression) ;

, where the p and o of a radiocarbon determination are provided by the radiocarbon
laboratory. The date expressions are ranges specified by the user. They can be in
the form of a uniform distribution (e.g. U(-100,-50), where the date is uniformly
distributed between 100 and 50 BC) or a Gaussian distribution (e.g. N(u,0), where
the p and o are provided by the dating laboratory).

Individual events can also be combined using the Combine command, where a
prefix of R or C specifies whether radiocarbon determinations or calendar dates are

combined, respectively. The CQL for combine events are

e R Combine(){}; for combining R Dates
e C_Combine(){}; for combining C_Dates and

e Combine(){}; for combining Dates.

The function automatically performs a x? test and produces a weighted average of a
set of dates for the model run. If there are several determinations r; with standard

errors s;, a combined determination r. is calculated with standard error s. (Ward and
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This is performed for the combination of radiocarbon determinations, before the
weighted average is calibrated. This way, the uncertainty on the calibration curve
is not understated, since only the measurements are averaged. For the other two
combine functions, the ages on the calendar scale are combined. The use of the latter
two combine functions cross reference the defined parameters within the functions to
the same parameter.

Events can be simulated using the Simulate command, again, the prefix R or
C defines whether a radiocarbon date or a calendar date is simulated. The CQL for

simulated events are:

e R Simulate("name",calendar date, uncertainty); for a simulated (cali-
brated) radiocarbon date

e C Simulate("name",calendar date, uncertainty); for a simulated calen-
dar date

For each simulated radiocarbon date, the program generates a radiocarbon determina-

tion with randomly sampled errors from the calibration curve, given the calendar age

¢; and the expected laboratory error s;. The function R_Simulate(c;,s;) calculates a

likelihood function as (r()—r (o) =2

(57 + s*(w:))

(Bronk Ramsey, 2001, 2009a)), where ¢ ~ N(0, s?) and z; is the modelled calendar

p(yilz:) o (3.13)

age.
The events in a model can be grouped into phases (Section [3.4.2]). These are the
relative information obtained from the archaeology. A Phase is constrained by a start

and an end boundary parameters. The groupings supported in 0xCal version 4.1.7
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are illustrated in Figure [3.4] Users can access these models by altering the prefix of
the Boundary command, for example, a Sigma Boundary results in an S-shaped (part
Gaussian) model and a Tau_Boundary results in an exponential model. The CQL for

a single uniform phase model is

Sequence () {
Boundary () ;
Phase () {

RDate(...);
R Date(...);

}

Boundary() ;
b

where Sequence () is the command for defining the order of each of the parameters;
the Boundary () parameters defines the uniform phase prior; and Phase() specifies
the grouping for individual event parameters, in this case, the R Date () parameters.

Events can also be sorted to their chronological order. This is known as a Sequence
model, which is a deposition model (Section . Again, users can access different
deposition models by altering the prefix of the Sequence command, for example, a
U_Sequence results in a model with uniform deposition. The depths of samples, z,
although not needed for modelling, can also be specified for visual purposes. The CQL

for a simple Sequence model is

Sequence () {
Boundary () ;
RDate(...){ z=...; };
RDate(...){ z=...; };
Boundary () ;
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, where, same as the phase model, Sequence() is the command for defining the
order of each of the parameters. The Boundary() parameters are used to remove
bias towards wider date ranges (Nicholls and Jones| 2001) in a sequence of R _Date ()
parameters.

Other useful commands include: Span, which generates a posterior for the length
of a phase model; Interval, which generates a posterior between two neighbouring
constraints; Difference, which generates a posterior between any two constraints;
Order, which generates an order matrix of the model parameters; and Prior, which
allows the input of a probability density function. Another useful feature of 0xCal is
the ability to cross reference, which allows unrelated constraints to be applied to
the same events, for example, a synchronous marker can be used to correlate multiple
chronologies. cross referencing also allows the same constraints to be applied to
more than one related events, for example, multiple groups of samples from different
areas are relatively dated to the same period.

Model convergence relates to the degree to which a truly representative solution
set has been generated. It is important for reliability. 0xCal has an inbuilt test for
model convergence, which gives indication of model stability. A convergence integral
of over 95% indicates a stable algorithm and reliable posterior outputs.

Outlier analysis is performed via the methods described in Section [£.3] Offsets in
both the radiocarbon and the calendar scales can be accounted for via the use of a

model averaging approach. The CQL for formal outlier analysis is

e Outlier Model("name",distribution,magnitude,type); for the specifics of
the model, and

e Outlier("name",probability); for individual events

where distribution specifies the distribution for the outliers and magnitude specifies
the scaling of the outliers, given in powers of 10. There are three outlier types: t
for outliers on the calendar scale, r for outliers on the radiocarbon scale (which are
only applicable to radiocarbon determinations) and s for outliers in the uncertainty

of the radiocarbon determinations. Probability specifies the probability that the
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particular event is likely to be an outlier. Multiple types of Outlier Model can also
be used in the same model run and this is demonstrated in Sections [7.3] and [8.2]

These different command functions in 0xCal allow very complex models to be
built to the specification defined by the archaeology. It also allows the input and the
modelling of probability density functions obtained from within the program or from
an external source. The results from independent programming in Chapter [5|and the
first two sections of Chapter [7] are presented using the 0xCal interface via the use of
the Prior function.

A typical 0xCal output is shown in Figure 3.5l It is very similar to outputs
from other chronology building software, with calibrated (or modelled) dated along
the x-axis. The radiocarbon likelihoods are in white, overlaid by the posterior dis-
tributions in black. The height of the probability density functions are normalised.
The square brackets underneath the probability density functions indicate their high-
est probability at 68.2% and 95.4% ranges. 68.2% and 95.4% correspond to the lo
and 20 ranges of a Gaussian distribution and this latter notation is used in some
literature (e.g. [Parker et all [2002) to highlight the probability ranges. The use of
the o notations is not strictly correct since the probability density functions from a
Bayesian model are usually not Gaussian, thus, the probability ranges are quoted in

percentages throughout this thesis.

OxCal v4.1.7 Bronk Ramsey (2010); r:5 data from Reimer et al (2009;
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Figure 3.5: A typical 0xCal output with the model definitions on the left. The brack-
ets underneath the distributions highlight the 68.2% and 95.4% probability ranges.
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Chapter 4

Constructing a robust chronology

The first step in chronology construction is to define the research question. After
the question has been defined, researchers can select samples for dating, assess as-
sumptions, and build simulations before using this information to build a Bayesian
model. These steps are recommended by Bayliss (2009) and are shown in Figure [4.1]
Each of these steps play an important role in ensuring that the final age model is
reliable. The work presented in this thesis focuses on further developing the prior
models used in Bayesian modelling, making two models: the trapezoidal phase prior
(Chapter [5)); and the Poisson process prior (Chapter @, in particular, more robust
and suitable for previously unexplored scenarios. However, other steps in Figure
are not to be dismissed and thus are also taken into consideration. Whilst every effort
has been made to ensure that the absolute dating information used is of good quality;
the performance of the scientific dating method, and the types of material used in
dating, as well as assessing the archaeological evidence that underpins the historical
chronologies, are beyond the scope of this work. This chapter discusses the Bayesian
methods used in ensuring a robust chronology.

A Bayesian framework is employed in analysing archaeological data because there
is obvious prior information available, for example, from excavations and annual lam-
inations, and this prior information helps to reach more precise, and usually more

coherent, results with uncertain inputs. Having uncertain inputs means that one
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Figure 4.1: Steps in chronology building, adapted from Bayliss (2009)).

should be critical with the results obtained from any Bayesian estimations, especially
when the amount of likelihood information from absolute dating is limited, which is
often the case in archaeology. Posterior estimates become less sensitive to the prior
information if more likelihood information is available. Limited likelihood informa-
tion means that the posterior outputs are largely influenced by the prior information,
and this prior information is subjective.

When constructing a Bayesian model, its robustness should be assessed. Ro-
bustness testing can be performed by varying the prior information, also known as
sensitivity testing, by constructing simulations with known results, and by eval-
uating model outputs via the use of outlier analysis. It is a very important process

in assessing model reliability. This is because
“essentially, all models are wrong, but some are useful”

(Box and Draper}, 1987, p.424). Performing robustness tests helps to better under-
stand the nature of the data and the prior. It is this understanding that helps to

ensure that the modelled results are reliable.
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4.1 Sensitivity testing

If multiple prior models are suitable for modelling one process, and that the selection
of prior involves an arbitrary decision, a sensitivity analysis should be performed.
Sensitivity analyses of arbitrary assumptions are critical when engaging in model
evaluation.

In a recent paper by Vanpaemel (2010), the author summarised very clearly the

sensitivity of the prior and the posterior measures to the prior information.

“Prior and posterior measures differ in their sensitivity to the prior.
In a prior measure, the parameter values that generate the model’s pre-
dictions are drawn from the prior distribution over the parameters. Con-
sequently, the predictions and the model evaluation relying on these pre-
dictions are, by design, sensitive to the prior. In a posterior measure, the
prediction-generating parameter values are drawn from the posterior dis-
tribution, which is the data-updated version of the prior distribution. In
principle, the posterior distribution, and hence the posterior predictions,
is affected by the exact choice of the prior. However, as data provide suf-
ficient information, they overwhelm the prior, and the posterior is hardly
influenced by the prior. Thus unlike prior measures, posterior measures
are not, always sensitive to the prior.”

In terms of archaeological research, the prior measures are often the boundary
parameters in a phase model, and researchers rely heavily on these model parameters
(marginal likelihoods) to draw inference on the date of an event, or the temporal
constraints of a process or a historical period (e.g. Needham et al. |1997; Blockley
et al., | 2008c; Mazar and Bronk Ramsey, 2008; Finkelstein and Piasetzky} 2010b)). The
sensitivity of the marginal likelihoods to the choice of prior can be a source of concern,
especially if multiple prior models are suitable for modelling one process. Therefore, it
is important to check that conclusions based on prior measures are not heavily biased
by the choice of prior, and one can do so by modelling with other suitable prior
information to assess the sensitivity of the likelihoods to the prior model. T'wo recent
studies investigating the Iron age chronology in Israel by |Finkelstein and Piasetzky

(2010blic) show that the date of transition between Iron I and Iron II is sensitive to

the number of phases included in the model. This is further discussed in Section [7.3]
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The sensitivity of posterior measures to prior information can also be assessed by
altering any assumptions that has been built into a Bayesian model. In a paper by
Bronk Ramsey et al.| (2010b), the authors constructed a radiocarbon based chronology
for dynastic Egypt using two sources of prior information: reign lengths from written
and archaeological evidence; and a seasonal offset of nineteen radiocarbon years. The
outliers within the model were also assessed using outlier analysis (Bronk Ramsey,
2009D)). Outlier analysis is discussed in more details in Section[4.3] The authors tested
the sensitivity of their analysis to the parameters of the model. The sequence and
the reign lengths of the Pharaohs, the uncertainty in the reign lengths and the prior
outlier probability were altered; different prior information for the regional seasonal
offsets were also applied. An example of sensitivity testing is demonstrated in Section
B0l

It is apparent that sensitivity testing is important in the construction of robust
chronologies. This is because there are many models available and no model is perfect
for the scenario. The researcher must evaluate the outputs from the models with
different prior assumptions, criticise, and discuss which model is best used to address

the research question.

4.2 Simulation

Simulation is an approach for assessing the validity of different models. It can be used
to determine whether different approaches produce the correct result when presented
with known age data. It is not limited to, but is very useful in, assessing radiocarbon
information in a chronology. Calibration of radiocarbon determinations is an essential
step in constructing a radiocarbon chronology, with or without the use of a formal
statistical framework. Calibration improves the precision and accuracy of the radio-
carbon dates on the calendar scale. If one assumes that the calibration curve used
is indeed reliable for the period in question, then it is possible to test any available

modelling approach by generating artificially simulated models using the calibration
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curve to simulate radiocarbon dates.

There are two approaches to simulation modelling. One approach allows the re-
searcher to simulate radiocarbon dates for a scenario that mimics what is believed to
be going on. Another approach allows the researcher to input very little dating infor-
mation and tests purely the outputs that one would expect from the prior information
alone. This way, any bias that might be caused by any prior (or priors) can be clearly
identified and assessed before data is analysed. Both of these methods of simulation
modelling are summarised in Bronk Ramsey]| (2009a)) and extensive simulation models
can be found in Bayliss et al.| (2007)).

The former approach can be performed by using simulated radiocarbon dates for a
scenario that mimics what is believed to be going on. The simulation process involves
the researcher estimating a date on the calendrical time scale for the event (or events)
in question. A radiocarbon age is produced with the estimated calendar date. This
date is then calibrated, producing the probability distribution for the calibrated date.
This procedure would provide errors that are associated with calendar ages from that
period. The latter simulation approach is performed by running a model with undated
events with the priors constrained, for convergence. Examples are given in Sections
and [6.4] when all provided was some (fixed) dating information at the start and
end of the model.

The outputs of simulation modelling allow the researcher to assess whether or
not the project is viable and whether it would give useful results. It will also be
able to indicate if any parts of the model are more informative in the simulation
than others. Another advantage is that it helps the researcher select samples for
radiocarbon dating, for example, multiple samples from a period of the radiocarbon

plateau would be costly and might not help reach a precise conclusion.

43



4.3 Hypothesis testing and model selection

Both sensitivity and simulation help to ensure the construction of robust chronolo-
gies. However, both of these methods ignore model uncertainty. The models used
are selected subjectively from a range of available models, ignoring the uncertainty
in the selection process. This could lead to over confident inferences and decisions
that might be incorrect. Bayesian methods for hypothesis testing and model selection
have been used for outlier analysis in archaeology (Christen), 1994b| 2003; Bronk Ram-
sey, 2009b). The presence of outliers can have a significant effect on age estimates.
Bayesian calculations use the given measured data as “standard” in order to output
the marginal or posterior probability functions for the parameters or the data, respec-
tively. Hence it is important to identify the outliers and reduce their impacts on the
output. Many statistical packages contain functions for outlier analysis recommended
in (Christen| (1994b)).

The factors that affect the reliability of radiocarbon dates are (Bronk Ramsey)
2009b)):

Systematic radiocarbon offsets

Individual radiocarbon offsets

e Measurement uncertainty

Uncertainty in context

There are two approaches to dealing with outliers: manual rejection and identifi-
cation using statistical techniques. The former approach includes identifying samples
which might have given anomalous radiocarbon measurements, been contaminated,
or have a complex depositional history; the latter approach is essentially hypothesis
testing. It involves including all of the data in the analysis and the outliers are iden-
tified either by calculating the overlap between the posterior with the likelihood (i.e.
the agreement index;|Bronk Ramseyl 1995) or by weighting them according to how
likely they are to be correct. The two approaches to dealing with outliers can also be

combined, for example, statistical techniques can be used to identified the outliers,
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which are then manually rejected.

4.3.1 Bayes factor

One Bayesian approach to hypothesis testing is to represent both the null and alter-
native hypotheses as parametric probability models and to compute the Bayes factor

for one against the other (Raftery, 1996). It evaluates the evidence in favour of a null

model (Kass and Raftery], [1995). Bronk Ramsey| (1995) and Bronk Ramsey| (2009a))

employ a similar idea to identify possible outliers from the model.
Data y is assumed to have arisen under model, M7; or model, M, according to a

probability density p(y|M;) or p(y|Ms). Bayes’ theorem states

p(y|My)p(My)
(y|My1)p(My) + p(y|Ma)p(My)

p(Myly) =
(Myly) p
where {k = 1,2}, so that the posterior odds in favour of model M; over model M, is

p(Mily) B p(y|My)  p(My)
p(Moly) ~ p(ylMo) ~ p(Mo)

or, in words

Posterior odds = Bayes factor x Prior odds

(Kass and Raftery|, [1995). So the Bayes factor F' for a model M; against the null

model M, given data y is the ratio of the posterior odds to its prior odds (Jeffreys,

11935| |1998; Raftery, 1996 Kass and Raftery, 1995))

F=— (4.1)

The distributions of p(y|My), where {k = 0,1} are obtained by integrating over the
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parameter space (Raftery, |1996; Kass and Raftery, [1995) so that in eq.

fp(y‘eh Ml)p(91|M1)d91
[ p(ylo, Mo)p(8o| Mo)dby

(4.2)

where 0y is the parameter of model My, and p(6x| My) is its prior density (Kass and
Rafteryl, [1995).

Bronk Ramsey| (1995) made use of this technique as a measure of model consis-
tency. It is termed the agreement index and is informative on how well the posterior
agrees with the observations (or likelihoods). It is a measure of overlap between the
posterior and the likelihood distributions before the prior has been applied. There
are three agreement indices, which are useful in evaluating model outputs.

A ratio is defined for each likelihood (Bronk Ramsey, (1995, |2009a):

P [ p(yilx:)pr (zily)dt; @3
" eyl p(aily)de; ‘

where y; and x; represent the observation and the date parameter, respectively;
and the marginal posterior density depends on all measurements is pi(x;]y). Us-
ing eq. the agreement index for individual posterior distribution is calculated

by (Bronk Ramsey, (1995, [2009a)):

A; = 100F;

A second agreement index A,,.q¢ is also calculated for the model. It is used to
evaluate the model as a whole, accounting for the correlation between parameters, to

see if it is likely given the full set of data

. [ p(yx)p:i(x]y)dt
e p(ylx)po (xly)dt
Amodel = 100Fmodel%

46



which is dependent on the number of likelihood distributions n.
A third agreement index A,yerqy is a product of the individual agreement indices

and can also be used to evaluate the model as a whole:

n
Foverall - Hi:l Az

1
onerall - ]-OOFoverallﬁ

These indices have values of ca. 100%, which can sometimes be higher and might
fall as low as 60%. The 60% threshold is close to the 5% confidence level of the x?
test for simple combinations (Bronk Ramsey} 1995). A; can be greater than 100 and
such index indicates that the date measurement is more likely under the full model
with the prior, than under the null model without the prior.

The agreement indices are not strictly Bayes factors. They employ the same
idea as Bayes factors to compare between different models. The use of Bayes fac-
tors is important in assessing model choice and is also used in radiocarbon dating
(Nicholls and Jones, 2001). An alternative way to outlier analysis uses Bayesian

model averaging (Christen), [1994b, |2003; Bronk Ramsey, 2009b).

4.3.2 Bayesian model averaging

Bayesian model averaging is a technique designed to account for the uncertainty in
model selection. It incorporates model uncertainty into conclusions about parame-
ters and prediction. Bayesian model averaging approach can be utilised in not only
Bayesian techniques, but also in classical methods (Hoeting et al., [1999).

Bayesian model averaging works in not having to choose a single model. It averages
over different plausible competing models which have appropriate prior possibilities.
The data is then used to evaluate posterior probabilities for the various models.
Models with ‘low’ posterior probabilities may be rejected and a weighted sum for the
remaining competing models is taken.

Let t be our quantity of interest, such as an age for a particular event, then its
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posterior distribution given data y is (Raftery} [1996; Hoeting et al., 1999)

K

p(tly) = p(t| My, y)p(Myly) (4.4)

where { My, k =1,..., K} are the models being considered. The posterior for model

M;, is given by
p(y| My )p(My,)
p(Myly) = K
> p(y|M;)p(M;)

=1

where

Pyl My) = / P(y164, My)p(0 M) d6,

is the integrated likelihood of model M, 6y is the vector of parameters of model M,
p(0x| My,) is the prior density of 0y, p(y|0k, My) is the likelihood, and p(Mjy) is the
true model (given that one of the models considered is true). All probabilities are
implicitly conditional on the set of all models being considered.

The number of models considered can be very large, hence direct evaluation of eq.
[4.4]can be exhausting and impractical. There are two ways to get around this problem:
Occam’s window and MCMC model composition (MC?). The former consists of
selecting and averaging over a much smaller set of models by excluding models that
are much less likely than the most likely a posteriori, and also optionally excluding
models that have more likely models nested within them (Madigan and Raftery
1994)). The MC? approach is a MCMC algorithm that moves through model space
and generates a sample from the posterior distribution of the ‘true’ model, which is

used to approximate eq. (Madigan et al., 1995; |Hoeting et al., [1999).

4.3.2.1 History

Model combination was first mentioned in a paper studying airline passenger data
using forecasting models (Barnard} 1963). Early work related to model averaging in-

cludes Roberts| (1965), who suggests a distribution which combines the opinion of two
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“experts”. This distribution, essentially a weighted average of posterior distributions
of two models, is similar to model averaging. Leamer| (1978, Chapter 4) expanded on
this idea and presented the basic idea for Bayesian model averaging. He also pointed
out the fundamental idea that Bayesian model averaging accounts for the uncertainty
involved selecting the model. Bayesian model averaging has been discussed and rec-
ommended by researches and had been summarised thoroughly by Draper| (1995)) and
Hoeting et al.[(1999) and in (Chatfield (1995) using a simpler example. This approach
had been available in principle for a long time and is now routinely feasible, due to

the advances in computing technology.

4.3.2.2 Bayesian model averaging in chronology building

Bayesian model averaging is currently used in outlier analysis. Christen| (1994b) in-
troduced this method to archaeology for shifts in the radiocarbon time scale, and this
method has been extended for shifts in the calendar scale (Bronk Ramseyl 2009b)
and also for measurement uncertainty (Bronk Ramsey| 2009b; Scholz and Hoffmann),
2011)). In formal outlier analysis, each measurement is given a prior probability of be-
ing an outlier (typically 5%, recommended by (Christen, 2003; Bronk Ramsey|, 2009b))
and the samples are further down-weighted if they are inconsistent with the rest of the
model. The output from the model is affected by this down-weighting, and a posterior
probability for the sample being an outlier is generated. This recent development is
a very powerful technique in producing robust chronologies (Bronk Ramsey et al.
2010b; Staff et al., 2010), without the bias of subjective input. By using a prior range
to allow the model to average over a range of different values, the model finds the
most appropriate posterior for the data. Another use of Bayesian model averaging

will be discussed in Section [6.3]
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4.4 Summary

This chapter discusses the different ways that Bayesian methods can be used to assess
the robustness of a chronology. The sensitivity of posterior and prior measures to
prior information can be assessed by altering the assumptions that have been built
into a Bayesian model; simulation can be used to assess the validity of different
models, and also the absolute dating information; and methods of hypothesis test-
ing can be used to identify outliers and remove subjective inputs. However, the steps
highlighted in Figure are not to be neglected. It is still very important to evaluate
data from individual events, consider the sample context, and any information from
the measurement process, if the information is available, before the construction of
any chronologies. The different methods described in this chapter, although in no
particular order, are steps in model revision in Figure [4.1]

In addition to the powerful statistical techniques discussed in this chapter, it also
important that the prior models used are applicable and reflect substantial prior ar-
chaeological knowledge. There are high demands for robust techniques and recent
publications introduced the utilisation of robust prior models for chronology con-
struction. These include designing prior models that, more accurately, reflect prior
knowledge, for example, the trapezoidal phase prior for processes with slow transitions
(Karlsberg, 2006)), and prior models for random deposition processes (Bronk Ram-
sey}, [2008; Blaauw and Christen, 2011)). The limitations, development, and evaluation
of two of these novel robust methods: the trapezoidal phase prior; and the Poisson

process prior, are discussed in Chapters
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Chapter 5

Trapezoidal phase model

Phase prior models are used widely to analyse groups of archaeological data. This
relative information used to constrain the data can be informative, to assign relation-
ships to groups of events; or it can be non-informative, removing bias in a group of
data (Nicholls and Jones, 2001). Without the use of phase prior models, the data is
assumed to be unrelated and independent; and the output from the model will reflect
that assumption. For example, the uniform phase prior (Buck et al. [1992) is fre-
quently used to assume that a phase of archaeological events is uniformly distributed
between two boundary parameters, with the boundary parameters as temporal con-
straints on the phase of events. These temporal constraints often represent the start
and end of a process or a phase of archaeological activity, and are often of interest to
researchers. Examples of application of the uniform phase prior model can be seen in
Blackwell and Buck| (2003); [Buck and Bard| (2007) and Blockley et al.| (2004). Recent
literature discusses the use of a flexible and robust prior model in the shape of a
trapezoid for modelling processes with slow transitions (Housley et al., |1997; [Zeidler
et al., 1998; Van Strydonck et al., 2004). Application of this model was further dis-
cussed in [Blackwell and Buck| (2003)) and Buck and Bard, (2007), and implemented in
Karlsbergl (2006). The trapezoidal phase prior model is separated into three parts:
first a gradual increase (introductory period); then a period of constant rate of activ-

ity (blooming period); and finally, a gradual decrease (period of decline). It allows a
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better and more logical method of estimating the onset and end of non-instantaneous
processes with transitional periods and draw inference on how rapidly they occurred.

The limitations of the current trapezoidal phase prior, its development, and eval-
uation are discussed in this chapter. Most of this chapter is published in |Lee and

Bronk Ramsey| (2012)).

5.1 Introduction

Consider a single phase of pottery assemblage. A method termed frequency seriation
was pioneered by Brainerd| (1951) and Robinson| (1951), where the authors assume
that pottery assemblages gradually become more popular, reach a peak popularity,
and then fade away (a phenomenon that diagrammatically produces a shape like
a battleship viewed from above; Renfrew and Bahn, 2008, p.127). The temporal
constraints of a phase of pottery assemblage that researchers are likely to be interested
in are the dates of the start and end of the phase. These dates are particularly
problematic to estimate, because it is extremely unlikely that the physical remains
of the very first or the very last artefacts are found in the same region. Thus, one
cannot deduce from a set of absolute dates, especially radiocarbon dates, alone, which
one date represents the earliest or latest age in the period of interest. This is also
because absolute date determinations often carry uncertainties associated with the
measurements and absolute ages tend to overlap each other on the calendar scale. It
is, therefore, impossible to accurately determine the earliest or the latest age in an
archaeological phase, even if the very first or the very last samples were obtained.
Using a Bayesian framework, inference can be drawn on the earliest and / or the
latest dates, with information from the material deposited between them.

Until the introduction of the trapezoidal phase prior, researchers have been es-
timating the temporal constraints of the pottery assemblage using a uniform phase
prior, with the boundary parameters representing the date of the start and end of

the phase on the calendar scale. However, taking into account Brainerd and Robin-
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son’s interpretation on ceramic frequency, it is apparent that a prior in the shape of
a trapezoid is more appropriate for modelling the occurrence of archaeological types.

Suppose there are m date determinations. Let x; : i € {1,2,...,m} be the

unknown calendar ages for these events. The trapezoid model of Karlsberg (2006)

has four parameters: «, 3, v, and §. Let ¢,, tg, t,, and ¢; denote the calendar date

associated with the trapezoid parameters. The trapezoidal prior model is defined

mathematically as (Karlsberg, 2006))

( 0 for t,, <t,
(@i = ta)
(6 —t) for t, <z, <tg
Prrap(Tilta, ts, ty ts) =hq 1 for ts < x; <t,
ts — x;
= 1) fort, <x; <ts
0 for x; > ts

where h is a constant, with values determined by the parameters

B 2
to+ts—tg—1,

Another version of the model, the sigmoidal prior model, allows slower transitional

changes. It is defined mathematically as (Karlsberg), 2006])

0 for z; <t,
(z; — ta)

g(t) for t, < z; <tg
(tﬁ - ta)

psig(xi‘taatﬁat'yatﬁ) =h < 1 for tﬁ < Z; < t'\/

t(; — T

g(t)——— fort, <x; <ts

( )<t5 - tv) !
0 for x; > ts
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where ¢ is a function of ¢

2

g(t) = EEaT—p

The majority of analyses in this thesis are performed using the trapezoidal prior
model. However, the sigmoidal prior model may also be appropriate for modelling
phases with slow transitions. Formal model comparison, although not investigated in
this thesis, will help determine the most appropriate prior model. The focus of this
research is to investigate and to extend the use of these prior models.

Modelling the above archaeological scenario with the trapezoidal phase prior es-
timates the dates of the very first and the very last use of the pottery assemblage;
whereas the boundary parameters of a uniform phase prior estimates the onset and
the end of significant pottery use. A trapezoidal phase prior also has more degrees of

freedom, with more parameters than the uniform prior model, and so it is inherently

less constrained.

5.2 Alternative parameterisation

Since the assumptions of the parameters of the trapezoidal and uniform phase models
are different, it is apparent that an alternative parameterisation of the trapezoid
model with two boundary parameters (¢; and ) and two transition parameters
(dy and dy), illustrated in Figure is more logical. The model is defined in this
way because boundary parameters are commonly used in existing prior models (Buck
et al., 1999; Bronk Ramsey, 2009al), and the trapezoidal boundary parameter are
comparable with those of the uniform phase prior (this is demonstrated in Section
. Mid-point boundary parameters will prove more useful in a contiguous multiple
phase scenario (illustrated in Fig. and its use is demonstrated in Chapter .
The two boundary parameters with corresponding transition parameters make up
Karlsberg’s trapezoidal phase parameters. The mathematics of the model and the

overall prior remains the same despite the change of parameters. The trapezoidal
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® Calendar date ;
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Figure 5.1: Schematic diagram of the current trapezoidal phase model by Karlsberg
(2006)), where activity relates to phase frequency. The thick vertical lines are the
alternative boundary parameters, ¢; and ¢5; and the dotted horizontal lines are the
transition parameters, d; and dy, proposed in this chapter. t,, t3, t, and ts are
Karlsberg’s parameters for the model, where ¢, = t; — %1, tg =11 + dQ—l, t, =1y — ‘12—2
and t(g = tQ + %2

phase model becomes a uniform phase prior when the length of the transition

parameters tend towards zero for both of the boundary parameters.

Multiple phases

The trapezoidal phase model can be used singly, to model one group of related events;
or it can be used in a multiple phase scenario, to model multiple groups of related
events. The different multiple phase relationships include: overlapping; sequential;
and contiguous and they have already been discussed in detailed in Section The
overlapping model has already been implemented in Karlsbergl (2006) to investigate
human reoccupation into North Western Europe after the last ice age. It is also used
in Sections [7.2] and to model different phases of related events in this thesis.
The implementation of the sequential model is straightforward, constraining the end
of an earlier phase before the start of a later phase. The use of the trapezoidal
phase model in a contiguous multiple phase scenario has yet to be discussed and
implemented. Re-parameterisation of the trapezoidal phase model allows its use in
a contiguous phase scenario and this is shown in Figure The contiguous model,
implemented with the trapezoidal phase model in this way, can be used to analyse

archaeological processes with slow transitions and this is demonstrated in Section [7.3]
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Inference on the period of transition between adjacent phases can also be drawn.

Sometimes, the simple multiple phase scenarios described above and in Section
are insufficient to reflect prior knowledge. Should this be the case, researchers
can assign order to individual trapezoidal phase parameters between different phases.
This is the same idea as the cross referencing functions in Bronk Ramsey| (1995,
2009a), where different phase elements are made inter-linked within a chronological
model. The difference between any two parameters can also be calculated if the
transition parameters do not address the research question. This is a very powerful
tool and complexity can be added to models to better reflect archacological (prior)
knowledge. However, it does lead to slower convergence as the different aspects of
the model become inter-related.

The use of the trapezoidal phase model in single phase and contiguous phase
scenarios are demonstrated in chapters [7] and [9] where the transition parameters

are used to draw inference on durations of transitional processes.

5.3 Calculating the model parameters

Using Bayes’ theorem, the overall trapezoidal phase prior is given by

p(t,d|x) o< [ | prrap(zilt, d)p(t, d) (5.1)

=1

The single-component Metropolis-Hastings algorithm is used to implemented the
trapezoid. Instead of updating the whole of ¢ (boundary parameters), d (transition
parameters), and x (absolute ages) at once, it is more convenient to update the
parameters separately. As a result, an iteration of the single-component Metropolis-
Hastings comprises of k updating steps (where & = n + 4, and n represents the
number of absolute date determinations). A fixed updating order is utilised, though
a randomised order is also suitable.

The Metropolis-Hastings algorithm allows an infinite number of proposal distri-
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butions, that yield a Markov chain, to converge to a distribution of interest (Gilks
et all [1996) and is discussed in more detail in Section [3.3.1.2] It is used instead of
the Gibbs sampler because it is easy and straightforward to construct.

The proposal distribution ¢(.|.) can have any form and the stationary distribution
of the chain will be 7(.). Once a sample from the stationary distribution has been
obtained, all subsequent samples will be from that distribution. Only symmetric

proposals are used, as explained in Section [3.3.1]

Boundary parameters update

Each of the boundary parameters is updated separately in a single-component algo-
rithm and all of boundary parameters are updated in the same way. For this reason,
only the update of ¢; in a single phase scenario will be described below.

At each iteration, j, the next state, t{“ is chosen by sampling candidate point ¢}
from a proposal distribution. The choice of distribution for the proposal distribution
does not have an effect on the posterior distribution. This is because the Markov chain
will ‘forget’ its initial state and will converge to a unique stationary distribution. The
proposal distribution will, however, affect the speed of convergence. The closer its
shape is to the posterior, the quicker the convergence.

A Gaussian distribution has been chosen as the proposal distribution. This sat-
isfies the constraint of the Metropolis-Hastings algorithm of having equal probability

of jumping back to its initial state after the update

N(t},25%) = N(#],25%)

A small step update is chosen for a high acceptance rate (Gilks et al. [1996). This
value (25) is appropriate for analysing the case studies in Sections and . Higher
values (up to 100) are also applicable but convergence is slower in comparison. This

step size may need to be lowered for more precisely dated chronologies or raised for
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less precisely dated chronologies. The proposal distribution is

q(t]|t)) = N(t,25%)

This is a random walk approach. The choice of the next state is dependent of the
previous state. Using a random walk approach allows quicker convergence than using

an independent sampler, for example

da

q(ti|t)) = Uty ts — 3)

where the next state is not dependent on the previous state. If the independence

sampler is used for the updating of the trapezoid parameters, the limits prior (in

Section would apply.

The candidate point, t|, is then accepted with probability

. L dy b, d)p(t, dy, ta, do)q(E |,
p(t 1)) = min Lp(x | ; 1,02 2)17(]; 1, 2, da)q( /1\ jl)
p(-ri'thdl;t27d2>p(t1ad17t27d2)q(t1|t1)

Only prior elements contributing to the updating of model parameters are included
in the above equation. For example, the utp element, which will be defined and dis-
cussed below, is only utilised in the update of the start and end boundary parameters
(t; and t,,11) and not the update of any transitional boundary parameters in cases of
more than one phases. This is because the prior element does not contribute to the
update of the transitional boundary parameters and hence is treated as a constant in

those cases.

Transition parameters update

The corresponding transition parameters for each of the boundary parameters are

updated using the single-component Metropolis-Hastings algorithm. The sampling
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method of random walk is also utilised here for quick convergence

q(d]|d) = N(d},25)

The candidate point d] in a single phase scenario is then accepted with probability

Dl ) = min [ 1, 21 Bt do)pltr, i ta, d)a( @)
p(wilty, di, ta, do)p(ty, di, ta, wa)q(dy|dy)

The term p(y;|x;) does not contribute to the updating of the trapezoidal phase

parameters, hence it is treated as a constant and is not included in the updates.

5.4 Calculating the posterior

Using Bayes’ theorem, the overall posterior is given by

p(xly) o< p(y|x)p(x|t, d) (5.2)

Again, the single-component Metropolis-Hastings algorithm is used for the update

of individual date parameters, z;. A proposal distribution, q(z}|z), is needed to

Jj+1

generate the next value, ;. This time, an independence sampler is utilised (for the

sake of easier programming) to generate this value. x; is constrained to lie within the

dr

span of the trapezoidal phase in which the parameter belongs (i.e. between t; — )

dy
and to + 5 in a single phase). This is represented with the proposal

. dy dy
q(zilz]) = Uty — > ty + 3)

. The candidate point, z}, is then accepted with probability

o " p(yil2)p(xl [t di, o, do) (x| x])
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The algorithm can be found in Appendix and is explained in further detail

there.

5.5 Model constraints

Let n be the number of phases. In a multiple phase model with contiguous uniform
phases, there are ¢y,...,t,41 boundary parameters. In a model with contiguous
trapezoid phases, three are also ¢y, ..., %, boundary parameters, with corresponding
dy,...,d,y1 transition parameters. A schematic diagram of a contiguous multi-

phase trapezoid model is shown in Figure |5.2

Activity

t1 to Calendar years t3 ta

Figure 5.2: Schematic diagram showing the use of the trapezoidal phase model in
a contiguous multiple phase scenario, where n = 3. The thick vertical lines are
the boundary parameters and the dotted horizontal lines are their corresponding
transition parameters. The transition parameters can be used to estimate the
duration of transition between any two phases, which is highlighted in grey.

The overall time span (S) of the trapezoidal phase model

dpy1 + dy

5 (5.3)

S=1tpy1 — 1+

is made up of the total time for the transition parameters (D; total grey areas in

Fig. and the total time of the phase tops (T; total white areas in Fig. [5.2)), where

D= d; (5.4)

i=1
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(b) (c)

Figure 5.3: Schematic diagrams of the trapezoidal phase model in extreme phase
scenarios (Karlsberg, |2006). The vertical lines are the boundary parameters and the
dotted horizontal lines are the transition parameters.

fori=1,...,n+1; and

A1 +dy ntl
T=top i+ —5—— (2; d; (5.5)

The parameters of the simple single phase model are subject to the constraint

(Karlsberg, [2006)

tp <to <tg <ty <ts <ty (5.6)

where t; and ty are termini post quem and ante quem, respectively. So for a con-
tiguous multiple phase model, with the alternative parameterisation suggested in this

chapter, this becomes

dn+1

d d dy,
tL§t1—51<t1+§1<...<tn+1— <ty + 2+1§tU (5.7)

The calendar years are in the AD time scale, in which years BC are expressed with
negative numbers, which is compatible with the internal time-scale in 0xCal. Hence,
all output can be plotted with the Prior function in 0xCal.

The original implementation of the trapezoidal phase prior by [Karlsberg| was de-
signed to allow the model to vary between the extreme phase scenarios in Figure [5.3
In the absence of absolute dating information, the model parameters have a constant

prior density (Nicholls and Jones, 2001), i.e.

pcpd<t; d) ox 1 (58)
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for all t and d satisfying the inequality (5.7). Sum of phase tops (T; eq. gives

distributions as illustrated in figure This weighting is caused by three factors:

e The total time span of the whole model has a bias proportional to S.

e The total time span for the transition parameters, of which there are n + 1,
has a bias proportional to D".

e The total time span for phase tops, of which there are n, has a bias proportional
to T 1.
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Figure 5.4: Probability distributions of the sum of the phase tops (T) of the trapezoidal
phase prior under p.,q(t,d) for up to 4 contiguous phases. The time span (S) of the
model is constrained to be 1000.

It is apparent that under p.,(t,d), the trapezoidal phase model does not reflect
substantial prior knowledge. The marginal density for T is T" "1 xD"xS. Therefore to

obtain a uniform prior on T, a prior element

Tlfn

5.9
D" x S ( )

putp(t7 d) X

is needed, under which T~U(0,S) and D~U(0,8), by definition. This will be called
the utp element, which stands for uniform transitions / tops prior element, since it
conditions the total time span for total time span of the transition parameters (D)

and phase tops (T) to be uniform. The model becomes more robust and better reflects
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prior knowledge as expressed in [Karlsberg (2006). The overall prior for the trapezoid

parameters becomes

p(t,d) X pepa(t,d) X pu,y(t, d) (5.10)

This prior also applies to overlapping and sequential multiphase scenarios; and to
single phase activities (Fig. . In all of these cases, where n = 1, the utp element

simplifies to

1
d1—|—d2) X (tg — i1+ (d2+d1)/2>

putp(tb t27 d1> d2) X (

The introduction of a utp element is a similar idea to the uniform span prior in

Nicholls and Jones| (2001)), which deals with multiple uniform phases.

Model limits

Karlsberg's trapezoidal phase model is constrained between limits, i.e. termini post
quem and ante quem in inequality (5.6)), and the time span (R) between the two points
is

R=ty — 11

. The marginal density of the time span of the trapezoid model has a bias towards

(R-S), which is currently not accounted for. Therefore, a prior for limits
p(t,dlty, ty) o< (R—8)™*

is needed if the model is surrounded by events, fixed points, and especially if multiple
phases are made inter-related, for example t5[n-11 < ¢, [n] < t5[n-1], (notations
from Fig. and the phases, in which the parameters belong, are indicated in the

square brackets). The overall prior for the trapezoid parameter becomes

p(t,d) < py(t,d) x purp(t,d) x p(t,d|tL, tv)
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The lzmits prior would apply to such constraints, with the adjacent events to the

model as termini post quem and ante quem.

5.6 Model evaluation

By repeating the experiments illustrated in figure , constraining the time span (S)
of the trapezoidal phase to be 1000, with the addition of the utp element; the effect of
the prior element can be seen. In the absence of absolute dating information (events),
T~ U(0,8) conditioned by pu,(t,d), as illustrated in figure It is apparent that

the trapezoidal phase model is sensitive to the addition of the utp element.
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Figure 5.5: Probability distributions of the sum of phase tops (T) under py,(t,d) for
up to 4 contiguous phases. The time span (S) of the model is constrained to be 1000.

When the trapezoidal phase is constrained by termini post quem and ante quem,
the limits prior is needed. Under p(t,d), the overall span of the trapezoidal phase
prior becomes uniform and this is shown in Figure [5.6] T and D stay uniform
marginally and are unaffected by the addition of the limits prior. The T/S and
D/S ratios are shown instead of T and D. This is because the S is variable in this
scenario and T and D are relative to S and not to the limits. Results from the above

simulations are still valid because the limits prior is 1 in those cases and does not
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Figure 5.6: Figure showing the effects of the limits prior. The lower and upper limits,
tr, and ty, are fixed at 0 and 1000 respective, (a) S~U(tr, ty) is achieved, marginally.
(b) and (c) show that the utp element still applies and is unaffected by the addition
of the limits prior.

contribute to the update.

In order to test the model implementation, two scenarios, both with three con-
tiguous phases (Fig. , are simulated: a scenario with no events; and another
scenario with ten undated events in each of the phases. The time span (S) of the
model is constrained to be 1000, with ¢; — % =0and t;+ 512—4 = 1000. The model out-
puts are shown in Figures and The trapezoidal boundary and transition
parameters have the same distributions when modelled with and without undated
events. This shows that the underlying assumptions of the trapezoidal model (Fig.
do not change with the addition of undated event (Fig. , as one would expect
from correct implementation of the MCMC algorithm. This is because the likelihood
information is absent. Repeated analyses with different numbers of undated events
(e.g. 3 contiguous phases with 0, 1, and 10 undated events respectively) do not yield

different results.

In the absence of absolute dating information, the transition parameters (d)
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Figure 5.7: Marginal distributions of the trapezoidal: (a) boundary and (b)
transition parameters under p,.,(t,d) for 3 contiguous phases with no events. The
time span (S) of the model is constrained to be 1000.
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Figure 5.8: Marginal distributions of the trapezoidal: (a) boundary and (b)
transition parameters under p,,(t,d) for 3 contiguous phases with 10 undated
events. The time span (S) of the model is constrained to be 1000. See text for
explanation.
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might take any values between 0 and D with equal probability

n

p(d) _ ﬁ(D — d)nil for0<d< D

0 otherwise

and for D~U(0,8), conditioned by py,(t,d). The marginal density of any transition

parameter is represented by the choice

p(d) = é/d %(D —d)"'dD (5.11)

This is illustrated in Figures and 5.8 as d —0; p(d) — oo. Short transition
time is favored over long transition time. However, d can never be zero and so
the marginal distribution, p(d), stays finite. This also means that, in theory, the
trapezoidal phase model can never take the forms illustrated in Figure [5.3] It can,
however, get very close to those shapes and this is supported by figure [5.5] The
trapezoidal phase model without this bias essentially rules out an overall abrupt

transition model, which is the assumed scenario in a uniform phase model.

Simulated case studies using seriation frequencies

In order to observe the effect of the utp element on a data set, the frequency of a
particular type of artefacts of known dates is simulated. Consider a set of tomb-
stones decorated with a set of similar designs, one is able to record the frequency
of tombstones in a particular year or period, for example in Deetz and Dethlefsen
(1965) and |Dethlefsen and Deetz (1966]), where the authors recorded the frequency
of tombstones in different designs at 10-year intervals. The frequency of a tombstone
type followed the shape of a battleship viewed from above. The simulated frequencies

for two designs, A and B, are shown in Table in five-year intervals.
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Year (AD) | Frequency of A | Frequency of B
1711-15 0 0
1716-20 0 1
1721-25 0 1
1726-30 0 2
1731-35 3 2
1736-40 9 1
1741-45 24 2
1746-50 23 2
1751-55 18 5
175660 15 5
1761-65 2 5
1766-70 0 4
1771-75 0 0

Table 5.1: Simulated seriation frequencies of designs A and B, in 5-year intervals.

The population of design A is large, with seriation frequency following the as-
sumptions of Brainerd| (1951)) and |[Robinson| (1951)), that the abundance of the design
builds up slowly, reaches a peak, and then decreases. Unlike design A, the population
of design B is low, and develops slowly. Its use remained uniform for the first few
decades, before becoming more popular for a very short period for time, and then

decreases. Both designs are modelled with the trapezoidal phase prior and results are

shown in Figures [5.9 and

OxCal v4.1.7 Bronk Ramsey (2010); r:5
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Figure 5.9: Seriation frequency and probability distributions of the trapezoidal phase
parameters modelling design A, with and without the utp element.
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Figure 5.10: Seriation frequency and probability distributions of the trapezoidal phase
parameters modelling design B, with and without the utp element.

Figures [5.9 and show that if the data set is large and the seriation frequency
is distinctive, i.e. in the case of design A, the addition of the utp element makes no
significant difference in the posterior prior measures. However, if the data set is small
and the seriation frequency is less distinctive, i.e. in the case of design B, the posterior
prior measures are sensitive to the addition of the utp element. The purpose of this
exercise was to demonstrate the significance of the use of the utp element on a data
set. It is apparent that the utp element allows better estimation of prior measures
if the data is scarce, as is often the case in archaeology. The utilisation of the utp
element is essential in a contiguous phase scenario and this is discussed in Section

(.ol

Modelling with the sigmoidal phase prior

Both designs A and B are modelled with the sigmoidal phase prior (with the utp
element) and results are shown in Figures and [5.12] The figures show that the
sigmoidal prior measures are different from those of the trapezoidal model (Fig. |5.9

and [5.10)). This is because their prior assumptions are different.
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Figure 5.11: Seriation frequency and probability distributions of the sigmoidal phase
parameters modelling design A.
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Figure 5.12: Seriation frequency and probability distributions of the sigmoidal phase
parameters modelling design B.

It is apparent, from Figures[5.9|and [5.10], that the trapezoidal phase prior measures
give a close approximation to the simulated scenarios described in this section. Also,
the sigmoidal model prior measures seem too narrow and precise. All of the phase
modelling in later chapters of this thesis is performed using the trapezoidal phase
prior. The sigmoidal phase prior, although not utilised, may also be suitable in
modelling these situations. Although formal model comparison is not the focus of

this thesis, it is an avenue that can be explored in future research (Section [10.4)).

5.7 Summary

Single and multiple phase models have been used extensively in the construction of
chronologies. The trapezoidal phase prior is used to model non-abrupt processes since
it reflects the nature of the information that goes into the model prior more accurately

than the uniform phase prior. This chapter discussed the existing bias in the simple
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trapezoidal phase prior (Karlsberg, 2006), which does not reflect substantial prior
knowledge and proposed the addition of a non-informative utp element to the prior
model. Alternative parameterisation was also suggested, which transforms the current
abrupt transition (uniform) model to a model that allows for gradual changes. The
addition of the utp element to the trapezoidal phase prior ensured model flexibility.
The boundary parameters of the trapezoidal phase prior are comparable to those of
the uniform model. This will be discussed in more details in Chapter[7] One use of the
trapezoidal phase model is for testing the robustness of models previously run under
a uniform phase prior, where there was not good justification for the assumption of
rapid phase transitions.

The utp element can be thought of as a method of model averaging (previously
discussed in Section . The subjectivity of choosing a prior is removed because
with the addition of the utp element, the model can move freely between different
forms and reaches a shape which is most appropriate for the data.

The trapezoid model, together with the utp element and the different tests have
been implemented independently using the computer language C++ (see Appendix[A)).
The outputs have been tested against the implementation of the same mathematics
in 0xCal. They give similar results (see Section . A single-component Metropolis-
Hastings algorithm is used to implement the trapezoidal phase model throughout this
chapter. All the graphs are plotted in 0xCal (Bronk Ramsey} 2009a)), using the Prior

function, after two million iterations and using a five-year bin size.
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Chapter 6

The Poisson process deposition

model

Sedimentary sequences provide a wealth of useful information for research into ar-
chaeology and palaeoenvironmental studies. Accurate and precise chronologies are
needed in order to compare and correlate different stratigraphic records. There are
high demands for methods of age-depth relationship construction. Many Bayesian
and frequentist methods have been proposed for estimating the expected ages at
particular depths and the uncertainties associated with them.

Frequentist methods include linear interpolation, splines, linear regression models
(Bennett, 1994; Blaauw} [2010), Bézier curves (Bennett and Fuller, |2002)), mixed-
effect models (Heegaard et al., 2005), and fuzzy regression (Boreux et al., |1997).
Unsurprisingly, the different approaches can give very different results (Bennett, |1994;
Bennett and Fuller], [2002), both for the age at a particular depth, and the uncertainty
attached to that estimate. It is difficult to determine which relationship is closest to
reality.

Radiocarbon determinations form the building blocks of many archaeological chronolo-
gies, and it is widely known that calibration is one of the important first steps in
accurate (radiocarbon) chronology construction (see Section . Unfortunately,

calibration of radiocarbon determinations adds an extra level of complexity as the
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resulting distributions are not Gaussian. Many frequentist approaches are unable
to account for the irregularity of calibrated radiocarbon ages. Therefore, the un-
certainties associated with those ages are often not considered when modelled using
frequentist approaches.

Blaauw| (2010)) acknowledges that a lot of researchers use frequentist approaches
for modelling the age-depth relationships of radiocarbon chronologies and wrote the
chronology building package clam. It uses a Monte Carlo approach to randomly
sample points from calibrated age distributions from the entire sequence, which is
then modelled using a frequentist method chosen by the researcher.

While some researchers prefer the frequentist approach to age-depth modelling,
Bayesian methods are becoming more and more popular. It provides a way of con-
straining radiocarbon ages by combining them with relative dating, for example strati-
graphic information (Buck et al., |1991] [1992). The concept of using Bayesian ap-
proaches to model chronological sequences, and an introduction to current deposition
models were already discussed in Section [3.4.3] Recent literature discussed the use of
more robust techniques for constructing reliable chronologies (Bronk Ramsey [2008;
Haslett and Parnell, 2008; |[Parnell et al.| 2008; |Blaauw and Christen) 2011). This
chapter focuses on the evaluation of the application of the Bayesian model averaging

approach on the Poisson process deposition model described in |Bronk Ramsey| (2008).

6.1 Introduction

Consider a set of n events, z; : ¢ € {1,...,n}, in a sedimentary sequence with cor-
responding depths, z;. The simplest deposition model uses the ordering of events
(Buck et all 1991) in a chronological record to constrain the posterior ages (eq. .
Although not always recommended, a constant (uniform) deposition rate can also
be assumed with given depth information (eq. . The former is known as the
Sequence model, and the latter is known as the U_Sequence model in the chronology

building package 0xCal (Bronk Ramsey, (1998, 2008). The Sequence model assumes
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that the deposition is monotonic. It provides little constraint to the data in compari-
son to the U_Sequence model, which constrains the data more rigidly. In most cases,
the deposition process is more complicated than either of these models and hence
Bronk Ramsey| (2008)) introduced the Poisson process model, which is also known as
the P_Sequence model.

As its name suggests, the P_Sequence model assumes an underlying Poisson pro-
cess for modelling a random rate of deposition of events within a chronological se-
quence. It allows for fluctuations in sedimentation rate between that of the Sequence
model, and that of the U_Sequence model. It provides the a more realistic depiction
of events deposition than the U_Sequence model. The time of deposition between
dated events in a sequence is considered random and is modelled according to the
Poisson distribution.

The P_Sequence model needs a parameter for step-size, k, in the units of depth™1.
This k value defines the size of the deposition events, hence it defines the variability
of accumulation and the rigidity of the model. A high k value assumes smaller steps
(fine increments), which constrains the model rigidly (i.e. when k& — oo; the model
behaves more like a U_Sequence model). Conversely, a low k value assumes larger
steps, which gives the model more flexibility (i.e. when & — 0; the model behaves

more like a Sequence model).

6.2 Model specifications

The mathematics of the P_Sequence model are published in Bronk Ramsey| (2008).
The model utilises a Poisson process to model the deposition process. In order to do
so, a step-size parameter, k is required. It defines the size of the deposition events.

A value of around 100 m™!

is suitable for coarse sediments and a value up to 1000
m~! or possibly higher is suitable for fine sediments (as suggested in [Bronk Ramsey,
2008)). This parameter also exists in the autoregressive gamma process model (Bacon;

Blaauw and Christen) 2011)), where the users are asked to input a value of K to divide
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the sequence into K equally spaced sections.

It is difficult to determine an appropriate value for the parameter. Since the
determined value has a huge effect on the model output, it is important that a suitable
value is used. Bronk Ramsey| (2008)) suggests a way to estimate this value from direct
measurements. In sequences where there are exposed sections or multiple records
with stratigraphic marker layers (Fig. , the variability in distances between the

layers can be measured.

—
|—

U2
U1 o — Us
|— |—
V1 V2 V3
|—(

D -

Figure 6.1: Estimating the step-size parameter from stratigraphic markers (the
coloured bands). The variability in distances between the layers can be measured
and the k& parameter estimated using A.20 from Bronk Ramsey]| (2008)).

A varved or ice core sequence, or the presence of tephra layers will provide the
necessary information for estimating an appropriate value of k. However, known age
stratigraphic markers are not always readily available, making the determination of a
suitable value for k difficult. A solution to that problem would be to estimate a value
for the parameter from the dating information, for example in Blockley et al.| (2007)
and Blockley et al.| (2008b); or use an arbitrary k value that achieves the highest
model agreement, for example in [Finsinger et al. (2011). Neither of these solutions
are satisfactory, since there are dangers of circular reasoning (Bronk Ramsey, [2008),
making the results unreliable. In some cases, for example in Mortensen et al. (2011)),
the choice of k value was obviously arbitrary, with unjustified reasons, resulting in a

chronology with unrealistically small uncertainties (Fig. [6.2a)). Modelling the same
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Figure 6.2: Radiocarbon chronology from Mortensen et al.| (2011), modelled with (a)
k=100 m~! and (b) k=10 m™'.
chronology with a lower k£ value results in a chronology that agrees better with the

likelihood information.

6.3 Prior for the step-size parameter

Bronk Ramsey et al.| (2010a)) suggest using a model averaging approach to find values
for the parameter most consistent with the data. This section discusses and evalu-
ates the utilisation of this method, which has been implemented into the chronology
building software, 0xCal, by Bronk Ramsey. The mathematics remains the same as
in Bronk Ramsey| (2008), with an extra updating step for the k parameter. A rec-
ommendation for a suitable prior is provided at the end of this chapter as a result of
this study.

A prior range, instead of a single value, is defined for the k parameter. The

parameter becomes a variable and the Bayesian model averaging approach is used by
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the analysis to find the suitable values automatically, giving a posterior distribution.
The advantage of this method is that the £ value, and hence the step-size, is varied
in each model run. This means that different values are used in the model instead of
one. Using a different & value for each model run makes the model more flexible.

The constraint that applies to this method is

1 k>0
p(k) =
0 otherwise

In 0xCal, the CQL for a Poisson process model, employing the model averaging

approach, for a radiocarbon chronology is

P_Sequence("name",k,interpolation,magnitude){

Boundary () ;
RDate(...){z=...;};
RDate(...){z=...;};
}

Boundary () ;

¥

where k defines the parameter, interpolation is the number of interpolations per
unit depth, and magnitude defines the magnitude distribution (and multiplier) of the
k parameter. So if

k= 10¢

u ~ U(=2,2)

, the function for the model becomes

P_Sequence("",1,0,U(-2,2))

for a sequence with no interpolations between events.
The interpolation parameter is often neglected when the P_Sequence function
is employed (e.g. [Blockley et al., 2008b)). It is useful in estimating the uncertainty

between adjacent events. The value of the parameter determines the resolution of
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the chronology. This value is defined by the user of the function. A value of 1 would
mean that there is 1 interpolated event per unit depth. A higher value would mean
smoother lines between events and vice versa. A value of 0 results in a chronology
with no interpolation between events. The degree of resolution of the chronology
also depends on the density of data. If the events are spaced every 0.5 unit depth, a
interpolation value of 1 would result in a chronology with no extra interpolation

than a chronology with an interpolation value of 0.

6.4 Model evaluation

This section evaluates the utilisation of the Bayesian model averaging approach in the
Poisson process prior for modelling deposition. Various simulations were constructed

in order to evaluate this new development, and these are discussed in detail below.

Simulations using two fixed points

Two fixed points, at 1000 and 0 (BP), are modelled with the Poisson process model,
employing the model averaging approach, with the prior range for the k parameter

defined as

E = 10*
(6.1)
u ~ U(-1,2)

, i.e. between 0.01-100 events per unit depth (depth™!). The results of this simulation
are shown in Figure [6.3] Without additional dating information between the fixed
points, the posterior distribution for the k& parameter is same as its prior distribution.
This simulation is repeated with a wider prior range

E = 10"

(6.2)

u ~ U(—4,4)

, i.e. between 1074-10* events depth™!. The results of this second simulation (Fig6.4)

show that the posterior deposition model is narrower, with reduced uncertainties.
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This is because the prior range for the k parameter had been increased, and the
k parameter is allowed to go above 10? depth™!, and by allowing higher %k values,
the model has reduced uncertainties for the posterior distributions. The posterior
distribution of the k parameter shows that it is constrained by the density of the
data. Since there are only two fixed points in the 10 units of depth in the simulated
model, one cannot expect a single deposition unit to be bigger than 10 units of depth.
The means that the k parameter cannot be lower than 0.1 depth™* and this is shown

in Figure|6.4b

0 /
£ OxCal v4.1.7 Bronk Ramsey (2010), r:5.
3 5 P_S 1,50,U(-1,2
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(a) Posterior model (b) Posterior distribution for k

Figure 6.3: Modelling two fixed points, at 1000 and 0 BP, with the prior from eq.
for the k parameter. (a) The posterior age-depth model at 68.2% and 95.4%, and (b)
the posterior distribution for the k parameter.
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Figure 6.4: Modelling two fixed points, at 1000 and 0 BP, with the prior from eq.
for the k parameter. (a) The posterior age-depth model at 68.2% and 95.4%, and (b)
the posterior distribution for the k& parameter.

The purpose of this simulation is to test that through the implementation of the

addition of the prior range for the k parameter in 0xCal, the modelling two fixed
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Figure 6.5: A uniform sequence of Gaussian distributions modelled using a prior
assuming uniform deposition at 68.2% and 95.4% probability.

points without additional constraints gives a uniform posterior distribution for the
k parameter. This is what one would expect because the simulated model does not
provide information for modelling k, i.e. p(k|x,t,z) o 1. The k parameter is, however,
constrained to the defined prior, and the density of the likelihood information, i.e.

the difference in depth between the deposition units.

Simulations using a sequence of Gaussian distributions

A sequence of Gaussian distributions assuming a uniform rate of deposition is simu-
lated (light grey distributions; Fig. . The logical choice of prior for this sequence is
one that assumes a uniform rate of deposition, i.e. the U_Sequence deposition model.
Modelling this sequence with U_Sequence results in a more refined chronology (dark
grey distributions; Fig. .

The same simulated sequence is modelled using the Poisson process deposition

model, using the prior

k= 10"
(6.3)
u ~ U(-1,3)
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Figure 6.6: A uniform sequence of Gaussian distributions modelled using the Poisson
process model, with the prior for the k parameter from eq. [6.1} (a) The posterior age-
depth model at 68.2% and 95.4%. (b) The posterior distribution for the k& parameter.

in eq. for the k£ parameter. This prior was chosen because the deposition unit is
assumed to be no smaller than 0.001 units of depth (or 10* depth™'), and no bigger
than 5 units of depth (or 0.2 depth™'), since that is the size of the gaps between
the events. Results are shown in Figure [6.6f The posterior distribution for the k
parameter tends towards higher values (Fig. , giving the model more rigidity.
The resulting posterior age-depth model is thus very close to that of the one modelled
assuming a uniform rate of deposition (using U_Sequence).

In the third scenario, a uniform sequence of Gaussian distributions with missing
data in the middle was simulated. This sequence is modelled using four different

priors:

(a) with only the ordering of events defined (Sequence);
(b) assuming a Poisson process with a single value of k (P_Sequence; with k = 1);

(¢) assuming a Poisson process with a distribution for k (P_Sequence; with eq. [6.1));
and

(d) assuming a uniform deposition (U_Sequence).
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Figure shows four posterior chronologies:

(a) the grey distributions (with no interpolation);

(b) the blue chronology;

(c) the red chronology; and

(d) the green chronology.

modelled with the corresponding priors. The posterior age-depth models (Fig. |6.7a)
show that defining the order of events in such a uniform sequences provides little
constraint for reducing the uncertainties of individual events. The model averaging
technique gives a tighter overall (red) chronology, in comparison to the output of the
model without the use of model averaging (blue chronology). The red chronology is
also very similar to the green chronology, from modelling with a uniform deposition
model. The posterior distribution for the k£ parameter in model (c) is shown in Figure
[6.7B] and the interpolated posterior ages at depth at 100 are shown in Figure [6.8]

In a separate simulation, the deposition is assumed to be non-uniform, with offset

upper and lower sections. This sequence is modelled with the Poisson process prior

with £ defined as:

(a) k=1;

(b) k=2

(c) k~U(1071,10%).

Figure shows three posterior interpolated chronologies:

(a) the blue chronology;
(b) the purple chronology; and

(c) the grey chronology.

modelled with the corresponding priors. The posterior age-depth models are shown
in Figure [6.9al The posterior distribution for the k parameter in model (c) is shown
in Figure [6.9D] and the interpolated posterior ages at depth at 75 are shown in Figure

6. 101
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Figure 6.7: A uniform sequence of Gaussian distributions (a) modelled using the
U_Sequence model (grey distributions), the P_Sequence model, with & = 1 (blue
chronology), k = 2 (red chronology), and k ~ U(107!,10%) (green chronology) at
95.4%. (b) Posterior distribution for the k& parameter model with k& ~ U(107!,10?).

See text for details.
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Figure 6.8: Posterior distributions at depth at 100 at 95.4%, modelled with (a) the
Sequence model; (b) the P_Sequence model, with £ = 1; (c¢) the P_Sequence model
with k& ~ U(107',10%); and (d) the U_Sequence model.

84



OxCal v4.1.7 Bronk Ramsey (201

40

60

Depth

80

OxCal v4.1.7 Bronk Ramsey (2010); r:
100 P_Sequence(1,1,U(-1,2))
> Agreement 100.0%
gl
3
= 1F
£
3 0
3 b
120 e
1 1 1 L
12800 12600 12400 12200 12000 11800 11600 11400 T 0 T z
Modelled date (BP) Log(k)
(a) Posterior models (b) Posterior distribution of k
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Figure 6.10: Posterior distributions at depth at 75 at 95.4%, modelled with the
Poisson process prior with (a) k = 1; (b) £ = 2; and (c) eq. 6.1}
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The interpolated posterior distributions in Figures and show that the pos-

terior distributions of the chronologies modelled with the model averaging approach

have longer tails (Fig. |6.8¢/and [6.10c)) than those where model averaging was not em-

ployed. This suggests that the utilisation of the model averaging approach accounts
for more uncertainty and makes the Poisson process deposition model more robust,

giving the model more flexibility.

Simulations using a sequence of radiocarbon determinations

Radiocarbon sequences are simulated using the R_Simulate function in 0xCal, where
calendar ages and expected uncertainties are used to calculate a likelihood function.

The simulated radiocarbon chronologies with:

(a) no outliers; and

(b) one outlier, (highlighted in purple)

are modelled using the Poisson process model using the model averaging technique.
The prior range for the k£ parameter was defined as eq. for deposition using
the model averaging technique. The posterior chronologies for these simulations are
shown in Figures and . Model (b) was repeated with formal outlier analysis
to yield a posterior chronology in Figure [6.13

These simulations show that the Poisson process deposition model, together with
the model averaging approach, can be used to reduce the uncertainties in radiocarbon
chronologies. This technique also works together with formal outlier analysis, which
is currently available in 0xCal. The presence of just one outlier has a great effect on
the posterior distribution of the k parameter (Fig. . This also has an effect on
the overall posterior output, increasing the uncertainties in the chronology. However,
once the outlier is removed or down-weighted, the resulting posterior distribution for
the k parameter (Fig. [6.13) is very similar to that of the simulations without outliers
(Fig. |6.11al). The posterior distributions for the k parameters in these simulations are

not the same due to the different likelihood distributions from the simulations. This
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Figure 6.11: A uniform radiocarbon sequence without outliers (a) modelled with
Poisson process, employing the model averaging technique, at 68.2% and 95.4%. The
‘true’ chronology is shown with white dots. (b) Posterior distribution for the k pa-
rameter.

very simple exercise illustrates that the k& parameter, and hence the overall posterior
chronology, are sensitive to the treatment of outliers.

In all of the above simulations, a uniform rate of deposition was assumed. In a
separate simulation, deposition was assumed to be less stable (where the deposition
rate is assumed to be non-uniform and varies though the entire sequence). Modelling
with the P_Sequence model and utilising the model averaging approach gives results
in Figure The uncertainties in the overall posterior chronology is greater than
the other simulations due to less regular sedimentation. This is also the result of a
lower k parameter used.

It should be emphasised that when model averaging is employed, a single k£ value
is used and updated in each iteration of the model run. The simulations show that the
posterior distribution for &k is governed by the density of the likelihood information
constrained within a given depth and a given period. This is unsurprising since

Bronk Ramsey| (2008) proved that & can be estimated using the variability in age and
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Figure 6.12: A uniform radiocarbon sequence with one outlier (a) modelled with
Poisson process, employing the model averaging technique, at 68.2% and 95.4%. The
‘true’ chronology are shown with white dots and the outlier is shown with a black
dot. (b) Posterior distribution for the & parameter.

depth in sequences.

6.5 Summary

There is a high demand for deposition models for sedimentary sequences and a number
of models have been made available through various chronology building packages.
The Poisson process deposition model (P_Sequence; |Bronk Ramsey, 2008)) is the first
robust approach for modelling sedimentary sequences with depth information since it
reflects the nature of the information that goes into the model prior more accurately
than piece-wise linear, for example, Bpeat (Blaauw and Christen) [2005)), BChron
(Haslett and Parnell, [2008); or uniform, for example, U_Sequence (Bronk Ramsey,
1998), deposition models. However, the P_Sequence model relies on a defined value for
step-size (also known as the k parameter). Although |Bronk Ramsey| (2008) introduced

a way of estimating an appropriate value for this parameter, this method relies on the
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Figure 6.13: A uniform radiocarbon sequence with one outlier (a) modelled with Pois-
son process, employing the model averaging technique; and formal outlier analysis,
at 68.2% and 95.4%. The ‘true’ chronology is shown with white dots and the outlier
is shown with a black dot. (b) Posterior distribution for the k parameter.

100

Probability density

120}=%

presence of known age stratigraphic markers in the sequence. In sequences without
known age markers, the k parameters are often estimated from the dating information,
or arbitrarily. This introduces subjectivity in the model selection process, sometimes
resulting in circular reasoning, or unrealistic chronologies. This chapter evaluated the
use of the Bayesian model averaging approach (previously discussed in Section
in the P_Sequence model, removing the subjectivity in model selection by defining
a range, instead of a value, for the k£ parameter and shows that it can accurately
model the simulated sequences. The model utilises different parameter values and
reaches a posterior distribution which is most appropriate for the data. The model
averaging approach in P_Sequence is also compatible with the Outlier model in
0xCal, which also utilises model averaging. Below is a suggestion of a prior range for
the k parameter suitable for modelling the majority of depositional sequences.
Utilising the Bayesian model averaging approach in the P_Sequence model requires

the input of a prior range. In theory, the lower the lower limit of the k& parameter is,
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Figure 6.14: A radiocarbon sequence (a) modelled with Poisson process, employing
the model averaging technique; and formal outlier analysis, at 68.2% and 95.4%.
The ‘true’ chronology is shown with white dots. (b) Posterior distribution for the k
parameter.

i.e. when k — 0, the closer the posterior chronology is to that of a Sequence model,;
and the higher the higher limit of the k parameter is, i.e. when k — oo, the closer
the posterior chronology is to that of a U_Sequence model. However, in practice, the
lower limit of the k& parameter is irrelevant as it is limited by the density of events
within the given depth. The simulations in this chapter were performed without
specifying the units in depth. In reality, the depth units of a sequence will affect ones
choice of prior range for a model. For example, for a sequence in centimetres, which
any of the simulated sequences could be, one might expect a deposition unit to be no
bigger than 1 m, and no smaller than 0.01 c¢m in size. The various simulations in this

chapter suggest that an initial prior range of

E = 10*
u ~ U(-2,2)

is wide enough for a sequence with depths in cm. So for a sequence with depths in
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m, this would be

ko= 10
u ~ U(0,4)

. In terms of the CQL in 0xCal, the Poisson process models can be defined as
P_Sequence("",1,0,U(-2,2)){...}; for a sequence in cm; or
P_Sequence("",1,0,U(0,4)){...}; for a sequence in m.

The latter function can also be rewritten as
P_Sequence("",100,0,U(-2,2)){...};

since the magnitude parameter is also a multiplier of the k parameter. The lower
limit of the prior range can be subsequently adjusted (lowered) if data is sparse within

the given depths.

91



Part 111

Application of the improved
methodologies to archaeological

and environmental case studies

92



Chapter 7

Modelling cultural change

Over the years, scholars have been using Bayesian methods to model absolute dates
from archaeological finds in order to infer the dates of transitions between different
material cultures (e.g. Needham et al., [1997; Bruins et al. [2003; Finkelstein and
Piasetzky|, |2010b; [Mazar|, [2011). Phase models are often used to group together,
and assign relationship to, archaeological events. Events (or, in most archaeological
cases, artefacts) can be related in terms of typology, and / or geographical regions;
and a phase prior can be used to model activity in terms of their rate of usage,
deposition, or production. The most commonly used model is the uniform phase
prior (Buck et al., [1992)), which assumes a uniform distribution of material within
two temporal constraints. These constraints are also the boundary parameters of the
model (discussed in Section and are useful for modelling the onset and end of
significant activity of a group of events. A recent development by Karlsberg (2006))
introduced a trapezoid prior for modelling non-instantaneous processes. It is a more
realistic prior for modelling cultural change because phase transitions can take time.

Chapter 5| already discussed the reparameterisation and the addition of a utp ele-
ment to the trapezoidal phase prior model. Reparameterisation allows the modelling
of contiguous (or abutting) phases and draws inference on the duration of transition
between two phases. The model becomes more robust with the addition of a utp

element, and better reflects prior knowledge. This chapter presents three case stud-
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ies: firstly, an Early Bronze Age Irish bowl data set is used to examine the effects of
the modifications from Chapter [} secondly, the use of the trapezoidal phase prior is
extended to model a multiple phase scenario addressing British Bronze Age metal-
work and compare two independent implementations of the model; and thirdly, the
trapezoidal phase prior is used to address the Iron Age chronology in Israel.

The case studies in this, and the following chapters, are modelled following the
framework suggested in Bayliss (2009) and discussed in Chapter [4 Part of this

chapter is published in |Lee and Bronk Ramsey| (2012).

7.1 The Early Bronze Age Irish bowl tradition

The Early Bronze Age Irish pottery is made up of a number of recognised cultural
and stylistic groups. Irish bowl pottery is one of the traditions that is found in clearly
defined contexts of comparable type (in this case, graves). They occur singly or in
small numbers, are associated with materials which are suitable for dating, and are
usually complete when found (Brindley, 2007, p.11). The bowl tradition is known
primarily through its funeral customs. The graves of Early Bronze Age Ireland often
include a vessel, sometimes more than one. Burials accompanied by bowls are found
at passage tombs, court tombs and in the mounds of the Linkardstown Burial group
(Brindley}, 2007, p.51). Bowls are also found in rare and poorly preserved Bronze
Age settlement sites. However, the assemblage of sherds of bowl pottery from such
contexts is often mixed with sherds of beaker pottery (of an earlier assemblage).
Therefore, the temporal relationship between the two cannot be shown on the basis
of the excavated context (Brindley, 2007, p.52).

Bayliss and O’Sullivan| (forthcoming)) use a uniform phase prior to estimate the
temporal constraints of the bowl pottery and associated burial tradition after reassess-
ing the reliability of each radiocarbon date. The authors mention that the trapezoidal
phase model would be more appropriate for modelling the occurrence of archaeological

types due to the classic “battleship” shape of seriation frequency graphs (discussed
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in Chapter .

7.1.1 Modelling

The temporal constraints of interest are the start and end of the bowl usage. In
this section, the Early Bronze Age Irish bowl data set is analysed using the uniform
phase prior, the simple trapezoidal phase prior (Karlsberg, 2006), and the modified
trapezoidal phase prior, with the new parameters and utp element, to draw inference
on the temporal constraints. The differences in the outputs are also discussed.
Seventy-two radiocarbon determinations were reported in a catalogue produced
by Brindley| (2007, Chapter 4) and the full dataset can be found in Appendix .
Five of these measurements were duplicates used to cross check the reproducibil-
ity using both conventional and AMS techniques. The conventional measurements
(GrN-14616, GrN-11352, GrN-12958, GrN-9323 and GrN-11901) are reported as be-
ing too old for reasons unknown, and will be excluded in this analysis. Another
three duplicate dates are used in a testing program for carbonate from unburnt bone.
The carbonate results from these samples (GrA-13331, GrA-13332 and GrA-13330)
appear reliable, but carbonate in unburnt bone is likely to take up contamination
(Brindley}, |2007). Thus, these samples are also excluded from this analysis. A fur-
ther eleven dates (GrN-11363, UB-3987, UB-3988, UB-3989, GrN-12958, UB-3985,
UB-3986, GrA-24152, GrA-24193, GrN-11450 and GrA-24154) are removed from this
analysis due to contamination or mis-association. Three more measurements (GrN-
15491, GrN-15492 and GrN-15493) were excluded from |Brindley’s analysis due to
possible dietary offset, but are included in our analysis as these measurements do not
appear to be anomalous when compared with the remainder. A total of fifty-three

dates are therefore included in the models in this section.

7.1.1.1 Modelling with a uniform phase prior

Figure and Table [7.1] summarise the results from modelling the Early Bronze

Age Irish bowl data set with a uniform phase prior, at 68.2% and 95.4% probability.
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Figure 7.1: Uniform prior estimates of the: (a) start and end, and (b) duration of the
Irish bowl tradition, at 68.2% and 95.4% probability.

1800 1600

The model parameters give prior estimates of the start and end of significant phase

activity.

Modelled date (cal BC)

68.2% 95.4%
Start | 2227-2158 | 22502151
End | 1883-1851 | 1902-1820

Table 7.1: Uniform prior estimates of the start and end of the Irish Bowl tradition,
at 68.2% and 95.4% probability. The calendar limits are set the same for this and the
following figures.

7.1.1.2 Modelling with a simple trapezoidal phase prior

Figure[7.2] and Table [7.2] summarise the results from modelling the Early Bronze Age
Irish bowl data set with a simple trapezoidal phase prior (Karlsberg, 2006), at 68.2%
and 95.4% probability. The model parameters give prior estimates of the start (t,),

the start of peak popularity (¢g), the start of decline (t,), and the end (¢5) of phase

activity.

Modelled date (cal BC)
68.2% 95.4%

to | 2314-2219 | 2362-2168

tg | 2152-2010 | 2204-1943

t | 2022-1897 | 2096-1858

ts | 1863-1787 | 1881-1720

Table 7.2: Trapezoidal prior (Karlsberg, 2006) estimates of the Irish Bowl tradition,

at 68.2% and 95.4% probability.
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Figure 7.2: Trapezoidal prior (Karlsberg, 2006)) estimates of the Irish bowl tradition:
(a) model parameters and (b) time span of the model, at 68.2% and 95.4% probability.

7.1.1.3 Modelling with the modified trapezoid phase prior

Chapter [f|introduced new parameters and the addition of a utp element toKarlsbergs
trapezoidal phase prior model, and the modified prior (Fig. is used here to model
the Irish bowl data set. Figures[7.3] and [7.4] and Table [7.3] summarise the results, at
68.2% and 95.4% probability. The model parameter give prior estimates of the start
(ta), the start of peak popularity (¢g), the start of decline (t,), and the end (t5) of
phase activity. The new boundary parameters give prior estimates of the start (t)
and end (t9) of significant phase activity; and the transition parameters give prior
estimates of the duration of phase transitions, which are essentially the differences

between t, and tg (d;), and between ¢, and t5 (da).

tB L Cal v4.1.7 Bronk Rams 010); 1:
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Figure 7.3: Trapezoidal prior estimates of the Irish bowl tradition: (a) model param-
eters and (b) time span of the model, conditioned by the utp element (eq. |5.10), at
68.2% and 95.4% probability.
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Figure 7.4: Trapezoidal prior estimates of the Irish bowl tradition: (a) boundary
parameters; (b) the difference between the boundary parameters (ty — ¢;) and (c)
transition parameters, conditioned by the utp element (eq. [5.10)), at 68.2% and
95.4% probability.

Modelled date (cal BC) Modelled date (cal BC) Years
68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%
to | 2289-2188 | 2334-2159
f5 | 2181 2038 | 2223 1966 t1 | 22062141 | 2237-2111 | d; | 0-199.5 | 0-326
ty | 1996-1871 | 2081-1846
7, | 1870-1803 | 1887-1745 to | 1914-1860 | 1949-1834 | d2 | 0-166 | 0-289

Table 7.3: Trapezoidal prior estimates of the Irish Bowl tradition, at 68.2% and 95.4%
probability.

The new boundary parameters of the trapezoidal phase model give comparable
prior estimates to those of the uniform phase model. The difference between said
parameters is also more comparable to that modelled using the uniform phase prior,
but is slightly shorter as one would expect. The utilisation of the utp element has
reduced the duration of bowl usage (Fig. and by 34.5-36 and 32-43 years,

68.2% and 95.4% probability, respectively.

7.1.2 Discussion

The trapezoidal phase prior is more appropriate than the uniform phase prior for

modelling the start and end of the Irish bowl pottery usage, and associated burial
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tradition. This is because, a priori, the change in artefact types is a non-instantaneous
process and using the trapezoidal phase model better reflects the nature of the infor-
mation that goes into the prior.

Two modifications of the trapezoidal phase prior were proposed in Chapter [5}
alternative parameterisation; and the addition of a non-informative prior element, the
utp. Reparameterisation does not alter the underlying mathematics of the model but
gives prior estimates comparable to those of the uniform phase model parameters. It
also means that the trapezoidal phase model can be used in contiguous phase scenarios
(see next section). Interestingly, the new boundary estimates from the trapezoidal
phase prior (Fig. are comparable to those of the uniform phase prior (Fig.
[7.1a]). They overlap significantly (80%). The probability density functions are shifted
slightly in some cases because different underlying usage rates were assumed in both
models. The addition of the utp is essential in removing the bias, which exists in the
simple trapezoidal phase prior model. The utilisation of the utp element has reduced
the duration of the Irish bowl usage, as one would expect due to the shortening of
the transition parameters.

The trapezoidal phase prior is useful for situations where the phase activity follows
the pattern of a gradual increase, then a period of constant activity, and finally a
gradual decrease, and also in cases where a more robust prior than that provided
by the uniform phase prior is needed. It is appropriate for modelling many forms of

material culture, such as pottery (as here), and types of metalwork (see next section).
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7.2 British Bronze Age metalwork

The British Bronze Age is separated into major periods (also known as stages).
Within the stages, there are sub-divisions. The sub-divisions within the major pe-
riods of British Bronze Age that are discussed in this section have been relatively
dated to be in the order of: Acton and Taunton; Penard; Wilburton; Blackmoor; and
Ewart Park (O’Connor |1980).

Needham et al. (1997) obtained radiocarbon measurements from organic materi-
als in immediate physical contact with various types of bronze objects in an attempt
to derive an independent chronology of British Bronze Age metalwork. The authors
combined absolute dates from the organic materials with relative information using
a Bayesian framework. Thirty-eight dates were put into five phases based on the
artefact types: Acton and Taunton; Penard; Wilburton; Blackmoor; and Ewart Park
(appendix . Two separate Bayesian models were constructed using the uniform
phase prior: Model A, which assumes independent overlapping phases; and Model B,
which assumes contiguous phases. Needham et al. (1997) concluded that the inde-
pendent British Bronze Age chronology supports the relative chronology of |[O’Connor
(1980)).

7.2.1 Modelling

In this section, the Needham et al. analyses are repeated using the modified trape-
zoidal phase model (Fig. , with the new parameters and the additional utp
element (discussed in Chapter . Two separate models are constructed: Model A,
which assumes independent overlapping phases; and Model B, which assumes con-
tiguous phases. Karlsberg’s parameters of the trapezoidal prior model are also used
to draw inference on the start (¢,), the start of peak popularity (¢5), the start of
decline (¢,), and end of phases (¢5). The differences in outputs from the trapezoid

phase prior and the uniform phase prior are also discussed.
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7.2.1.1 Model A: Overlapping phases

Model A includes five independent overlapping trapezoid phases: Acton and Taunton;
Penard; Wilburton; Blackmoor; and Ewart Park. This model assumes no ordering
relationship between the five phases (Fig. . Results of this model are summarised
in Figure [7.5b] The letters in square brackets next to the model parameters indicate
the phases in which they belong, where AT = Acton & Taunton,; P = Penard; W =
Wilburton; B = Blackmoor; and EP = Ewart Park.
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Figure 7.5: Model A: (a) model schematic; and (b) trapezoidal prior estimates for
the Bronze Age metalwork assemblages, at 68.2% and 95.4% probability.

The degree of overlap between the rise and decline of phases are also investigated
by calculating differences between the last two parameters of an earlier phase (¢, and
ts) and the first two parameters of a later phase (¢, and ¢3). For example, in order
to draw inference on the degree of overlap between the decline of Acton and Taunton
and the rise of Penard, the marginal distributions representing the start and end of

the rise of Penard (¢, and t5) are subtracted from the start and end of the decline of
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Acton and Taunton (¢, and t;), respectively. This is done by importing these posterior
distributions into 0xCal using the Prior command, and the differences between the
parameters are calculated using the Difference command for the adjacent phases.
Differences between the parameters in Wilburton and Ewart Park are also calculated
due to the imprecision of the Blackmoor phase. The results are summarised in Figure
[7.6] Tables[7.4and[7.5summarise the overlap and gaps, respectively, in years between

distributions.
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Figure 7.6: Estimates for the overlap between the rise and decline of adjacent phases;
negative values here indicate a gap between the specified parameters, and positive
values an overlap. Figure generated based on Model A.

Phase Overlap (years) between

[A] B] t, [A] and to [B] | t5 [A] and tg [B]
68.2% | 95.4% | 68.2% | 95.4%

Acton & Taunton Penard 65 286 118 450

Penard Wilburton 60 185 65 182

Wilburton Blackmoor 288 4591 170 2067

Blackmoor Ewart Park 178 1862 285 3751

Wilburton Ewart Park 0 36 0 37

Table 7.4: Estimates of overlap in years between the Bronze Age metalwork assem-
blages, at 68.2% and 95.4% probability. figure generated based on Model A.

Phase Gap (years) between

(A] B] t, [A] and to [B] | t5 [A] and tg [B]
68.2% | 95.4% | 68.2% | 95.4%

Acton & Taunton Penard 174 286 148 235

Penard Wilburton 105 169 100 163

Wilburton Blackmoor 149 153 148 607

Blackmoor Ewart Park 127 514 125 213

Wilburton Ewart Park 209-69 266 210-72 265

Table 7.5: Estimates of gaps in years between the Bronze Age metalwork assemblages,
at 68.2% and 95.4% probability. Figure generated based on Model A.
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Results from this model suggest that the order of the Bronze Age sub-divisions
follows: Acton and Taunton; Penard; Wilburton; and Ewart Park, with a possible
gap between the Wilburton and Ewart phases. The Blackmoor phase has very im-
precise estimates due to the presence of only three radiocarbon determinations in the
phase. However, there appears to be a gap between the Wilburton and Ewart Park
phases. It is, therefore, possible that materials from the Blackmoor phase is chrono-
logically intermediate between Wilburton and Ewart Park. This conclusion supports
the relative chronology of |O’Connor| (1980) and also the analysis of Needham et al.
(1997).

7.2.1.2 Model B: Contiguous phases

Model B includes five contiguous trapezoid phases: Acton and Taunton; Penard;
Wilburton; Intermediate (characterised by the Blackmoor phase); and Ewart Park.
This model assumes that the decline of an earlier phase overlaps exactly with the rise
of a later, adjacent phase, sharing the same boundary and transition parameters
(Fig. . The results of this model are summarised in Figure and Table W
The letters in square brackets next to the model parameters indicate the phases in
which they belong, where AT = Acton & Taunton, P = Penard, W = Wilburton, I
= Intermediate and EP = Ewart Park.

Both models (A and B) supports the relative chronology of O’Connor| (1980), that
the sub-divisions of British Bronze Age follow the order of Acton and Taunton, Pe-
nard, Wilburton, Intermediate (characterised by Blackmoor), and Ewart Park. The
extra constraints in this model give a tighter overall posterior chronology than the
chronology given by Model A. The precision of the Intermediate phase has, as ex-
pected, improved significantly. The new trapezoidal parameters give prior estimates
of the middle of the transitions (boundary parameters) between phases and the du-

ration of each transition (transition parameters) (Fig. and tab. [7.6).
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Figure 7.7: Model B: (a) model schematic, where Karlsberg's parameters are used
to draw inference on the start and end of each phase (t, and ts) and the new pa-
rameters are used to draw inference on the middle of the transitions between phases
(vertical lines; t;...tg) and their durations (horizontal dotted lines; d;...ds). (b)
trapezoidal prior estimates for the Bronze Age metalwork assemblages, at 68.2% and
95.4% probability.
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Figure 7.8: Trapezoidal prior estimates for the: (a) boundary parameters and (b)
transition parameters for the Bronze Age metalwork assemblages, at 68.2% and
95.4% probability.

Modelled date (cal BC) Modelled date (cal BC) Yoars

68.2% 95.4% 68.2% 95.4% 68.2% 95.4%
i o0 T o e f1 | 19351003 | 10191330 | dy | 01065 | 0-3055
e g Tan0 | ot | 2 | 19201238 | 13631196 | dy | 0815 | 02065
e Ty | Tros Togs | | 106 | 12100075 | dy | 067 | 01665
Z;Y [[VV:]] : :; [[II]} 110095;906182 }(1)2461:3;2 t4 | 1062-997 1098-967 | dy | 0-62.5 | 0-148.5
ltt: [[II]] :t; [f;] 3§3i§§§ 1906178:882625 ts | 946-887 | 977857 |ds | 0-60 | 0-1445
Z [f;] 2;273:?(5)3 g;g:?g te 848-786 888-762 de¢ | 0-58.5 | 0-149.5

Table 7.6: Trapezoidal prior estimates of the Bronze Age metalwork assemblages, at
68.2% and 95.4% probability.

Modelling with contiguous uniform phases gives results in Figure and Table

[7.7] The trapezoidal boundary parameters give estimates remarkably similar to those

of the uniform phase prior, only differing in the start of the earliest phase.

OxCal v4.1.7 Bronk Ramsey (2010); r:5
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Figure 7.9: Uniform prior estimates of the Bronze Age metalwork assemblages, at
68.2% and 95.4% probability.

105




Modelled date (cal BC)
68.2% 95.4%

tp | 1613-1429 | 1817-1328
to | 1319-1240 | 1366-1197
t3 | 1182-1097 | 1217-1065
ty | 1075-992 1112-957
ts 948-877 983-845
te 849-778 894-754

Table 7.7: Uniform prior estimates of the transitions between the Bronze Age metal-
work assemblages, at 68.2% and 95.4% probability.

7.2.1.3 Modelling with 0xCal

The trapezoidal and uniform phase prior models described so far in this chapter
(and also in Chapter [5)) have been implemented using the computer language C++.
The implementation can be found in appendix [A] The posterior distributions of the
prior estimates of the models have been plotted using the Prior command in 0xCal.
Following the above tests in this chapter and in Chapter [5 the trapezoidal phase
model functions were also implemented in 0xCal [v4.2 beta] by Bronk Ramsey

The trapezoidal phase model can be implemented in 0xCal using the CQL:

Sequence () {

Boundary () {
Transition();
Start();
End();

}s

Phase () {
RDate(...);
R Date(...);

}s

Boundary () {
Transition();
Start();
End();

I¥
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where the addition of the Transition() ; command turns a uniform (abrupt) boundary
parameter to a transitional trapezoidal boundary parameter. The Start(); and
End () ; commands are optional. They give the Karlsberg parameters. Modelling the
Bronze Age metalwork data with contiguous trapezoidal phases in 0xCal gives results

in Figure and Table [7.8

OxCal v4.2b4 Bronk Ramsey (2010); r:5 uspl1:0g:2] ic data from Reimer et al (2009);
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Figure 7.10: Trapezoidal prior estimates of the: (a) boundary parameters and (b)
transition parameters for the Bronze Age metalwork assemblages, at 68.2% and
95.4% probability, implemented in 0xCal.

Modelled date (cal BC) Years
68.2% 95.4% 68.2% | 95.4%
t; | 1536-1407 | 1624-1331 | d; | 0-106 | 0-307
ty | 1320-1240 | 1363-1197 | dy | 0-81 | 0-209
t3 | 1171-1104 | 1208-1075 | d3 | 0-65 | 0-163
ty | 1063-998 1097-968 | d4 | 0-60 | 0-145
173 946-886 977-858 ds | 0-58 | 0-141
te 851-788 886-761 de¢ | 0-B7 | 0-147

Table 7.8: Trapezoidal prior estimates of the Bronze Age metalwork assemblages, at
68.2% and 95.4% probability, implemented in 0xCal.

Results from the two independent implementations in Figures and are
different due to the differences in the underlying algorithms. The differences in the
68.2% and 95.4% probability ranges are very subtle and are very likely to be due
to sampling chance and the number of iterations for the model runs. Two million
iterations are defined for both implementations, however, in 0xCal this defines the
number of (passed) iterations (with accepted results) and not the total number of
iterations. Since the results do not differ significantly, subsequent trapezoidal mod-
els in this thesis from this point forward will be implemented using 0xCal to take

advantage of the different functions available.
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7.2.1.4 Model limits

Another non-informative prior element which deals with model limits was also dis-
cussed in Chapter The limits prior only applies when the model has limits, i.e.
termini post quem and ante quem. |Nicholls and Jones| (2001) recommend using a
prior like this to remove a bias towards wider date ranges. The limits prior has also

been implemented into 0xCal [v4.2 betal. It can be activated by using the CQL:

Options(){ UniformSpanLimits=1; };

but the more complex form of the limits prior, which deals with with the overall
span of a sub-phase (Bronk Ramsey, [2009a), is included as a default, i.e. when this
command is not utilised. Setting this option to zero will switch off the limits prior
altogether.

Application of the limits prior yields results in Figure [7.11] and Table [7.9] The
prior does not appear to have a significant effect on this data set. The date range for
the middle of the start of the Acton and Taunton phase has been brought forward
by a decade. The agreement indices for using and not using the [imits prior are
Anodel = 125.6% and A4 = 125.2%, respectively. They do not differ significantly.

This is because this data set does not contain massively deviating wide date ranges.

OxCal v4.2b4 Bronk Ramsey (2010); r:5 usp(l:1g:2] data from Reimer et al (2009);
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Figure 7.11: Prior estimates of the: (a) trapezoid boundaries and (b) transitions
for the Bronze Age phases, at 68.2% and 95.4% probability, implemented in 0xCal
with the limits prior.
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Modelled date (cal BC) Years

68.2% 95.4% 68.2% | 95.4%
t1 | 1537-1409 | 1634-1333 | d; | 0-109 | 0-313
ty | 1319-1239 | 1363-1197 | dy | 0-81 | 0-208
t3 | 1171-1104 | 1209-1075 | d3 | 0-65 | 0-163
ty | 1063998 | 1097-968 | ds | 0-60 | 0-144
ts | 946-886 977-860 | ds | 059 | 0-142
t¢ | 851-788 886-761 | dg | 0-57 | 0-148

Table 7.9: Trapezoidal prior estimates of the: (a) boundary and (b) transition pa-
rameters for the Bronze Age metalwork assemblages, at 68.2% and 95.4% probability,
implemented in 0xCal with the limits prior.

7.2.2 Discussion

This section utilised the modified trapezoidal phase prior (see Chapter |5) to draw
inference on the temporal constraints on British Bronze Age metalwork culture. The
trapezoidal phase prior is more appropriate than the uniform phase prior for modelling
this data set since it allows more gradual phase transitions. It is assumed that it better
reflects prior knowledge because the materials were found in different geographical
regions and transitions between the regions cannot be instantaneous since ideas take
time to travel.

The two modifications proposed in Chapter [5; alternative parameterisation; and
the addition of a non-informative prior element, the utp, were important in modelling
the British Bronze age transition. The contiguous trapezoidal phase model assumes
that the decline of an earlier phase overlaps exactly with the rise of a later, adja-
cent phase, sharing the same boundary and transition parameters. The results in
this section support the relative chronology of (O’Connor| (1980) and also the analysis
of Needham et al.|(1997). The trapezoidal phase prior gives similar boundary esti-
mates to those of the uniform phase prior when used in a contiguous phase scenario.
This is an important finding as it confirms that the more robust trapezoidal phase
model supports the analysis from the simpler, more rigid, uniform phase model. The
transition parameters give information on the duration of transitions between adja-
cent phases (Fig. . This information was previously not available with a uniform

phase prior because phase transitions were considered as abrupt events and not slow
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processes. This is valuable archaeological information which is sometimes available
but missed when modelled with an abrupt prior (see next section). The presence
of the utp element is important in this multiple phase case study because there is
insufficient information to determine the abruptness of the transitions between dif-
ferent assemblages. Next section discusses, in more detail, the significance of the utp
element in a contiguous trapezoidal phase scenario.

The limits prior was recommended by |Nicholls and Jones| (2001) to remove a bias
towards wider date ranges. Results from Section show that the limits prior
does not have a significant effect on the British Bronze Age metalwork data set.
This is because it does not contain deviating wide date ranges. It would, however,
make a difference if the data set contains outlying constraints (Nicholls and Jones,
2001)). This also means that it formal outlier analysis is employed, for example the
Outlier Model available in 0xCal, to account for the outlying dates in a data set,
the limits prior is unlikely to make a difference to the trapezoidal prior measures.

This section also shows that modelling with two different implementations of the
same mathematical functions gave similar results that do not differ significantly. The

subtle differences are small enough to be due to sampling chance.
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7.3 Iron Age chronology in Israel

The Iron Age in the Levant is also known as the Israelite period, when the land
of Canaan was dominated by a Hebrew speaking community, forming a new local
culture. Canaan corresponds to modern day Israel and Palestine. This period marks
the fall of regional empires, and the rise and fall of the Kingdoms of Israel and Judah.
Much of this period is described in the Hebrew Bible.

Typical of Biblical archaeology, the Iron Age chronology in the Levant has been a
hotly debated issue. Scholars have been trying to establish a chronology for the period
between the collapse of the Egypto-Canaanite system in the twelfth century BCE
(1140/1130 BCE) and the Assyrian conquests in the eighth century BCE (between
732 and 701 BCE) (Mazar| 2005} Finkelstein and Piasetzkyl |2010b). These are dates
anchored in historical sources and give us a period of around 450 years of uncertain
chronology.

Establishing a consensus on the Iron Age chronology has far reaching implications
on relative chronologies in other regions around the Mediterranean (e.g. |Coldstream),

2003)), Israelite history, historiography, and biblical history.

7.3.1 The debate

Two main chronologies have been proposed: the ‘high chronology’ (also known as the
‘conventional chronology’); and the ‘low chronology’. Both of these are discussed in
more detail below. The chronologies are based on data from pottery typologies, strati-
graphic analyses, and attempted correlation to biblical sources across different sites.
Many scholars accept the historical accuracy of the biblical account (e.g. |Albright,
1956)); conversely, a group of scholars cast doubts on its historicity (e.g. |Garbini and
Bowden, [1988; |Davies, [1995; Finkelstein, [1996; Thompson, 2000).

There are two phases of Philistine pottery which are relevant to the debate: The
local Mycenaean IIIC, or Philistine monochrome pottery, and the bichrome pottery.

The monochrome pottery is characteristic of the Iron I period, while the bichrome
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pottery is indicative of the Iron II period. The main focus of the debate centres around
the transition between the Iron I and Iron II periods. The ’high chronology’ places
the Iron I to Iron II transition in the first half of the 10th century BCE; and the ‘low
chronology’, which shifts the chronology to a later date, places this transition between
first half of the 10th century BCE to ca. 920 BCE (or later, in earlier publications

by |[Finkelstein)).

7.3.1.1 The ‘high chronology’

The Philistines settled in Canaan ca. 1175 BCE after the battle between the Egyp-
tians and the Mediterranean Sea Peoples during the reign of Ramses III. This date
is recorded in detailed Egyptian inscriptions that are linked to many historical and
astronomical events (Balter, 2000). This Philistine occupancy is reported as being
broken by King David through the expansion of the Israelite empire in biblical sources.
This accession date of David, ca. 1000 BCE from biblical sources, is taken to mark
the end of Philistine material culture and hence represents the transition between
Iron I to Iron II.

The ‘high chronology’ follows the biblical account on Israelite history. After his
accession, King David started reconstructing a great United Monarchy. Below outlines
the Biblical narrative of the important events that happened during the reign of King
David and his son, Solomon, and before the destruction of the United Monarchy by
the Egyptian Pharaoh Sheshonq I (biblical Shishak).

“So all the elders of Israel came to the king to Hebron; and king David
made a covenant with them in Hebron before the LORD; and they
anointed David king over Israel.”

—2 Samuel 5:3 (JPS)

“In Hebron he reigned over Judah seven years and six months; and in
Jerusalem he reigned thirty and three years over all Israel and Judah.”

—2 Samuel 5:5 (JPS)
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For the Jews, it was King David who made Jerusalem their holy city, when he sum-
moned the ark of the covenant. His son, Solomon, who later became king, stabilised
the United Monarchy. He took part in the construction of monumental buildings in

administrative centres of his state (e.g. Dever} 1997 Stager, [2003; [Yadin, 1970)).

“And this is the account of the levy which king Solomon raised; to build
the house of the LORD, and his own house, and Millo, and the wall
of Jerusalem, and Hazor, and Megiddo, and Gezer.”

—1 Kings 9:15 (JPS)

King Solomon was a wise man and ruled over a glamorous, rich and prosperous state

(1 Kings 10 (JPS)) for forty years.

“And the time that Solomon reigned in Jerusalem over all Israel was forty
years. And Solomon slept with his fathers, and was buried in the city
of David his father; and Rehoboam his son reigned in his stead.”

—1 Kings 11:42-43 (JPS)

The United Monarchy blossomed until the invasion by the Egyptian Pharaoh Sheshonq
I to Palestine ca 925 BCE, according to both Egyptian inscription at Karnak and the
Hebrew bible.

“And it came to pass in the fifth year of king Rehoboam, that Shishak
king of Egypt came up against Jerusalem”

—1 Kings 14:25 (JPS)

The late Iron I (monochrome) pottery assemblage is found at the destruction
layers of Megiddo stratum VIA, Tel Qasile stratum X, Tel Masos stratum II, and
parallel strata at other sites. The Iron IIA (bichrome) pottery assemblage is found
at the destruction layers of Megiddo strata VA-IVB, Taanach period IIB, Yokneam
stratum XIV, Beth Shean stratum S1, Lachish stratum V, Arad stratum XII, and
parallel strata at other sites. These destruction layers have been associated with the

conquests of King David (Mazar| 2005).
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In the early 1990s, Wightman| (1990) and |Jamieson-Drake| (1991) cast doubts on
the archaeology of the conventional paradigm. They questioned the concept of the

United Monarchy of Israel and suggested ‘lowering’ the chronology.

7.3.1.2 The ‘low chronology’

Finkelstein (1996) put forward a specific ‘low chronology’ which moves the overall
chronology later by 50-80 years. This shifts the dates of the Iron Age I assemblages
from the late 11th century to the 10th century BCE and also shifts the dates of
traditional 10th century assemblages to the 9th century BCE. This is widely known
as the ‘low chronology’ for the Iron Age of Israel. [Finkelstein/s reason for that was
because monochrome pottery has not been found in the 12th Dynasty Egyptians
strongholds in a couple of sites in the south, especially Lachish stratum VI and Tel
Sera stratum IX. This suggestion has since been rejected because it creates unsolvable
problems in correlating the archaeology of Philistia with that of Cyprus (e.g. [Dothan
and Zukerman| 2004; Mazar, [2005)).

Finkelstein (2005) put forward two more arguments: (1) the ashler blocks ex-
cavated in the foundations of Palace 1723 at Megiddo strata VA-IVB, which were
associated with the conquests of King David (Mazar, [2005), carry the same masons’
marks (Lamon and Shipton) 1939) as the ones found in the palace of the Omride
Dynasty at Samaria (Reisner et al., [1924)) and (2) the destruction layer at Jezreel,
which was dated to 9th century BCE, yielded an identical pottery assemblage to the
one found in Megiddo VA-IVB (Zimhoni, |1997)).

The low chronology shifts the destruction layer that was originally attributed to
the conquests of King David to a later period. It implies that the United Monarchy
never existed, and that the state of King David and Solomon was overstated in the
bible. |[Finkelstein| (1996) and Finkelstein and Piasetzky| (2011) believe that the Palace
compounds belong to the Omride Dynasty in the days of King Ahab (873-852 BCE),
which was understated in the bible.

The low chronology has since been a subject of controversy. There are disagree-
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ments between scholars regarding which destruction layers at different sites are at-
tributed to Pharaoh Sheshonq I (Bruins et al., 2003; [Mazar, (1999; Finkelstein), 2005).
Other arguments against the low chronology point out that the same pottery found
at the destruction layer at Jezreel and Megiddo strata VA-IVB was also found below
the royal enclosure at Jezreel, dating to the 10th century BCE (Zimhoni, [1997)). This
suggests that the pottery assemblage of concern (Iron ITA) has a long duration and
should be dated to 10th century to 9th century BCE. The same is observed at Hazar,

Tel Rehov, and other sites (Mazar, 2005).

7.3.1.3 The modified conventional chronology

Realising the long duration of the Iron ITA period, |[Mazar| (2005) proposed a ‘modified
conventional chronology’. This places the transition of Iron I and Iron II to ca. 980
BCE and the end of the Iron ITA period to ca. 840/30 BCE. In the 450 years of
uncertain chronology, this chronology allows three major pottery periods: Iron 1B,
Iron ITA and Iron IIB, each lasting about 150 years. This is supported by |[Herzog and
Singer-Avitz| (2004, [2006)).

The above chronologies have all been dated relatively. To continue the debate,
scholars have turned to absolute dating using radiocarbon in attempts to try and

establish a consensus for the Iron Age chronology in Israel.

7.3.2 Dating

During the late 1990s, scholars saw the potential of radiocarbon dating in helping
to solve the Iron Age chronological debate. Many different sites were investigated
over the past decade: Tel Dor (Gilboa and Sharon, 2001} [2003; Sharon, [2001), Tel
Beth Shean and Tel Rehov (Mazar and Carmil, 2001; Bruins et al 2003)), Tel Hadar
and Megiddo (Sharon et al., [2007)). Hundreds of samples were measured, sometimes
more than once, and inter-laboratory comparison was also performed to double check
that different dating methods in different laboratories did not bias results (Boaretto

et al| [2005). Despite tens of thousands of pounds spent on dating, scholars still
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cannot reach a consensus for the Iron Age chronology in Israel. This is because the
radiocarbon calibration curve for this period is very unhelpful. Oscillations in the
calibration curve mean that calibration yields very imprecise dates. A radiocarbon
date in this period rarely gives a calibrated range (95.4% probability) of less than a
century. Unfortunately, this chronological debate centres around 100 years between
10th century and 9th century BCE.

To illustrate the limitations of the radiocarbon calibration curve for this period,
the R_Simulate function in 0xCal was used to simulate some important events in the
Iron Age period. The events listed in Table [7.10| are simulated independently four
times, using the biblical dates from the conventional chronology. Random sampling
in the function means that it is unlikely to yield the same radiocarbon results in
multiple simulations. An expected uncertainty of 25 is chosen for radiocarbon dates
in that period, since most radiocarbon dates for this period have 1o uncertainty of
around 25. The simulated radiocarbon results are shown in Figure and Table
(.10l

Biblical Expected Simulated radiocarbon dates
Events dates uncerta- (BP) for Figure:

(BCE) inties [7.12a] [ [7.12b] [[7.12¢] [ [7.12d]
Philistine settled in Canaan 1175 25 2978 | 2965 | 2935 | 2990
Egypto-Canaanite system collapse 1140/30 25 2946 | 2965 | 2923 | 2962
Accession of King David 1000 25 2826 | 2897 | 2869 | 2795
Shoshenq I’s campaign 925 25 2781 | 2795 | 2816 | 2735
King Ahab’s reign 873-852 25 2691 | 2737 | 2633 | 2756
Hazael’s campaign 835 25 2728 | 2741 | 2673 | 2711
Assyrian conquest 732 25 2423 | 2464 | 2470 | 2452

Table 7.10: Results of the simulated radiocarbon dates of the events relevant to the
Iron Age chronological debate.

Figure shows very clearly that, although the same calendar date was used
in the simulations, the radiocarbon results can be very different especially in the
controversial events in the debate: accession of King David; Shoshenq I’s campaign
and King Ahab’s reign. This is due to the oscillations in the calibration curve. In
one simulation (Fig. [7.12d), King Ahab’s reign precedes Pharaoh Shoshenq I and

Hazael’s campaign in radiocarbon years BP. The likelihood for the three events also
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Figure 7.12: Results of the simulated radiocarbon dates of the events relevant to the
Iron Age chronological debate, plotted against IntCal09 (Reimer et al., 2009).

overlap significantly in the calendar scale, making them indistinguishable from each
other.

The most controversial event in this period is the accession of King David. Sim-
ulated radiocarbon ages of the biblical date (1000 BCE) attributed to King David’s
accession have a range of at least a century, and different simulations provide dates
which cover two centuries (1194-853 BCE, with 95.4% probability) on the calendar
scale. The same applies to radiocarbon dates attributed to Shoshenq I’s campaign;
their 95.4% probability ranges cover 1040-819 BCE on the calendar scale. Scholars

are unable to distinguish the events from one another using radiocarbon dating alone.
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7.3.3 Modelling

As demonstrated in Section [2.3, Bayesian modelling can help improve precision and
accuracy of radiocarbon dates. Bronk Ramsey| (2005)) suggested using this method
to address the Iron Age chronological debate. Since then, scholars have been using
this approach to analyse multiple measurements on samples from different periods
to try and recover the underlying chronology. Duplicate radiocarbon determinations
from the same sample, or samples from the same stratum, were often combined (us-
ing the R_Combine function in 0xCal) to produce a weighted average to improve on
the precision of the calibrated date of the sample before modelling with a Bayesian
framework. This method is valid for single sample or sample groups from the same
stratum spanning less than a year.

Relative information is combined with the absolute dates to draw inference on the
date of transition between Iron I and Iron II. Radiocarbon dates are attributed to
individual Iron Age phases and grouped together using the uniform phase prior (Buck
et al., |1992) (e.g. [Sharon et al., 2005; Bruins et al., 2005; Mazar and Bronk Ramsey),
2008; Finkelstein and Piasetzky, [2010b} 2011)).

The attribution of a stratum from a site to a particular Iron Age period forms
the bases of the Iron Age chronological models. It is an important piece of prior
information since inference on the controversial transitional dates is drawn using the
marginal distributions based on this relative information. However, the attribution of
strata to either the end of Iron I or early Iron ITA is not always consistent. Definitions
of what is “Late Iron I” and what is “Early Iron ITA” are based on relative sequences
of stratigraphic horizons which include pottery assemblages. There is a great deal
of continuity in the ceramic typology between these two periods but there are also
a lot of differences. An example is from Tel Rehov, the transition from Iron 1B
to Iron ITA is well defined from stratum VII to VI and must have occurred in a
limited time frame (Mazar, pers. comm.). At a separate site, Khirbet Qeiyafa is
defined by the excavators, |Garfinkel and Ganor| (2008)), as belonging to the beginning

of Iron ITA while Singer-Avitz (2010)) defines the same assemblage as belonging to
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Figure 7.13: Uniform prior estimates of the Khirbet Qeiyafa dates.

the end of Iron I. Modelling the Khirbet Qeiyafa dates can lead to two conclusions,
supporting either side of the debate. This is demonstrated very clearly in [Finkelstein
and Piasetzky| (2010a)). By attributing the site to Late Iron I, the model supports
the low chronology (end boundary; Fig. ; conversely, by attributing the site
to Early Iron ITA, the model supports the high chronology (start boundary; Fig.
at 68.2% probability. Despite the fludity in the definitions of “Late Iron I” and
“Early Iron II” pottery assemblages, scholars have built comprehensive age-models

to support both sides of the debate.

7.3.3.1 The Mazar and Bronk Ramsey model

Mazar and Bronk Ramsey (2008)) performed a comprehensive analysis on the date of
Iron I and Iron II transition using the radiocarbon dates from different sites. The
authors used a combination of weighted averages and Bayesian methods.

The authors built multi-phase models, which assume that the change from Iron I
to Iron II is synchronous across the region. Radiocarbon dates from different strata
were grouped into three phases: Iron I, late Iron I or Iron II. In one model, the Iron I
phase is constrained to be before the Iron II phase contiguously. In a separate model,
the same constraints were used, with an added late Iron I phase. The late Iron I
phase is constrained to overlap the Iron I phase and they share the same contiguous

(or transition) boundary parameter (Fig. [7.14)).
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Figure 7.14: Model schematic from |Mazar and Bronk Ramsey| (2008)) for Iron I and
Iron II transition.

Another multiple phase model was built using a single site, Megiddo. This is
because synchronous change across the sites is a strong assumption and would bias
the results, since the calibrated likelihoods for this period overlap significantly. The
resulting marginal distribution, which is used to represent the date of transition, is
relied heavily upon the choice of prior information (discussed in Section . The
results from the three models place the Iron I and Iron II transition in the middle of

the 10th century BCE, which supports the modified conventional chronology.

7.3.3.2 The [Finkelstein and Piasetzky| model

Finkelstein and Piasetzky| also built a comprehensive age model using a Bayesian
framework to draw conclusions on the date of Iron I and Iron II transition using all
of the radiocarbon ages available for that period. The authors published results of
two models: Finkelstein and Piasetzky| (2010b)) analysed the radiocarbon ages using
seven sequential uniform phases (Figure [7.15); and [Finkelstein and Piasetzky| (2010c)
modelled only Late Iron I and the Early Iron ITA of those seven phases. The first
model places the Iron I to Iron II transition in 960-899 BCE, which supports the
results of the Mazar and Bronk Ramsey| (2008)) model; the second model places the
transition in 915-898 BCE, which is similar to that in the|Boaretto et al. (2005) paper
and supports the low chronology.

Both studies by Finkelstein and Piasetzky| used the same Bayesian framework.
The authors used the complete data set for the first model with seven sequential
phases but only used the radiocarbon ages belonging to phases Late Iron I and Early

Iron ITA for the second model. Phases Late Bronze II, Early Iron I, Middle Iron
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Figure 7.15: Model schematic from Finkelstein and Piasetzky| (2010b]) showing seven
sequential phases for the Iron Age chronology. The grey area denotes the transition
between Iron I and Iron II. The study by [Finkelstein and Piasetzky| (2010c) included
only the Late Iron I and the Early Iron ITA phases.

I, Late Iron ITA and Late Iron IIB were not included and thus the corresponding
radiocarbon ages belonging in these five phases were omitted. The date of Iron I and
Iron II transition is therefore more constrained in the first model than it is in the
second model. Results from both studies show that this transition date, analysed
using this framework, is sensitive to the number of phases, and thus the number of
radiocarbon dates, included in the model.

It is worth emphasising the assumptions built into both the Mazar and Bronk Ram-
sey| (2008) and [Finkelstein and Piasetzky| (2010blc) models. Mazar and Bronk Ram-
sey| (2008) assume that transition between Iron I and Iron II was synchronous across
sites. [Finkelstein and Piasetzky| (2010blc) also assume synchronicity across the sites
and that there was a hiatus between the end of Iron I and the start of Iron II, with
the hiatus being the transitional period. Both models use the uniform phase prior
(Buck et al., |1992), assuming that the temporal constraints of each of the Iron Age
phases are abrupt events.

Is the abrupt uniform phase prior the correct prior for modelling the Iron Age
transition? Does it appropriately and sufficiently represent the underlying assump-
tions? The uniform phase prior is the correct prior to use if archaeological evidence
indicate abrupt events, for example destruction layers, which are observed in some of
the Iron Age sites across the Levant. A destruction layer in archaeology is a stratum
which shows evidence of destruction. This can include evidence of a wide spread fire,
volcanic eruptions, earthquakes, burial of valuables, and abrupt site abandonment.

An example of correct modelling of a destruction layer is demonstrated in Mazar
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and Bronk Ramsey| (2008), where the authors questioned the sensitivity of using the
uniform phase prior to model dates from across the region and did a single site in-
vestigation using information from Megiddo. This is the correct prior to use because
occupation of the site terminated abruptly, as suggested by the destruction layer. The
Iron Age transition across the region can be non-abrupt, since it is largely based on
pottery assemblages. Modelling non-abrupt transitions with an abrupt model gives

estimates of the mid-points of transitions, as discussed in Section [7.2.1.2

7.3.4 A new Bayesian model

The work in this section has been performed in collaboration with Professor Amihai
Mazar from the Institute of Archaeology at the Hebrew University of Jerusalem.
Mazar has also kindly provided twenty-three new radiocarbon ages obtained since
the Finkelstein and Piasetzky| (2010blic) publications, eight of which are unpublished
averages provided by Dr. Elisabetta Boaretto from the Weizmann Institute of Science
at Rehovot. The complete data set can be found in appendix [B.3] The Iron Age
pottery phases have been separated into five phases in the order of: Iron IA; Iron IB;
Early Iron ITA; Late Iron ITA; and Iron IIB. The attribution of strata from different
sites to individual Iron Age periods were made according to Mazar’s expert opinion
on Iron Age archaeology. Only measurements from short-lived plant materials are
used in the model runs to ensure that the age of the sample represents the age of the
stratum it is found in.

The complete data set contains 533 radiocarbon determinations from mostly plant
material, with 80 from charcoals. The samples had been prepared and measured in
four different laboratories: Groningen; Oxford; Rehovot; and Tucson. Some of the
samples measured in Tucson had been prepared in Rehovot. Boaretto et al. (2005))
carried out a comprehensive inter-laboratory comparison and concluded that samples
prepared from Tucson and Rehovot produce comparable radiocarbon determinations.
As a result of this comparison, many determinations are duplicates from either the

same sample or samples from the same stratum, and are considered to be the same
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age. Thus, samples with the same laboratory numbers are combined to produce a
weighted average before modelling.

Modelling is performed employing a Bayesian framework using the calibration and
chronology building software 0xCal. The contiguous trapezoidal prior model (Figure
is used to draw inference on the time of transition between Iron I and Iron
IT in Israel, where the decline of an earlier phase overlaps exactly with the rise of
a later, adjacent, phase, sharing the same transitional boundary parameter. The
trapezoidal phase prior used here is conditioned by the utp element to better reflect
prior assumptions. The reasons for using a trapezoidal model instead of a uniform

model are:

e pottery assemblages gradually become more popular, reach a peak popular-
ity, and then fade away. Pottery production and usage are non-instantaneous
processes (Brainerd), [1951; Robinsonl, 1951));

e the trapezoidal phase prior also takes into account the geographical spread of
the pottery; and

e the different pottery phases can be overlapped, indicating transitional periods.

The trapezoidal phase prior can be seen as combining the efforts and ideas of both
Mazar and Bronk Ramsey| (2008) and Finkelstein and Piasetzky| (2010blic): the Late
Iron I phase is contiguous to the Early Iron ITA phase and that there is a transitional
period between the phases. The overlap between successive phases are considered,

meaning that problems arising from uncertain attributions are also dealt with.
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Figure 7.16: Model schematic for the new Iron Age chronology.

The overall framework of the models consists of the application of the function
R_Combine to produce a weighted average of duplicate radiocarbon determinations of

the same sample or of samples from the same stratum. In general, samples with the
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same laboratory numbers before the decimal points are considered to be determina-
tions of samples of the same age. Formal outlier analysis is utilised to account for
outliers in the radiocarbon scale (type r) and the calendar scale (type t). Type r
analyses are employed when producing weighted averages of radiocarbon determina-
tions and type t analyses are employed to account for possible outlying calibrated

ages. The CQL for the outlier models are:

Outlier_Model("RScaled",T(5),U(0,4),"r");

Outlier_Model ("General",T(5),U(0,4),"t");

Both outlier models are specified to allow the possible shifts in the specified scale
to be drawn from a long tailed student ¢ distribution. The outliers can be in the
scale of anywhere between 10 and 10* years. These are the models recommended
by Bronk Ramsey| (2009b) for general purposes when the scale of the possible offsets
is unknown. When employed, the overall model is not affected by the odd extreme
outlier. Each measurement is assigned a prior probability of 5% of being an outlier.

An example CQL listing for an R_Combine date is:

R_Combine ("RT-4501"){

Outlier("General",0.05);

R Date("RT-4501.3",2790,40){ Outlier("RScaled",0.05); };
R Date("RT-4501.4",2764,50){ Outlier("RScaled",0.05); };
R,Date("RT—4501.5",2767,40){ OQutlier ("RScaled",0.05); };

I¥

For the trapezoidal model, an additional constraint of a hundred years is added for
the transition time between Iron IB and Early ITA within the model (ds; Fig. .
This is because at sites like Tel Rehov, the transition from Iron IB to Iron ITA is well
defined, and a horizon of a hundred years or more for this transition is considered
too wide (Mazar, pers. comm.). All other transition times between phases (ds,dy
and ds; Fig. are also constrained. The reason for that is because transition

times between the different Iron Age periods are considered short, as suggested by
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both archaeological evidence and the less-than-a-century difference between the con-
ventional and low chronologies. Limiting the transition parameters also provides
a domain from which a starting point for the transition parameters can be gen-
erated (see Section , thus it helps the model run smoothly. The model would
not start running at all due to the closely spaced events and complicated constraints
if the transition times are not limited. The end transitions (d; and dg) are left
unconstrained to allow maximum flexibility to the ends of the model.

The trapezoidal parameters give prior estimates of the start (¢, ), the start of peak
phase activity (tg), the start of decline (¢,), and the end (¢5) of each of the Iron Age
phases. The full data set of short-lived plant materials is included in the model. In
terms of the type r outlier analysis applied to duplicated dates during combination,
only four of the 350 radiocarbon dates were found to yield >95% probability of
being outlying (and no further date >90%), whilst 278 of the 350 dates were given
a posterior probability of <5% of being outliers (as compared to the abitrary 5%
prior probability applied). With the type t outlier analysis applied to both the 103
uncombined and 94 weighted averages of the radiocarbon dates, only one of the latter
were found to yield >95% probability of being outlying (and one further date >90%),
whilst 96 of the former 103, and 73 of the 94 latter radicoarbon dates were given a
posterior probability of <5% of being outliers. Such findings support the validity of
the individual radiocarbon determinations themselves (Staff et al., 2010]).

Figures and and Table summarise the Iron Age chronology for the
five ceramic phases and the transitions between them, where the phases are abbrevi-
ated as [A = Iron IA; IB = Iron IB; E IIA = Early Iron ITA; L ITA = Late Iron IIA;
and [IB = Iron IIB.
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Figure 7.18: Trapezoidal prior estimates of the: (a) boundary and (b) transition
parameters for the Iron Age phases, at 68.2% and 95.4% probability.
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Figure 7.17: Trapezoidal prior estimates for the Iron Age chronology, at 68.2% and
95.4% probability.

7.3.4.1 The beginning of the Iron Age

The beginning of the Iron Age (Iron IA) in the Levant is characterised by the initial
Philistine settlement (monochrome ware), the beginning of settlement in the hill
country, and the continuity of Canaanite and Egyptian centres at certain lowland sites
such as MegiddoVIIA, Lachish VI, and Beth-Shean VI (Mazar, |2011). My Bayesian
model, at 95.4% probability, places the start of the Iron Age in the range 1304-1138
BCE (t, a); Fig. . This agrees with the conventional chronology, which dates
the Philistine settlement to 1175 BCE and rejects [Finkelstein and Piasetzky[s ‘low

chronology’, which dates the Iron Age to after 1130 BCE. Adding the Late Bronze
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I1I phase to the left of the model, with no additional constraints on the transition
parameter, constrains this age to the range 1275-1138 BCE, at 95.4% probability.

This suggests that the modelled date for the beginning of the Iron Age is robust.

7.3.4.2 The transition between Iron I and II

My Bayesian model, at 95.4% probability, places the start of the Early Iron ITA
phase in the range 1016-957 BCE; and the end of the Iron IB phase in the range 986—
948 BCE (to g 11a] and ts g); Fig. , respectively). The middle of the transition
is estimated to lie in the range 994-957 (t3; Fig. and the duration of this
transition is estimated to be between 0 and 51 years (ds; Fig. [7.18b]). These results
agree well with the conventional chronology and with |Mazar’s ‘modified conventional
chronology’; but negate all other theories, including |Finkelstein and Piasetzky’s ‘low
chronology’, which places this transition in the range 960-899 BCE; Herzog and
Singer-Avitz’s proposal of mid tenth century; and |Boaretto et al.| and [Sharon et al.s
proposal of 900 BCE. It is also interesting to see that limiting this transition time
to less than a century did not affect the posterior output. However, it is worth
reminding ourselves at this point that the transition parameters, ds, d4 and ds, are
constrained to be less than a hundred and these have limited their posterior outputs

(see discussion above).

7.3.4.3 The transition between Early to Late Iron ITA

At 95.4% probability, the start of the Late Iron IT phase is placed in the range 976
940 BCE (ta [ uaj; Fig. ; and the end of the Early Iron ITA phase is placed in
the range 965-900 BCE and 896-878 BCE (t5 g 11a] at 88.3% and 7.1% probability;
Fig. , respectively). The middle of this transition is estimated to lie in the range
965-921 BCE (t4; Fig. and the duration of this transition is estimated to
be between 0 and 94 years (dy; Fig. [7.18b). These results reject Finkelstein and

Piasetzky[s ‘low chronology’, which places this transition in the range 900-865 BCE.
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7.3.4.4 The end of Iron ITA

At 95.4% probability, the start of the Iron IIB phase is placed in the range 875-795
BCE; and the end of the Iron ITA phase is placed in the range 804-766 BCE (. g
and t5 [, 11a); Fig. , respectively). The middle of the transition is estimated to lie in
the range 830-791 BCE (¢5; Fig. and the duration of this transition is estimated
to be between 0 and 67 (73.7% probability), and 73-100 (21.7% probability) years
(ds; Fig. [7.18D]). The main problem for dating this transition is that the radiocarbon
dates in the Late Iron ITA phase land on an oscillation of the calibration curve between
ca. 910-830 BCE. This means that interpreting results of this transition is not so
straightforward. The broad posterior distribution for the end of start of Iron IIB
(which is equated to the end of the peak (t,) of Iron ITA in this analysis) could be
a reflection of reality or an artefact of calibration. This is also the cause of having
uncertain transition time for this period.

A separate model with 200 year constraints for phase transitions show that the
results (Fig. and are very similar to those of the previous model. This

shows the model is not too sensitive to a constraint of 100 years for phase transitions.

OxCal v4.2b5 Bronk Ramsey (2012); : jata from Reimer et al (2009);

ts (118

ty 1By B

ts (LA =t (B

.

ty [L 1IA] = ta[1|B]

5 [E 1)A] = tB [L 11A]
ty [E 11A] = ta [l 1A]
t5 [18]|= tB [E lIA]

ty 1B]|= ta [E 1IA]

Poay,

5 1A= tB [1B] —

ty IA][= ta [1B]

i

1B8-IA
T

taHAH
tAY

1400 1300 1200 1700 1000 900 800 /700 600 500
Modelled date (BCE)

Figure 7.19: Trapezoidal prior estimates for the Iron Age chronology, at 68.2% and
95.4% probability, with a 200 year constraint for phase transitions.

Unfortunately, these results are unable to distinguish between the thirty years of
Mazar/s ‘modified conventional chronology’, of the date of transition as 830 BCE;

and [Finkelstein and Piasetzky[s ‘low chronology’, of 800 BCE. The limited amount of
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Figure 7.20: Trapezoidal prior estimates of the: (a) boundary and (b) transition
parameters for the Iron Age phases, at 68.2% and 95.4% probability, with a 200 year
constraint for phase transitions.

data in the Iron IIB phase provides little constraint to the end of the Iron ITA period.
If more data becomes available for the Iron IIB phase, the end of the Iron IIA period
will be be more constrained and may provide more informative estimates of the start
and end of the Iron IIB and the ITA phases, respectively.

In order to investigate whether the broad distribution is caused by the oscillation
of the calibration in that period, radiocarbon dates (using the R_Simulate function
in 0xCal) for the duration of the Early Iron ITA phase (between 980 and 900 BCE)
and the Late Iron ITA phase (between 950 and 830 BCE), were simulated with 1o
uncertainty of 25 years. These date ranges are chosen to fit the ‘modified conventional
chronology’, and to demonstrate what effect they have on the posterior age ranges for
the transitional period, between the two sub-phases within Iron ITA, when the end of
the earlier phase and the start of the later phase falls on the oscillation between 910
830 BCE on the radiocarbon calibration curve. No additional information regarding
the frequency of pottery distribution has been included. Results are shown in Figure
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Figure 7.21: Trapezoidal prior estimates of a simulated chronology of Iron ITA, at
68.2% and 95.4% probability. The simulated start and end of the Early and Late
phases are indicated by the red and blue vertical bars, respectively.
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Figure 7.22: Trapezoidal prior estimates of a simulated chronology of Iron ITA, with-
out the use of the utp element, at 68.2% and 95.4% probability. The simulated start
and end of the Early and Late phases are indicated by the red and blue vertical bars,
respectively.

The simulation illustrates that, the contiguous trapezoid model, with the utp
element, can accurately estimate the inner Iron II chronology at 95.4% probability
(Fig. [7.21)). It, together with the model results (Fig. [7.17)), suggest that there is
a possibility that the Late Iron ITA finished after 830 BCE. The broad distribution
for ¢, of the Late IIA phase is likely to have been caused by the oscillation of the
radiocarbon curve for that period. This suggests that the marginal distributions, t,
and ts, cannot be used to precisely estimate the end of the Late IIA phase. Without
the utp element, i.e. |[Karlsberg/s model, the contiguous trapezoid model does not
accurately estimate the inner Iron II chronology (Fig. [7.22)).

A model with only two phases, Iron IB and Early Iron ITA was also constructed
to test for model sensitivity, since the models of different sizes from |Finkelstein and
Piasetzky| (2010b) and [Finkelstein and Piasetzky| (2010c) yielded conflicting out-
puts. A contiguous trapezoidal framework is used in this two phase model, with
the transition parameter between Iron IB and Early Iron ITA unconstrained to give
maximum model flexibility. Results are shown in Figures and [7.24] They show
that the trapezoidal phase model is a robust approach to modelling the Iron Age
transition. This is because the trapezoidal prior estimates for the middle of the tran-
sition in this model yield almost identical results to that of a larger model (above).

The model is not sensitive to the number of phases, and hence the number of radio-
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Figure 7.24: Trapezoidal prior estimates of the: (a) boundary and (b) transition
parameters for the Iron I/II transition, at 68.2% and 95.4% probability.

carbon determinations included. The transition parameter between the two phases
was not constained, thus the model parameters estimating the start and end of the

phases are different to that of the bigger model.
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Figure 7.23: Trapezoidal prior estimates of the Iron I/II transition, at 68.2% and
95.4% probability.

7.3.5 Discussion

Before concluding, it is worth the mention that the comprehensive Bayesian model
built in this section on the Iron Age chronology takes into account information on
pottery assemblages, as well as the geographical spread of the data. It draws inference
on the start and end of each of the Iron Age phases across the region. The quoted
date ranges above are not restricted to single sites. Where abrupt transitions, i.e.
destruction layers, are observed at individual sites, an abrupt (uniform) phase prior
should be used to model those events. This section provided an alternative, and
better, approach to modelling transitional processes, where phases, and indeed the
radiocarbon dates, are found to overlap. The trapezoidal phase model also takes into
account, the abundance, or frequency, of ceramic styles over time.

Since prior measures are drawn from the prior distributions over the parameters,

they are sensitive to the prior (Vanpaemel, 2010). This means that the prior estimates
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here, and those of Mazar and Bronk Ramsey and [Finkelstein and Piasetzky|, are
sensitive to the modelling framework, and the prior models used. However, unlike
the [Finkelstein and Piasetzky models, where the prior estimates are sensitive to the
number of phases, hence radiocarbon determinations, used; the results presented
here are not sensitive to the same factors. Results from a model with only two phases
support those from a larger model. The trapezoidal prior estimates for the middle of
the transitions (Fig. yielded almost identical results to those of a larger model
(Fig. [7.18a)). The contiguous trapezoidal phase prior is a more robust framework
for this case study, since the same parameters in [Finkelstein and Piasetzky/s studies
yielded different results.

The utp element of the trapezoid phase prior is used throughout this section.
The effect of the utp element on the Iron Age chronology is shown in the simulated
chronology in Figure [7.2]] Without the use of this prior element, i.e. [Karlsberg's
trapezoidal phase prior, the model has a bias towards a shorter period of maximum
phase activity (between tg and t,) for the pottery assemblage in Late Iron ITA (Fig.
. It also gives a less accurate estimation of the end of the Early Iron ITA phase.
Since no additional information has been incorporated into the model regarding the
frequency of dates within the modelled period, the addition of the utp better reflects
prior knowledge and makes the trapezoid model more robust. It therefore gives
more reliable results. Without the utp element, the trapezoid phase cannot be used
in a contiguous multi-phase scenario because it is not flexible enough to accurately
estimate the transitional period between two adjacent phases.

The Bayesian model results in this section are summarised in Table It
confirms Mazars ‘modified conventional chronology’ but rejects [Finkelstein and Pi-
asetzky[s ‘low chronology’ on the start of the Iron Age and the most controversial age
of transition between Iron I and Iron II. The end of the Iron ITA phase and its inner
chronology are problematic to model and to draw conclusions on as demonstrated in
the simulation. The oscillation in the radiocarbon calibration curve between 910-830

BCE results in an uncertain estimation of the ages associated with the decline of the
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Late Iron ITA phase. More data in the Iron IIB period will help constrain the Iron
ITA to IIB transition and may provide estimates which can distinguish between the
‘low” and ‘modified conventional’ chronology, which is not possible at present with the
available data. The simulation, together with the model results, suggest that the end
of the Iron ITA period finished later than the date suggested by Mazarl However, it is
not implausible to suggest that the decline of the Iron ITA phase began ca. 830 BCE
and ended ca. 800 BCE, as supported by the model results. This study suggests that,
at 95.4% probability, it is likely that the start of the Iron Age I/II transition — the
beginning of King David’s reign — fell before 1000 BCE. As well as having implications
on Israelite and biblical history, these results will also have implications on the Iron
Age cultural processes in the Levant, Cyprus, and Greece (Sharon et al., 2007)). This

latter point however, is beyond the scope of this thesis and is not discussed here.

Modelled date (BCE) Modelled date (BCE) Years

68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%
ig Ei]] Eﬁ:ﬂg; ggi}éii ti | 1217-1147 | 1265-1130 | d; | 0-58 | 0-172
L :; e LT | o |a| om0 | 0ol
Cons v [ 95 80 WO s | o | a | on | oo
AT T T T e P R KR
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Table 7.11: Trapezoidal prior estimates of the Iron Age
95.4% probability.
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Chapter 8

Modelling sedimentary sequences

Bayesian analysis is a well-established tool for combining information with absolute
dates to improve the precision and accuracy of archaeological and palacoenvironmen-
tal chronologies. The last chapter demonstrated a framework which includes use of
robust phase models to constrain and draw inference on transitional events. Another
kind of prior knowledge, which can be incorporated into palaeochronology construc-
tion, includes sequential information. Sequential or deposition models can be used to
estimate the age of a particular event given the order. Additional information such as
known age gaps or depth will enhance the precision even further (e.g. Blockley et al.|
2008b; |Deel |2009; Bronk Ramsey et al., [2010b; Staff et al., 2011]).

There are many age-depth modelling programs freely available to researchers (e.g.
Buck et al., [1999; Bronk Ramsey, 2009aj; Blaauw and Christen), [2011]). A recent de-
velopment by Bronk Ramsey! (2008)) introduced a Poisson process (P_Sequence) prior
for modelling random deposition. It relies on the use of a model parameter for step-
size (k) to define the increment in the model runs, which can be estimated using the
variability in distances between the known age layers. Therefore, it is most suitable in
modelling primarily sequences with more than three known age points, for example,
in annually laminated sequences or sequences with stratigraphic marker layers (refer
to Fig. , so that the k parameter can be estimated. In non-annually laminated

sequences with no stratigraphic marker layers, k& would have to be estimated using
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other means, such as the dating information, instead. Sometimes, model agreement
with the data is also used to justify the use of a particular k value (e.g. Mortensen
et al., 2011). Neither of these methods are satisfactory since there are dangers of
circular reasoning (as discussed in |Goring et al) [2012). Chapter [6] evaluated the
addition of a prior range for modelling the k parameter in the P_Sequence model,
and recommended suitable a prior range of Log(k) ~ U(—2,2) and Log(k) ~ U(0,4),
for modelling sequences in depth units of centimetre and metre, respectively. This
chapter presents two case studies, firstly through the estimation of a very important
tephra horizon in the eastern Mediterranean region, the two P_Sequence approaches
(with and without the model averaging prior range) are discussed; secondly, an ar-
chaeological sequence in the Grotte des Pigeons cave in Morocco is modelled using
the model averaging approach to shed new light on the timing of different periods of
cave use. The research in this chapter forms part of the research constructed in the

Response of Humans to Abrupt Environmental Transitions (RESET') project.

8.1 Tracking environmental change and isochronous
markers

Understanding palacoclimate, and the mechanisms behind abrupt environmental shifts,
adds significant value to our understanding of future climate change, and how dif-

ferent species respond to climate change. It is apparent that this process is heavily

dependent on reliable chronological information. Bayesian modelling plays a big role

in enhancing the precision and accuracy of chronologies. In this section, the age of a

widespread tephra horizon in eastern Mediterranean records is evaluated using avail-

able chronological and stratigraphic information in a Bayesian framework using the

P_Sequence model. The implications of the new modelled age has on our understand-

ing of eastern Mediterranean climate, in relation to global climate around that time

period are also discussed.

Tephra from the Cape Riva (also known as Y-2) eruption of the island of Santorini
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is a widespread tephra and presents an important link between different marine and
terrestrial environmental records across the eastern Mediterranean region. It is found
in deep-sea sediments from the Black Sea (Kwiecien et al., 2008)), Aegean Sea and the
Marmara Sea (Cagatay et al., [2000; [Wulf et al. 2002 |Aksu et al., [2008); in eastern
Mediterranean deep-sea sediments near western Cyprus (Wulf et all 2002); and in
various terrestrial peat records in Greece (Seymour et al., 2004; Margari et al., 2007}
Miiller et al.,2011). The Y-2 tephra (at 7.61 m) is of particular interest in the Tenaghi
Philippon record because it is found adjacent to an abrupt increase in tree pollen (at
7.75 m). This environmental event has been assumed to be synchronous with the
Greenland interstadial (GI-2) event observed from the Greenland ice-core (NGRIP)
record (Andersen et all [2006; Miiller et al., 2011). Obtaining an accurate age for this
tephra is important because it is frequently used to date and correlate different marine
and terrestrial chronologies (e.g. Cagatay et al.l 2000; Kwiecien et al., |2008). It can
also be used to precisely track abrupt climate changes in regional records (Hardiman,

pers. comm.).

8.1.1 Dating

Tephras can be directly dated using “°Ar/3°Ar or indirectly dated using radiocarbon,
usually of charred organic material found in the same context. They can also be
dated relatively using annual laminations if they were found in varved sequences.
Recent developments in °Ar/3? Ar dating has been shown to provide accurate and
precise ages of young mafic volcanic rocks, with 1o uncertainties ranging from 0.5-2%
(Lanphere, 2000). Dating using the “°Ar /3% Ar technique relies on the presence of K-
rich minerals (sanidine or anorthoclase) in the form of either phenocrysts (Singer and
Pringle, [1996)) or bulk crystals (Lanphere|, 2000); or of radiogenic argon bearing glass
shards. These materials are usually found in alkali-rich young tephras, and in coarse-
grained, crystal-bearing proximal deposits. Hence, the applicability of the 4°Ar/39Ar
technique is limited (Blockley et al., [2008c). Unfortunatey, the Y-2 tephra does not

contain sanidine crystals for *°Ar/39Ar dating, nor has it yet been found in laminated

136



sequences. Instead, radiocarbon has been used previously to date the tephra.

The Y-2 tephra has several proposed radiocarbon ages from both marine and ter-
restrial environments. Interpolation between two radiocarbon dates in the marine
record from Edremit Bay provided a calibrated age of 21,620 cal BP (Aksu et al.
2008) and in another marine record from the Black Sea provided a radiocarbon de-
termination of 19,770 BP (Kwiecien et al., 2008). Reservoir correction was applied to
the former age and the latter age was derived from the radiocarbon scale. Both ages
were given without uncertainty. Charred trees from the lower part of the terrestrial
pumice flow have provided radiocarbon determinations of 18,0504340, 18,165+210,
and 18,880+230 BP ([Pichler and Friedrich) [1976). This is supported by Eriksen et al.
(1990), who dated charcoal from small trees and branches covered by ignimbrites
and provided a radiocarbon determination of 18,150+200 BP. |Seymour et al.| (2004))
also provided radiocarbon determinations of 18,5274+145 BP and 18,244+143 BP be-
low the Y-2 tephra layer as part of a tephrochronological record. In addition to the
available radiocarbon dates, the Y-2 tephra is found in two terrestrial radiocarbon
dated palaeoclimatic records from Lesvos Island (Margari et al., [2009) and Tenaghi

Philippon (Miiller et al., 2011), Greece.
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18150,200 — [] (Eriksen et al., 1990)
25000 24000 23000 22000 21000

Calibrated date (calBP)
Figure 8.1: Published radiocarbon determinations of the Y-2 tephra. The GI-2 event
is highlighted in grey.

There is substantial overlap between the 95.4% calibrated age ranges for the ra-
diocarbon determinations (Fig. , with a possible outlying age of 18,880+230 BP
(23,365-22,025 cal BP at 95.4% probability) from Pichler and Friedrich| (1976)), which
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appears to be up to a thousand calendar years older in comparison to all the other
radiocarbon dates. However, if this is the correct age, it would imply that there is
a 95.4% probability that the abrupt increase in tree pollen in the Tenaghi Philippon
peat record (Miiller et al., 2011)) occurred between 266 years before, and 1578 years
after the GI-2 event in the NGRIP record (Andersen et al.. 2006; Blockley et al.
2012). This is calculated by subtracting the Greenland Ice core chronology (GICCO05)
age of the start of the GI-2 event (232904298 cal BP; Blockley et al., 2012)) from
the calibrated age of the radiocarbon determination 18,880+230 BP (Pichler and
Friedrich, |1976)). If the other younger ages are correct, the Y-2 tephra is well dated
and places the environmental event in Tenaghi Philippon between 828 and 2305 years
(95.4% probability) after the GI-2 event from the NGRIP record. This is calculated
by subtracting the GICCO05 age of the GI-2 event from the calibrated combined ra-
diocarbon determinations of the younger ages. It is therefore important to test that
the age of the Y-2 tephra is robust given its stratigraphic position as a key marker of
the abrupt environmental change in terrestrial archives (Margari et al., 2009; Miiller
et al., 2011)), while retaining accuracy and precision, and this is attempted below us-
ing the radiocarbon chronologies from the Megali Limni (ML) basin on Lesvos Island
(Margari et al., [2007, 2009) and Tenaghi Philippon (Miller et al., 2011)), together
with the radiocarbon determinations below the Y-2 tephra layer from the Philippi

peat basin in Macedonia (Seymour et al., [2004), Greece.

8.1.2 Modelling

A Bayesian framework is employed here to estimate the precise age of the Y-2 tephra.
Previous applications of Bayesian techniques in modelling tephra ages can be found
in Blockley et al. (2008a,c|), where the authors used a mixture of phase and age-depth
models to test the robustness, and to enhance the precision and accuracy, of published
tephra ages.

Bulk sediments and plant macrofossils form the majority of radiocarbon samples

for the two records from the ML basin on Lesvos Island: the MLO0O sequence (8.15 m

138



in length); and the MLO1 sequence (10.97 m in length) (Margari et al., 2009). The for-
mer sequence consists of fifteen radiocarbon determinations, and the latter sequence
consists of nine radiocarbon determinations. Three of these dates are too old (>43000
14C yr BP) and are excluded from the analyses. The Y-2 tephra is found in the ML01
sequence at depth 1.81 m and is not included in the MLOO sequence. The Tenaghi
Philippon record (14.52 m in length) consists of twenty radiocarbon determinations
from bulk sediments, wood and carbonates from shells (Miller et al., |2011)). The
reliability of radiocarbon determinations from these samples was previous discussed
in Section The Y-2 tephra is found at depth 7.61 m in the Tenaghi Philippon
sequences. The complete data set can be found in appendix [B.4l In addition to the
two chronologies, radiocarbon determinations on bulk sediments underneath the Y-2
tephra layer are also available from the Philippi peat basin in Macedonia (Seymour
et al., [2004). Another widespread tephra, the Campanian Ignimbrite (CI), is also
found in all sequences.

The CI (also known as Y-5) eruption is the largest known eruption of the last
100,000 years (Barberi et all |1978)). This eruption has been located in the Campi
Flegrei region of southern Italy, which is close to the present day Bay of Naples. The
ash horizon of this event is widespread and is recognised in cores across the eastern
Mediterranean (Pyle et al.,; 2006). An extensive study of the age of this tephra yielded
a high precision “°Ar/3*?Ar age of 39,280+110 BP (de Vivo et al., 2001 and this is the
age recommended by [Pyle et al.| (2006) as the accepted geological age of this eruption.
It is in good agreement with another “°Ar/3°Ar age of this tephra (41,10042,100 BP;
Ton-That et al., [2001). The age of the Y-5 tephra can be integrated on its own
and / or as a tie-point (point of equal age), into the above sequences to enhance the
precision of the overall chronologies.

Age-depth models are constructed for records from Lesvos Island and Tenaghi
Philippon using the P_Sequence model, for estimating the age of the Y-2 tephra,
because it provides the most realistic depiction of sedimentation for this case study,

with the complexity (randomness) of the underlying sediment deposition modelled
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according to a Poisson process. The sequences are modelled firstly, with the function
described in Bronk Ramsey| (2008)), which employs a single value for the k parameter;
and then with a prior range for model averaging. The differences in the posterior out-
puts are also discussed. Formal outlier analysis is not employed for this case study due
to the good agreement between the radiocarbon likelihoods and the posterior model
outputs (as determined in 0xCal by agreement indices, A, of >60%; Bronk Ramsey),

1995)).

8.1.2.1 The Lesvos models

Two sequences from ML basin, ML0OO and MLO1, are available from Lesvos Island.
The former sequence covers only a portion of the latter, longer record, but in much
greater resolution. Margari et al. (2009) constructed a composite age-depth model
using radiocarbon dates from both sequences. The authors used the correlation based
on pollen biostratigraphy, the position of the Y-5 tephra horizon and calibrated ra-
diocarbon ages to modify and adjust the depth scale of MLOO sequence to that of
the MLO1 sequence. Correlation using independent stratigraphic markers is recom-
mended (Blockley et al., 2012). However, using common features on proxy records to
align different sequences is a widely used process known as tuning, but it is not rec-
ommended (Blockley et al., 2012; Blaauw, [2012). Tuning might be more acceptable in
this scenario, where the two records originated from the same basin, than investiga-
tions of synchroneity across a region. However, environmental signals can be different
even in the same basin (for example, in Turner et al.,[1993). Using (calibrated or non-
calibrated) radiocarbon ages as tie-points to construct a composite age-depth model
presents dangers of circular reasoning. Hence, the composite age-depth sequence will
not be employed here.

The age of the Y-2 tephra is particularly problematic to model because it is found
at the very top edge of the ML01 sequence, which is not only low in resolution, but also
has evidence which suggests the presence of a hiatus between the radiocarbon dates

in close proximity to the tephra, stratigraphically. Evidence includes a radiocarbon

140



OxCal 8,17 Bronk Reusey (2010 from Reimer e al (2008
MLO1
MIOO
-2
SUERC-5860 UERC-5857
Beta-147750 L
= ERC-5858
SUERQ-5862
SUERC-3019 |
Beta-20226 FRC-5659
SUERC-58
Beta-14774
5
=Y /S/
SUERC.3020-2 —SUERC-5860
g SUERC-3
= SUERC-3@ UERC-3027
3 Beta-| A
)
o SUERC- 1" 5
Beta- i h
Beta-1456.
10 19417 Brok Rame (20101
Age of the Y-2 tezphra .
68.2% probability
2 (19.1%) 23257-23020BP
2 (47.7%) 23005-22455BP
S 0.001 (1.4%) 22450-22432BP
> 95.4% probability
| SUERC-3032 Z 0.0005 (95.4%) 23678-21554BP
| ——— g
S 0
o
50000 40000 30000 20000 1000 2000 2300022000 2100020068 15000
Modelled date (BP) Modelled date (BP)
(a) (b)

Figure 8.2: Posterior Poisson process deposition models at Lesvos Island with k =1
m~ (a) for MLOO (left) and MLO1 (right) and (b) the modelled age for the Y-2 tephra,
at 68.2% and 95.4% probability.

determination (SUERC-1287) of 1,5384+28 BP at 0.65 m, an erosional surface at 1.29,
and also a significant transition to primarily inorganic sediments at 1.5 m (Margari
et al) 2009). For these reasons, the radiocarbon determination, SUERC-1287, will
be excluded from the analyses. The rest of the MLO1 sequence is still reliable for
modelling the age of the Y-2 tephra because it is found at 1.81 m, which is below the
erosion surface and the significant transition to inorganic sediments.

The posterior outputs for the model with arbitrary values of & = 1 m™!, i.e.
1 depositional event per m, are shown in Figure and suggest that the age of
the Y-2 tephra is in the range of 23,678-21,554 cal BP, at 95.4% probability. k =

1 m!

was chosen because the the MLO1 sequence was sparsely dated. Although
MLOO is also modelled, the sequence does not contribute to the modelling of the
MLO1 sequence, and thus does not contribute to the modelling of the age of the
Y-2 tephra. Convergence of the age of the tephra is poor (as determined in 0xCal

by the convergence integral, C, of 0.9%; Bronk Ramsey] [1995)) after over 50 million
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iterations. This suggests that the model is unstable. However, repeated model runs
yield similar age ranges, suggesting that it is likely that this is the best posterior age
estimate for the Y-2 tephra from this analysis.

The second P_Sequence model was initially run with a prior range of Log(k) ~
U(0,4), i.e. between 1 to 10,000 events per m. Results show that a prior range of
Log(k) ~ U(—1,2) is a better range for the MLO1 sequence and so it is used in the
final analysis. The posterior deposition models are shown in Figure|8.3] The modelled
age of the Y-2 tephra is in the range 23,636-21,833 years BP, at 95.4% probability. It
is in good agreement with the modelled age from the previous model. Convergence
for the posterior age of the Y-2 tephra (C' = 62.2%) has improved greatly (by ~ 70
fold) from the previous model after 300 million iterations. Repeated model runs yield

similar age ranges but varying convergence integrals. This is not unexpected since
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the Y-2 tephra lies at the edge of a sequence, with only information on its depth.
This also makes the modelled age of the Y-2 tephra impossible to validate using this
analysis alone. As with the first analysis, the ML00 sequence is also modelled but does
not contribute to the modelling of the MLO1 sequence. Figures and show
the posterior distributions for the modelled k& values for the individual ML sequences
and confirm that the arbitrary values of k = 1 m~! chosen for the previous model are
suitable for modelling both the ML sequences. The modelled k values for the ML0O
sequences are higher than those of the MLO1 sequence because MLOO is dated to a
higher resolution and the sedimentation rate is relatively more consistent than that

of the entire MLO1 sequence.

8.1.2.2 The Tenaghi Philippon models
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Figure 8.4: Posterior Poisson process deposition model for the Tenaghi Philippon
sequence with k = 2 m~!. (a) The radiocarbon chronology, and (b) the modelled age
for the Y-2 tephra, given at 68.2% and 95.4% probability ranges.

The Y-2 tephra is positioned in the middle of the Tenaghi Philippon sequence,

which means that it is better constrained than it is in the ML01 sequence from Lesvos
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Figure 8.5: Posterior Poisson process deposition model for the Tenaghi Philippon
sequence with Logk ~ U(—1,2). (a) The radiocarbon chronology, (b) posterior dis-
tribution for the k parameter, and (c¢) the modelled age for the Y-2 tephra, at 68.2%
and 95.4% probability.

Island. Similar to the Lesvos Island model, two models were constructed using either
a single value or a prior for k. The posterior outputs for the model with an arbitrary
value of k = 2 m™!, i.e. 2 depositional events per m, are shown in Figure and
suggest that the age of the Y-2 tephra is in the range of 23,848-19,606 cal BP, at
95.4% probability. Convergence for this model is satisfactory, with C' > 99% for all
posterior ages.

The second P_Sequence model was run with a prior for step-size parameter, where
Log(k) ~ U(—1,2). The posterior outputs are shown in Figure 8.5l The modelled
age of the Y-2 tephra is in the range 23,585-19,734 cal BP. This model gives a sightly
more precise tephra age than the previous model without the use of a prior for the k
parameter. The modelled distribution for the k£ parameter is shown in Figure [8.5b]

1

It confirms that the arbitrary value of kK = 2 m™" chosen for the previous model is

suitable for modelling this sequence.
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All of the modelled ages for the Y-2 tephra are consistent, with a more precise
output from the MLO1 sequence from Lesvos Island. In both of the above cases, the
arbitrary values chosen for the k£ parameters are suitable for the individual models.

However, results from Figures [8.3b] [8.3d, and [8.51] suggest that values higher or lower

than those of the chosen ones, but within the posterior ranges, are also suitable for
the individual sequences and would give reliable chronologies. A higher k value would
give a more precise age-depth model; conversely, a lower k value would give a more
uncertain age-depth model and consequently resulting in a less precise age for the Y-2
tephra. The difference in uncertainty can be as big as a thousand years. One cannot
distinguish between these different ages alone by looking at the agreement indices of
the different models because they are all >60%, which means that the models are
in good agreement with the data (Bronk Ramsey, 1995). By employing the model
averaging approach in the P_Sequence model, i.e. using a prior range instead of a
single value for the k parameter, the model samples a range of k values and becomes
more robust. It removes the subjectivity involved in model selection, i.e. choosing

the most appropriate single value for the k parameter.

8.1.2.3 Cross-linking different records

Tephra dispersal is considered as an abrupt event in terms of the uncertainty asso-
ciated with absolute age measurements and so the same tephra horizons found in
different sequences can be cross-linked to further enhance the precision of chronolo-
gies. This method is employed here to further enhance the precision of the modelled
age of the Y-2 tephra.

A first attempt at producing a more precise age for the Y-2 tephra can be per-
formed by using the ML0O1 and Tenaghi Philippon sequences. The MLO0 sequence is
not used since it does not contribute to the modelling of the age of the Y-2 tephra.
Results of this model (Fig. suggest that the age of the Y-2 tephra is in the range
of 23,518-21,488 cal BP, at 95.4% probability, which is consistent with the age from

previous models. However, since the modelled age overlaps with the age from the
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Figure 8.6: Posterior Poisson process deposition models for (a) the MLO1 (left) and
the Tenaghi Philippon (TP; right) sequences with Log(k) ~ U(—1,2) and (b) the
modelled age for the Y-2 tephra, given at 68.2% and 95.4% probability ranges.

Lesvos Island models more precisely, it is apparent that the posterior age of the Y-2
tephra is heavily biased by its position in the MLO1 sequence from Lesvos Island.
Convergence for the posterior age of the Y-2 tephra is low (C' = 1.8%) after 4 million
iterations. Repeated, longer, model runs do not improve convergence but yield similar
age ranges.

To further test the reliability of the age of the Y-2 tephra, recent high-precision
AMS ages by Seymour et al.| (2004)) are also incorporated into the model using an
exponential distribution as prior information. The exponential Tau Boundary is ap-
plied to the radiocarbon dates, as materials just underlying the tephra (Seymour
et al., 2004, Fig. 3) are most likely to be buried just before the eruption, but with a
gradually decreasing probability of being from material deposited substantially earlier
than the eruption. This approach had been previously used by Blockley et al.| (2008c)
to precisely estimate the age of the Neapolitan Yellow Tuff (NYT), with the Boundary

parameter as a measure of the abrupt event. This model yields a 95.4% probability
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Figure 8.7: Posterior Poisson process deposition models for (a) the MLO1 (left), and
the Tenaghi Philippon (TP; right) sequences with Log(k) ~ U(—1,2), (b) exponential
model with data from Seymour et al. (2004), and (c) the modelled age for the Y-2
tephra, given at 68.2% and 95.4% ranges.

age range for the Y-2 tephra of 22,321-20,759 cal BP. This age range, although broad,
is in good agreement with some of the radiocarbon ages on terrestrial plant material
buried by ash and for this tephra within their error ranges (Pichler and Friedrich,
1976; Eriksen et all 1990). The convergence of this model has improved from the
previous model (C' = 90.5%) after 4 million iterations. Repeated, longer, model runs
do not improve convergence but yield similar age ranges.

It is unfortunate that the Y-2 tephra is positioned at the edge of the MLO1 se-
quence, providing little constraint on its age. This is also the reason for having low
convergence (C' < 95%). While it is still possible that the age of the Y-2 tephra to
be as old as 23,518 cal BP (95.4% probability), it would imply that the dates from
material buried by the eruption are incorrect and this possibility is unlikely. Charred
plant materials covered in ignimbrite (Eriksen et al., |1990) suggest that the sample
was killed and charred by the volcanic event, which means that their radiocarbon

determinations represent the time of the eruption; or that the plant materials were
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killed before the charring, which means that their radiocarbon determinations repre-
sent time before the eruption. It is therefore unlikely that the age of the Y-2 tephra be
23,518 cal BP. Results from this section proposes that, on currently available dating
evidence, the 95.4% probability model age range for the Y-2 tephra (22,321-20,759
cal BP) is the best calendar age estimate for the eruption. With this modelled age,
the age different of the three relevent events (increase in tree pollen, GI-2 in NGRIP,

and Y-2) can be calculated and the results are shown in Figure [8.§|
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Figure 8.8: Time lag between the GI-2 event, increase in tree pollen and the modelled
age of the Y-2 tephra.

8.1.3 Discussion

The Poisson process model have proved useful in modelling sequences where high
precision chronological resolution is required. The model averaging approach, i.e
prior range for the step-size parameter, k, has made a significant contribution to the
modelling of the age of the Y-2 tephra in this section. It removes the subjectivity
in model selection, improves model convergence (in the MLO1 sequence), as well as
making the model applicable and easier to use in sequences that are not annually
laminated, in this case, peat sequences.

In terms of tracking climate change, having an age of 22,321-20,759 cal BP for the
Y-2 tephra would imply that the increase in pollen observed from Tenaghi Philippon
occurred after the GI-2 event of the NGRIP record, with a possible 613-2788 year
gap (95.4% probability). A more accurate way of quantifying this time difference
would be to obtain quantitative estimates of the timing of events between archives
by calculating probabilities of events within moving time windows of varying widths

(e.g. Bennett and Fuller, 2002; Blaauw et al., 2007, 2010; Blaauw} 2012). This, un-
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fortunately, has not been possible for this analysis because the raw pollen data is not
available.

The conclusion of asynchroneity of environmental events between the Tenaghi
Philippon and the NGRIP records contradicts Miller et al.| (2011)), that “all intersta-
dials at Tenaghi Philippon can be linked with Greenland interstadials”. The authors
came to that conclusion based on the radiocarbon chronology, which was constructed
using mean calibrated ages in a piece-wise linear interpolation manner, and calibra-
tion of the radiocarbon determinations was performed using the calibration curve
provided by [Weninger and Joris (2008)). Since Miiller et al.’s publication, a more up-
dated and precise version of the international consensus calibration curve, IntCal09
(Reimer et al., 2009), has become available. It, together with Bayesian modelling,
provide a more precise and accurate chronology than can be provided with tuning
and / or a piece-wise linear age-depth model with the means of calibrated ages alone.
The analyses described in this section take into account the uncertainty associated
with each radiocarbon determination, and also the deposition process of non-dated
events. They are therefore able to provide a more accurate age estimate for the Y-2
tephra.

Asynchroneity between records from Greenland and the eastern Mediterranean is
not so surprising since the environmental proxies used in the two records are different.
The NGRIP record was constructed using 0180 values and the Tenaghi Philippon
record was constructed with pollen diagrams. §180 value is a measure of oxygen
isotope (180 : 1°0) ratio relative to that of a laboratory standard, and it is a reflection
of global temperature. Fractionation of oxygen isotopes occurs during evaporation
of water from the sea surface. The lighter water molecule (H®O) is drawn into the
atmosphere in preference to the heavier molecule (H}*O). Glacial ice obtains this
temperature dependent signal from the moisture-bearing winds which nourish the
polar glaciers (Lowe and Walker, 1997, p.150). Pollen diagrams, on the other hand,
show changes in pollen content, which may be interpreted as indicating temporal

changes in vegetation cover in the area adjacent to the site (Lowe and Walker, [1997,
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p.165). Since atmospheric isotope mixing is a more rapid global process than changes
in regional vegetation, one can expect asynchroneity between the two. There could
be a possible time lag in vegetational response to climate change. It is even possible
that they are two independent events.

Using the rest of the radiocarbon chronology, |Miller et al.| (2011)) argued that the
North African humid period faciliated the successful dispersal of anatomically modern
humans (AMH) from Africa. The initial AMH movement into Europe was dated to a
weighted mean of 48,200 4+ 1900 years BP. Although contradicting synchroneity, the
last dated event in the Tenaghi Philippon sequence is in close proximity to another
increase in tree pollen, which is modelled to be 48,032-44,486 cal BP. This suggests
that it is likely that the natural environments were favourable for AMH to migrate
directly into Europe already at that time.

Obtaining a robust age for the Y-2 tephra is a starting point in testing the leads
and lags of eastern Mediterranean and the NGRIP records. Further work is currently
being carried out by Hardiman and colleagues on improving the chronologies and
pollen stratigraphy from different eastern Mediterranean sites in order to better con-
strain the progression of climate change and to draw conclusion on the influence of

environmental changes on the migration of AMH Africa into Europe.
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8.2 Chronology of the Grotte des Pigeons cave in
north-east Morocco

The Grotte des Pigeons cave site is located close to the village of Taforalt in north-east
Morocco. It is a very important archaeological site as it contains a long, continuous
sequence of Middle and Epipalaeolithic occupation evidence (Barton et all [2007;
Bouzouggar et al., 2008). The Epipalaeolithic in the Meghreb (regions in north-west
Africa comprising northern parts of Morocco, Algeria, and Tunia) is also referred to
as the Iberomaurusian (Barton et al., 2007). The archaeological sequence at Grotte
des Pigeons is very distinctive and is separated into two major units: the ‘grey series’
and the ‘yellow series’. The major sedimentary boundary separating the two series
is associated with a potential change in subsistence patterns (Taylor et al., [2011)).
Similar sedimentary patterns, where grey midden deposits overlay a lighter deposit
are also observed at Ifri n’Ammar and Rhafas, which are cave sites in close proximity
to Taforalt (Barton, pers. comm.).

The grey series at Grotte des Pigeons cave lies above the yellow series. It is a 4
m thick sequence of grey deposits containing a large amount of ash and charcoal -
an indication that fires were regularly lit inside the cave and frequently causing roof
fall (Barton et al., [2007). It also contains burnt materials including artefacts, lithics,
cut-marked animal bones, and a large amount of land snail shells, which are evidence
of intensive use of the cave (Barton et al., [2007; Bouzouggar et al., [2008; Taylor et al.,
2011). A number of human burials were also recovered from this series towards the
back of the cave (Humphrey et all 2012).

The underlying yellow series contains fine-grained and very well stratified sandy,
silty, and sometimes stony deposits (Barton et al. 2007; Bouzouggar et al., [2008)).
Similar culturally to the grey series, it also contains lithics, charcoals, and cut-marked
animal bones, suggesting intermittent human occupation (Barton et al. |2007; Taylor
et al., 2011). No human bones have been found in this series (Humphrey et al.[2012;

Barton, pers. comm.), suggesting that burials in the cave started after the transition
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between the yellow and the grey series.

The sedimentary boundary at Grotte des Pigeons is thus associated with the

appearance of a large scale cemetery (Humphrey et al.,2012), and increase of molluscs

(Taylor et al., 2011). Obtaining a precise and accurate chronology for the cave site

will contribute to our understanding of the timing of such changes and whether these

can be correlated with the high frequency, abrupt climatic oscillations observed in

the Greenland ice core core records (Andersen et al. 2006) and proxy records from

the Alboran Seas (Moreno et al., [2002; Jullien et al., [2007).

The possible impact of rapid climatic change on human occupation has already

been discussed in Barton et al. (2007)). Heinrich events, in particular, are assumed to

have had an indirect impact on population density. They represent periodic collapses

of ice sheets from the Laurentide, Greenland, Icelandic, Fennoscandian, and British

regions (e.g. MacAyeal, 1993; Bond et al., |1997; Scourse et al., [2000; [Hemming) 2004;

Nygard et al [2004)), causing dramatic marine and terrestrial temperature reductions

and increased aridity througout the Northern hemisphere (e.g. Rohling et al., 2003;

Hemming, |2004; |Standford et al., 2011)). The former is recored in marine sediment

cores recovered from the Ice Rafted Debris (IRD) belt in the North Atlantic (e.g.

Heinrich| [1988; Bond et al., [1992; [Hemming, 2004; Standford et al., |2011)), and the

latter is recored in pollen records (Fletcher and Sanchez Goni, [2008), and the input

of Saharan dust in the Alboran Sea cores (Moreno et al. [2002) and in the North

Atlantic (Jullien et al. 2007).

8.2.1 Modelling

The work in this section has been performed in collaboration with Professor Nick
Barton, from the University of Oxford; and Dr. Simon Collcutt, who worked on

the stratigraphy for the Grotte des Pigeons sequence. Barton kindly provided 38

new radiocarbon determinations since the Barton et al| (2007) and |[Bouzouggar et al.|

(2008)) publications, and Collcutt kindly provided the depth of individual samples.

The complete data set contains 55 radiocarbon determinations on cut-marked bones,
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charcoals, and ostrich egg shells and can be found in appendix [B.5] Three radiocar-
bon determinations from ostrich egg shells were omitted from the analysis because
they were considered unreliable due to possible carbonate exchange with materials
of a different age. A Bayesian framework was employed to model the chronology of
Grotte des Pigeons at Taforalt. The sequence of radiocarbon determinations was from
samples taken from the same section in the cave, no more than several decimetres
apart horizontally. All samples have spot heights and can be confidently identified
to stratigraphic unit. Thus, prior information on depth (in metres) is available. The
entire sequence from Grotte des Pigeons runs from 0.22-5.77 m.

Some samples were taken from sediment blocks of 10-15 cm thickness. A Poisson
process deposition model (P_Sequence; discussed in Chapter @ was used because
it provides a realistic depiction of sedimentation for cave sites, with the complexity
(randomness) of the underlying sedimentation deposition modelled according to a
Poisson process. The sequence is divided in places where hiatuses are observed. The
P_Sequence model is chosen over the Sequence model because the posterior distri-
butions from the former have longer tails, hence robust estimates can be obtained.
The determinations without spot heights, which can only be constrained within sedi-
ment blocks were modelled with a Sequence model, where they are constrained with
boundary parameters. These boundary parameters are then imported into the bigger
P_Sequence model according to their depths, using the cross-referencing function
in 0xCal.

Since the sediments are not annually laminated and do not provide means of
estimating an appropriate value for the step-size parameter (k), the model averaging
approach (discussed in Chapter @, was used to enhance the precision and accuracy

of the chronology. The sequence were modelled firstly with a prior range of

Log(k) ~ U(0,4)

i.e. between 1 to 10,000 events per metre, for the step-size parameter. After initial
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model runs, it was found that a range of Log(k) ~ U(1,2) was wide enough for this
chronology. A boundary parameter has been used to represent the major sedimentary
boundary between the yellow and grey series in order to: (1) draw inference on the
age of the major change in sedimentation; and (2) tell the model that there is a likely
change in the rate of sedimentation. The function R_Combine is applied to produce
a weighted average of duplicate radiocarbon determinations of the same sample (3
samples have duplicate measurements).

Formal outlier analysis was also utilised to account for outliers in the radiocarbon
scale (type r) and the calendar scale (type t). Type r analyses were employed when
producing a weighted average of radiocarbon determinations and type t analyses
were employed to account for possible outlying calibrated ages. The CQL for the

outlier functions used are:

Outlier_Model ("RScaled",T(5),U(0,4),"r");

Outlier_Model ("General",T(5),U(0,4),"t");

Both outlier models are specified to allow the possible shifts in the specified scale
to be drawn from a long tailed student ¢ distribution. The outliers can be in the
scale of anywhere between 10° and 10* years. These are the models recommended
by [Bronk Ramsey| (2009b) for general purposes when the scale of the possible offsets
is unknown. When employed, the overall model is not affected by the odd extreme
outlier. Each measurement is assigned a prior probability of 5% of being an outlier.

A first attempt at producing a robust and precise chronology for the Grotte des
Pigeons sequence was performed with one P_Sequence function for samples with spot
heights and one Sequence function for samples less accurately located to sediments
blocks no thicker than 15 cm. Using one P_Sequence function means that the k
parameter is assumed to be consistent for the entire chronology for each model run. In
terms of the type r outlier analysis applied to duplicated radiocarbon determinations
during combination, none of the dates were found to yield > 90% probability of
being outlying, whilst 6 of the 6 dates were given a posterior probability of < 5% of

being outliers (as compared to the arbitrary 5% prior probability applied). In terms
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of the type t outlier analysis applied to both the 46 uncombined and 3 weighted
averages of the radiocarbon determinations, only 1 of the former was found to yield
> 95% probability of being outlying (and no further date > 90%), whilst 30 of the
former 46, and 3 of the latter 3 radiocarbon determinations were given a posterior
probability of < 5% of being outliers. Such findings support the validity of the
individual radiocarbon determinations themselves (Staff et al., [2011)).

The results of this model are summarised in Figure [8.9] with the yellow series in
blue and the grey series in green. The model suggests that the transition between the
yellow and grey series occurred in the range of 15134-14839 cal BP (95.4% probability;
Fig. . This modelled age is very precise, giving a 95.4% posterior range with
precision of < 300 years. However, although the sediment was described as “fine-
grained”, and this is supported by the high step-size parameter value, suggesting a
deposition unit (event) per 4.68-6.45 cm (95.4% probability), it is evident that the
types of deposition material were different between the yellow and grey series, giving
rise to their different colours. Modelling with a consistent step-size parameter for
the entire sequence for each model run might enforce too much constraint on the

chronology, making it too rigid and hence the results unreliable.

8.2.1.1 A high precision radiocarbon chronology for the Grotte des Pi-

geons cave

In order to enhance the accuracy of the radiocarbon chronology at Grotte des Pigeons
cave, a second model run was performed with four P_Sequence and one Sequence
functions. Three P_Sequence functions were used to model the samples with spot
heights in the yellow series, and one P_Sequence function was used to model the
samples with spot heights in the grey series. The yellow series was modelled with three
separate functions, instead of one continuous function, because of the two possible
hiatuses observed from Figure between OxA-16271 (at 4.96 m) and OxA-16273
(at 4.9 m), and between OxA-16267 (at 4.16 m) and OxA-22788 (at 4.12 m), although

no stratigraphical indications were reported. The yellow and grey series were modelled
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Figure 8.9: Posterior chronology of Grotte des Pigeons cave at Taforalt, modelled
with (a) one P_Sequence function for samples with spot heights. The boxed area
contains (b) Sequence function for samples from sediment blocks, given at 68.2%
and 95.4% ranges. The chronology for the yellow series is in blue and the grey series
in green. Constraints (depths) for the sediment blocks are specified in the brackets.
(c) The step-size parameter for the P_Sequence model, and (d) the modelled age of
the yellow / grey series transition boundary.
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with separate functions because it is obvious that different sediments make up the
yellow and grey series, and that the dating resolution of the series are different.
The Sequence function, again, was used to model samples from sediment blocks.
Using four P_Sequence functions meant that the step-size parameter was assumed to
be consistent for the grey series, and that three different step-size parameters were
assumed to be consistent for each section of the yellow series. An initial model run
suggested that the grey series required a prior range of Log(k) ~ U(0,2) for the
step-size parameter instead of the range, Log(k) ~ U(1,2), used for the yellow series.

In terms of the type r outlier analysis applied to duplicated radiocarbon determi-
nations during combination, none of the dates were found to yield > 90% probability
of being outlying, whilst 6 of the 6 dates were given a posterior probability of < 5%
of being outliers. In terms of the type t outlier analysis applied to both the 46 un-
combined and 3 weighted averages of the radiocarbon determinations, only 1 of the
former was found to yield > 95% probability of being outlying (and no further dates
> 90%), whilst 30 of the former 46, and 3 of the latter 3 radiocarbon determinations
were given a posterior probability of < 5% of being outliers.

The results of this model are summarised in Figures and [8.11], with the yellow
series in blue and the grey series in green. The step-size parameters for the separate
P_Sequence models suggest that the grain sizes of the yellow and grey deposits are
indeed different, with coarser grains (lower step-size parameter) in the grey series, and
finer grains (higher step-size parameter) in the yellow series. The dating resolution
of the two units also had an impact on the posterior distributions of the step-size
parameters. This implies that modelling the two units with separate functions was
more appropriate and therefore giving more reliable results than modelling with one
function for the entire cave sequence. Modelling with one function resulted in a

chronology which was perhaps too rigid for the grey series.
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Figure 8.10: Posterior chronology of Grotte des Pigeons cave at Taforalt, modelled
with (a) three P_Sequence functions for samples with spot heights, the black box
marks the entire duration of H1 event (~19,000-14,600 cal BP; [Standford et al.|
2011)). The boxed area contains (b) Sequence function for samples from sediment
blocks, given at 68.2% and 95.4% probability ranges. The chronology for the yellow
series is in blue and the grey series in green. Constraints (depths) for the sediment
blocks are specified in the brackets. (¢) The modelled age of the yellow / grey series

transition boundary.
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Figure 8.11: Posterior chronology of Grotte des Pigeons cave at Taforalt, modelled
with (a) one P_Sequence function, with (b) step-size parameter for the grey series;
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Change in sedimentation

The Grotte des Pigeons cave sequence is separated into two major units: the yellow
and grey series. This distinctive change in sedimentation occurred at the depth
of 4 m in the dated sequence described in this section. The model suggests that
this transition occurred in the range of 1515714756 cal BP (95.4% probability; Fig.
. This modelled age is less precise than the previous model, giving a 95.4%
posterior range with precision of ~400 years. It is, however, considered more reliable
for the reasons discussed above.

The change in sedimentation coincided with the use of large scale cemeteries
(Humphrey et al., 2012) and the increase of molluscs — suggesting a possible diet
source (Taylor et al., [2011). This dramatic change observed between the yellow and
grey series could be explained by possible feasting, including the use of fire inside the
cave, which could perhaps also be linked with the change in funerary practices, or it
could be completely unrelated and caused by other factors. It is also interesting to
note that the modelled age for the change in sedimentation overlapped with the end
of the last phase (3) of Heinrich event (H) 1 (~16,700-14,600 cal BP; Standford et al.
2011)). Figure shows the time difference between H1 phase 3 and the modelled
age of the yellow/grey boundary. The modelled age of the top of the Y2 sequence
(sample OxA-16267 at 4.16 m) lies in the range of 17,219-16,898 (95.4% probability),
and overlaps with the middle phase (2) of H1 (~17,500-16,700 cal BP; Standford

et al., 2011)).
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Figure 8.12: Difference in age between H1 phase 3 and Yellow / Grey transition,
where negative values indicate overlap and positive values indicate a lag.
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Figure 8.13: Duration of the ‘gaps’ in the yellow series.

‘Gaps’ in the yellow series

The presence of hiatuses meant that the yellow series was modelled using multiple
P_Seugence functions. Coincidentally, the hiatus between samples OxA-16267 (at
4.16 m) and OxA-22788 (at 4.12 m) also represent the cultural boundary between
two types of backed bladelet industries (Hogue, pers. comm.). By calculating the
difference between the posterior of the samples, one could obtain the time for the
transition between the two lithic industries. Figure suggests that the transition
between the two lithic cultures took between 1245 and 2102 years (95.4% probability).
However, whether this is a ‘true’ cultural gap, or a temporally mixed interval is
unknown. The hiatus lower down the sequence occurs between samples OxA-16273
(at 4.9 m) and OxA-16271 (at 4.96 m). Figure shows that the ‘gap’ between

these two samples has a 95.4% probability of being betweem 2593 and 3786.5 years.

8.2.2 Discussion

The Poisson process model has proved useful in a number of research areas where
high precision chronology resolution is required. The new model averaging approach,
i.e. prior for the step-size parameter, has made a large contribution to enhancing
the precision and accuracy of the chronology of Grotte des Pigeons cave at Taforalt.
The use of a Bayesian model averaging approach removes the subjectivity in model
selection, making it possible to model sequences that are not annually laminated.

The Iberomaurusian lithic evidence suggests that the Grotte des Pigeons cave was
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occupied during H1. A modelled age of 15,157-14,756 cal BP (95.4% probability) for
the transition between yellow and grey series overlapped with the end of the last
phase of H1 (~16,700-14,600 cal BP). This phase represents the termination of H1
cooling and represented perhaps by continental drying. There could have been a
correlation between the end of H1, and the change in cave use at that time, resulting
in the abrupt change in sedimentation. However, it is unrealistic to suggest that
climate is the sole reason for the abrupt change. There is, at present, no evidence to
suggest a change in use of the cave occurred for the period of the grey series, from an
intermittent shelter to that of an ancestral cemetery with more sedentary occupation
nearby.

The Bayesian framework presented in this section provides a basis for construct-
ing high precision chronologies at such sites. Having high precision chronologies is
essential to our understanding of the timing of cultural and / or sedimentary changes
in archaeological and environmental sequences. The investigation of further sites in
the Maghreb, showing similar grey midden deposits overlaying lighter deposits, may
provide cumulative evidence in support of whether such changes took place across a
wider area of the Maghreb and whether these could be linked to external forcing fac-
tors that brought about an abrupt cultural change. Equally, one may be able to throw
further light on the changes that brought about the end of the Middle Palaeolithic
and were followed by the reoccupation of this region by people with an epipalaeolithic

way of life.
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Chapter 9

Modelling asynchronous /
transitional events within

sequernces

Bayesian methods are widely used to improve the precision and accuracy of chronolo-
gies. There are two main categories of prior models, which are suitable for analysing
archaeological and palaeoenvironmental data. They allow us to explicitly include
phase and stratigraphical information in chronology construction. As well as enhanc-
ing the precision and accuracy of chronological information, phase models allow us
to assign and estimate the temporal constraints of a groups of related events; and
deposition models can be used to estimate ages between known ages.

In the last chapter, abrupt environmental changes between different regions were
discussed, focusing on robustly estimating the age of a tephra in close stratigraphic
proximity to a rise in tree pollen in the eastern Mediterranean, and comparing that
to the GI-2 event observed in the NGRIP record. Robust chronological information
can be used test the leads and lags of regional, as well as continental, environmental
change. In this chapter, a case study in the investigation on the timing of the decline of
elm tree pollen during the mid-Holocene is presented, where stratigraphic information

are used to assess and enhance individual site chronologies, phase priors are utilised
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in order to better evaluate this phenomenon across the different sites in the British

Isles.

9.1 The mid-Holocene elm decline in the British
Isles

The decline of elm tree is a very distinctive horizon in Holocene pollen records of
north-west Europe. The decline in elm pollen frequencies during that period was
sharp (to less than one-third of their former frequencies) and sometimes permanent
(Parker et al.,|2002)). This decline event has received a lot of attention over the past 60
years and extensive scientific study has generated a large number of literature on the
timing, mechanisms, origin, and extent (e.g. |Garbett, 1981; |Delcourt), 1987} |Brasier),
1990; Brown), [1997)). Some believe that the decline was synchronous across northern
and north-west Europe (Smith and Pilcher;, |1973; |Huntley and Birks| [1983)). Others
believe that the phenomenon of the decline was asynchronous (Turner et al., [1993)).
Some sites have more than one episodes of decline. A recent review by [Parker et al.
(2002) concluded that the decline was asynchronous across the British Isles and took
place over centuries. The mid-Holocene elm decline is the most extensively dated

horizon in north-west European pollen diagrams (Parker et al., 2002).

9.1.1 Dating

Before absolute scientific dating methods were introduced, a zonation system was
applied to common features in peat sequences (Sernander, [1908) and pollen diagrams
(Godwin) |1940a.b) as a means of relative dating. The decline in elm pollen was used
as a boundary (pollen zone VIIa/VIIb in |Godwin/s system) to separate the Atlantic
(warm and moist period) from the Sub-Boreal (cool and dry period) in European
pollen records (Parker et al., 2002). This also means that records were sometimes

aligned and cross-dated based on their pollen stratigraphy alone (von Post, [1946).
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The introduction of radiocarbon dating enabled the validation of the relative pollen
stratigraphy from different sites with independent chronologies.

The elm decline phenomenon had been extensively dated since the 1960’s using the
radiocarbon method on peat samples and absolute chronologies are available for over
100 sites in the British Isles. The limitations of dating peat samples have already
been discussed in Section [2.1.5] Some chronologies contain multiple dates and a
single date for the decline horizon, and some contain dates spanning the horizon and
interpolation is needed to obtain the date of the decline (Baillie, [1991)). Parker et al.
(2002) constructed an extensive study to investigate the timing (hence synchrony)
and mechanism of the elm decline in the British Isles. The authors first used a
summed probability distribution of calibrated ages to provide a summary of a group

of distributions:

The combined probability distribution appears uni-modal, indicating
a single uniform phase of events, within the errors of the technique. The
sum probability for the combined sum spans the calibrated range of 6347—
5281 cal BP (20), a period of 1066 years.

Indeed, a summed distribution may provide a summary of a group of distributions,
especially when many (> 100) dates are available, and that if the uncertainties of
the dates are much smaller than the time span of the period (i.e. phase) modelled
(Millard, [2009). Although the elm decline phenomenon satisfies these constraints,
the resulting summed probability cannot be used to reliably provide quantitative
estimates with archaeological meaning (Millard, [2009)). |[Parker et al.| (2002) also used
Bayesian methods to model radiocarbon dates from the decline horizon with a uniform
phase prior. Interpolated ages were not included in their study. Inference was drawn
on the start and end dates, duration, and conclusions were made on the possible
mechanism of the decline. The rate of the start and end of the phenomenon were also

investigated using the 68.2% probability estimates of uniform boundary parameters:

The start of the elm decline event lies between 6343 and 6307 cal BP
(1o), a period of 36 years, indicating that the onset was rapid. The end of
the event lies between 5290 and 5420 cal BP (10), a period of 130 years.
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Unfortunately, the boundary estimates of the uniform phase prior have been
wrongly interpreted by [Parker et al.| (2002). The 68.2% range suggests that the
true date of the event (the start or the end date in this case) has a 68.2% probability
of falling within that range. It does not, however, give an indication on the rate of
the event. The uncertainties associated with the uniform phase boundary estimates
are dependent on the uncertainties associated with the radiocarbon determinations,
hence the calibrated date ranges, and the number of dates in the phase (e.g. Millard,
2009). Nevertheless, Parker et al.| (2002) believe that the start and end of the decline
period were not instantaneous across the British Isles and can be quantified with
time span for transitions. Based on this hypothesis, the British Isles elm decline
phenomenon can be more appropriately and accurately modelled with a trapezoidal

phase prior (discussed in Chapter [5)) and this is implemented in this chapter.

9.1.2 Modelling

Before the modelling is discussed, a few definitions need to be clarified. In this
chapter, the elm decline is defined as the point where pollen frequency for Ulmus was
less than one-third of its former frequency (Parker et al., 2002)), or where the position
(and/or depth) of the decline horizon is stated in the literature. This means that
the temporal constraints, applied and modelled using Bayesian methods (phases),
represent the start and end dates of the decline across a geographical region. The
sampling density of pollen has an effect on the age determination of the elm decline
(Liu et al} 2012), however, due to the limitations of the data set used in this study,
this point is not explored here.

A modelling framework similar to that of |Bennett and Fuller| (2002) is employed.
Bennett and Fuller| (2002) constructed age-depth models using classical methods to
obtain an interpolated radiocarbon age of the hemlock decline in North America, be-
fore using a summed probability distribution of calibrated ages to draw inference on
the date of decline. This two stage approach is employed here, where individual sites

are modelled to determine the date of the elm decline horizon before the modelling of
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the elm decline phenomenon across the British Isles. It is a more practical approach
than a single nested model incorporating data from over 100 sites. Bayesian methods
are used in this section to draw inference on the dates of the decline period. The
calibration and chronology building software 0xCal (Bronk Ramsey, 2009a)) is used.
Deposition models are constructed to assess the reliability of the absolute chronolo-
gies, and to accurately determine the age of the date of the elm decline for sites with
multiple dates spanning the decline. Interpolation (P_Sequence) is carried out for
sites with a radiocarbon dated chronology but no single age determination for the
decline horizon. The trapezoidal phase model parameters are then used to draw in-
ference on the dates of the elm decline in the British Isles, using the posterior ages
from the deposition models and calibrated dates as likelihood information in Bayes’
theorem (eq. in Chapter (3).

The complete data set contains radiocarbon determinations from 125 sites across
the British Isles, and is available in appendix [B.6l Most of the available radiocarbon
determinations were from bulk peat samples, with a minority from plant macrofossils.
Some sites provide a single radiocarbon age for the elm decline horizon, some provide
multiple radiocarbon ages with a specified age for the decline horizon, and some
provide ages spanning the horizon. Some sites are dated more than once. Low
resolution sites will contribute little to obtaining a precise estimate, nevertheless,
they will help constrain the date of the decline event.

A total of six radiocarbon ages from six sites, and 134 chronologies from 119 sites
are available for modelling. Four sites are rejected before modelling: Morden Bog,
because of the sediment being rootlet peat (Harkness, |1981); Thrang Moss, because
the date has been previously cited as suspect (Parker et al., 2002; |Smith and Pilcher,
1973); An Druim, because of possible hard-water errors due to the site being near
outcrops of Durness limestone (Harkness| [1981); and Loch Salen, because of possible
inwash of organic debris to lacustrine depositional environment (Harkness, 1981). If
the radiocarbon chronologies have associated depth information, deposition models

are constructed using the Poisson process model (P_Sequence; Bronk Ramseyl [2008).
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Since peat chronologies do not provide means of estimating an appropriate value for
the step-size parameter (k), the model averaging approach (discussed in Chapter @,
is used to enhance the precision and accuracy of the age of the elm decline from each

site. The sequences are modelled firstly with a prior range for step-size

Log(k) ~ U(-2,2)

i.e. between 0.01 to 100 events per centimetre. After initial model runs, the prior
ranges for the step-size parameter for each model are adjusted accordingly. Individual
prior ranges for each model, and their posterior distributions can be found in appendix
[B.6} In chronologies where depths are not provided, and in chronologies where mod-
elling with the P_Sequence model causes non convergence, deposition models are
constructed based on the ordering of the samples alone (Sequence; Bronk Ramsey,
1995)). For one site, North Gill 5B, only part of the sequence has associated depths
with the radiocarbon determinations, so both Sequence and P_Sequence functions
were used to model the chronology. Individual modelled chronologies for each site
can be found in appendix [B.6]

Formal outlier analysis was employed to account for outliers in the calendar scale
(type t) when constructing deposition models and phase models. The CQL for the

outlier function used is:

Outlier_Model ("General",T(5),U0(0,4),"t");

The outlier model is specified to allow the possible shifts in the specified scale to be
drawn from a long tailed student ¢ distribution. the outliers can be in the scale of
anywhere between 10° and 10* years. this is the model recommended by Bronk Ram-
sey| (2009b) for general purposes when the scale of the possible offsets is unknown.
When employed, the overall model is not affected by the odd extreme outlier. Each
measurement is assigned a prior probability of 5% of being an outlier. Individual out-
lying dates in deposition models, together with their posterior probability of being
an outlier, are highlighted in appendix [B.6]
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One chronology, North Gill 1A, from England was rejected because four of the six
dates, which make up the chronology, are found to yield >99% probability of being
outlying, suggesting that the whole chronology is unreliable. Two posterior ages for
the elm decline horizon from the North Gill sites, 6 and 8, appear to be younger
than the rest of the ages of the elm decline horizon in the data set. They are, how-
ever, included in the phase model because the chronologies of the sites, although only
containing three radiocarbon determinations each, do not suggest that any of the
determinations in the model were outlying. In some cases, the depositions models are
able to enhance the precision of the posterior ages of the elm decline horizon, some
examples include Abbotsway, North Gill 5B, Ballyscullion, and Fallahogy. Unfortu-
nately, this does not apply to the majority of the site because the chronologies were
often sparsely dated around the elm decline horizon. A total of 135 posterior and
calibrated ages for the elm decline are incorporated into a trapezoidal phase model.

The trapezoidal phase model parameters are used to draw inference on dates of
the elm decline based on the hypothesis that the decline was asynchronous across the
British Isles (Turner et al.,[1993; Parker et al., 2002), and also because the trapezoidal
phase prior takes into account the geographical spread of the data. The trapezoid
phase prior model parameters represent: the date of the start of the decline (¢,); the
date when the number of sites showing decline in elm pollen peaked (t5); the date
when the number of sites showing decline in elm pollen began to drop (¢,); and the
date of the end of the decline (t5). Two models are implemented: a single trapezoid
phase prior is used to model the ages from all the sites across the British Isles; and
four overlapping trapezoid phases are used to model the decline in England, Ireland,
Scotland, and Wales. Although not implemented here, it would also be interesting to
divide the phases according to upland/lowland. The differences (e.g. delay) between
different regions are also investigated. Formal outlier analysis was utilised in phase
modelling to account for possible outlying dates of the elm decline horizon (in the
calendar scale), which themselves might not be outlying within their individual site

chronologies, for example North Gill sites 6 and 8, as mentioned above. The same

169



CQL as the one employed for the deposition models is used here.

9.1.2.1 Model A: Single phase

Model A includes a single trapezoid phase modelling elm decline across the British
Isles. 3 of the 135 posterior ages for elm decline (including North Gill sites 6 and 8)
were found to yield 100% (and no further date > 90%) probability of being outlying,
whilst 122 of the 135 dates were given a posterior probability of < 5% of being out-
liers (as compared to the arbitrary 5% prior probability applied). This supports the
validity of the individual radiocarbon determinations themselves (Staff et al., 2010)).
Results of this model are summarised in Figure [9.1| and table [9.1, The transition
parameters (Fig. suggest that there was a clear time difference between t, and
tg, and between t, and ts5, with the modes of the distributions deviating from zero.
This supports the hypothesis that the elm decline period can be more appropriately
modelled with a trapezoid phase prior. The elm decline across the British Isles is

estimated to have covered a period of between 1020.5 and 1465 years at 95.4% range

(Fig. [0.10).
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Figure 9.1: Trapezoidal prior estimates of elm decline across the British Isles, at
68.2% and 95.4% probability.
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Figure 9.2: Maps of elm decline across the British Isles at different dates, modelled
using a single trapezoidal phase.

Modelled date (cal BP) Modelled date (cal BP) Years
68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%

to | 6507-6372 | 6572-6274 . . B .

75 | 6022 5636 | 6231 5555 t1 | 6228-6066 | 6292-6003 | di | 381-847 | 0-960

ty | 5637-5408 | 5713-5276

ts | 5263-5109 | 5368-5018

to | 5405-5304 | 5440-5248 | d | 0-523 | 0-615

Table 9.1: Trapezoidal estimates of elm decline across the British Isles, at 68.2% and
95.4% probability.

Figure 9.2 shows the spread of elm decline between 6600 and 5000 BP every
200 years, where the size of the circles represent the posterior probability at the year
stated. Decline of elm trees was first recorded in England and Scotland, before Ireland

and Wales. The end of the decline, constrained by a single trapezoidal phase prior,

appears to have finished at about the same time in all four regions.
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9.1.2.2 Model B: Four independent phases

Model B includes four independent overlapping trapezoid phases: England; Ireland;
Scotland; and Wales. This model assumes no ordering relationship between the four

phases. The dates for the elm decline from the four regions are as follows:

England

2 of the 55 posterior ages for elm decline from the deposition models from the English
sites (North Gill 6 and 8) were found to yield 100% (and no further dates > 90%),
whilst 50 of the 55 dates were given a posterior probability of <5% of being outliers.
The results for England are summarised in Figure and table[9.2] The elm decline

across England is estimated to have covered a period of between 926.5 and 1510 years

at 95.4% range (Fig. [9.3b)).
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Figure 9.3: Trapezoidal prior estimates of elm decine across England, at 68.2% and
95.4% probability.

Modelled date (cal BP) Modelled date (cal BP) Years
68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%

to | 65676372 | 66716266 8 5 . .

7, | 63145888 | 6410 5586 t1 | 6375-6176 | 6433-6047 | d; | 0-571 | 0-960

t, | 5567-5334 | 5764-5265

ts | 5377-5201 | 5426-5055

to | 5436-5316 | 5497-5241 | dy | 0-288 | 0-620
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Table 9.2: Trapezoidal prior estimates of elm decline across England, at 68.2% and
95.4% probability.

Ireland

None of the 27 posterior ages for elm decline from the deposition models from the
Irish sites were found to yield > 95% (and no further dates > 90%), whilst 26 of the
27 dates were given a posterior probability of <5% of being outliers. The results for
Ireland are summarised in Figure and table [9.3] The elm decline across Ireland
is estimated to have covered a period of between 665 and 1475 years at 95.4% range

(Fig. [0.41).
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Figure 9.4: Trapezoidal estimates of elm decine across Ireland, at 68.2% and 95.4%
probability.

Modelled date (cal BP) Modelled date (cal BP) Years
68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%
; gggg:géég ggggjggi’g t1 | 6211-6036 | 6308-5939 | di | 0-340 | 0-743
iz ggggj?gg gig:igéé to | 5459-5279 | 5570-5164 | dy | 0-375 | 0-845
Table 9.3: Trapezoidal prior estimates of elm decline across Ireland, at 68.2% and

95.4% probability.
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Scotland

None of the 33 posterior ages for elm decline from the deposition models from the
Scottish sites were found to yield > 95% (and no further dates > 90%), whilst 30 of
the 33 dates were given a posterior probability of <5% of being outliers. The results
for Scotland are summarised in Figure and table 0.4, The elm decline across

Scotland is estimated to have covered a period of between 1059.5 and 2306 years at

95.4% range (Fig. [9.5b)).
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Figure 9.5: Trapezoidal prior estimates of elm decine across Scotland, at 68.2% and
95.4% probability.

Modelled date (cal BP) Modelled date (cal BP) Years
68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%

to | 65476311 | 6741-6176

75 | 6340 5026 | 6414 5577 t; | 6370-6155 | 64606015 | di | 0-505 | 0-973

t, | 5696-5165 | 6053-4933

ts | 5180-4576 | 52654251

ta | 5300-5009 | 54064790 | d2 | 0-958 | 0-1503

Table 9.4: Trapezoidal prior estimates of elm decline across Scotland, at 68.2% and
95.4% probability.

Wales

None of the 20 posterior ages for elm decline from the deposition models from the

Welsh sites were found to yield > 95% (and no further dates > 90%), whilst 18 of
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the 20 dates were given a posterior probability of <5% of being outliers. The results
for Wales are summarised in Figure [9.6 and table 9.5 The elm decline across Wales

is estimated to have covered a period of between 488 and 1431 years at 95.4% range

(Fig. [9.5b).
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Figure 9.6: Trapezoidal prior estimates of elm decine across Wales, at 68.2% and
95.4% probability.

Modelled date (cal BP) Modelled date (cal BP) Years
68.2% 95.4% 68.2% 95.4% 68.2% | 95.4%

to | 6220-5998 | 6423-5944

75 | GOS0 5775 | 6175 5545 t; | 6105-5929 | 6219-5819 | d; | 0-331 | 0-697

ty | 5652-5342 | 5863-5170

ts | 5450-5105 | 5530-4860

to | 5505-5278 | 5568-5118 | dp | 0-362 | 0-801

Table 9.5: Trapezoidal prior estimates of elm decline across Wales, at 68.2% and
95.4% probability.

Order matrices are used to investigate the order of the start and end dates of
elm decline between the different regions. For each iteration, the relative order of
the start parameters (¢,), and the relative order of the end parameters (¢5) between
the different regions are determined. This is a similar approach used by [Blackwell
and Buck (2003) and Buck and Bard| (2007) on investigating human reoccupation
of north-west Europe and megafauna extinction, respectively. The order matrix is

employed using the following CQL in 0xCal:
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Order () {

Date("=Start England");
Date("=Start Ireland");
Date("=Start Scotland");
Date("=Start Wales");

}s
to determine the relative order for the start parameters; and

Order () {

Date("=End England");
Date("=End Ireland");
Date("=End Scotland");
Date("=End Wales");

¥

to determine the relative order for the end parameters, where the trapezoidal param-
eters for the "Start" (¢,) and the "End" (¢5) of the elm decline from each of the
overlapping phases are cross-referenced to the Order () command. Results of the

order matrices are summarised in table [0.6]

B M |5 ] W] B W] B W]
E[ | 0 [0.93]015 098 E[ | 0 [0.31]087 018
1 [0.07] 0 [0.03]0.79 I [0.69] 0 [0094]028
S| [ 085097 0 |099 S| [0.13[0.06 | 0 |0.04
W] [0.02 [ 021 [ 0.01 [ 0 W] [0.82 [ 0.72 [ 0.96 | 0

(a) Start (to) of elm decline b) End (¢5) of elm decline

tl tl

[
[
[
[

Table 9.6: Order matrices summarising the relative order of (a) the start (¢,), and
(b) the end (t5) of elm decline between different regions. The probabilities of t; < o
after over 10 millions model runs are shown.

Results from the order matrices suggest that elm decline in England and Scotland
started earlier than elm decline in Ireland and Wales; and elm decline in Scotland
ended later than in other regions (in > 85% of the model runs).

Figure shows the spread of elm decline between 6600 BP and 4400 BP every

200 years, where the size of the circles represent the posterior probability at the
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year stated; circles in blue represent ages from England, yellow represent Ireland,
red represent Scotland, and green represent Wales. Similar to Figure decline of
elm trees was first recorded in England and Scotland, before Ireland and Wales. The
decline was last recorded in Scotland. Figure shows the same results in 20 year
intervals between 6380 BP and 6220 BP every 20 years. This figure was generated to
give a clearer, higher resolution, visual representation of the direction of the spread of
the elm decline. It indicates that the decline started in the east before moving west
across the British Isles.

Figures 0.2] 0.7 and are produced using the new plot on map function in

0xCal v4.2beta.

9.1.3 Discussion

The mid-Holocene elm decline phenomenon is the most extensively dated horizon in
Northwest European pollen diagrams. This chapter presents a Bayesian modelling
framework which is not only applicable to this case study, but also applicable for
the evaluation of asynchronous events in environmental records. Deposition models
were initially employed to assess the reliability of the absolute chronologies, and to
accurately determine the age of the date of the elm decline horizon for different
sites. The P_Sequence model was applied to chronologies where depth information
is available, and a simple Sequence model was applied to chronologies where only
the ordering of the samples is available. Although age-depth modelling in this case
study was not able to improve the precision on the majority of the dates of the
decline horizon, nonetheless, it was a means to validate the reliability of the dates
within the sparsely dated chronologies. The posterior ages for the decline horizon
were incorporated into a trapezoid phase model as likelihood information to draw
inference on the start and end of the elm decline.

Mathematical details of the different models utilised in this case study, together
with their recent modifications, had already been discussed in chapters 5] and [} The

prior for the step-size parameter in the P_Sequence model removes the subjectivity in
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Figure 9.7: Maps showing the progression of elm decline across the British Isles every
200 years, modelled using four overlapping trapezoid phases. The colours represent
the different regions: blue = England; green=Ireland; red = Scotland; and yellow =

Wales.
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model selection and makes it more accessible to chronologies which are not annually
laminated, in this case, peat deposits. The trapezoid phase prior is also a more appro-
priate model and this is supported by the marginal distributions of the transition
parameters of the single phase model for across the British Isles, with their modes
deviating from zero. The transition parameters will also reflect on how rapidly the
phenomenon affected the different regions.

The findings presented in this chapter show that elm decline in England and
Scotland started before elm decline in Ireland and Wales, and elm decline in Scotland
ended later than all of the other regions. This contradicts [Parker et al. (2002)), who
concluded that there is no significant difference in the timing of the elm decline
between the four countries. The authors reached that conclusion based on calibrated
dates alone, without any additional modelling of the regional data. Additional phase
modelling allows inference to be drawn on unknown dates of temporal constraints,
i.e. the start and end of regional elm decline, instead of drawing conclusions based
on calibrated dates of known events, which are the dates of the depth of the samples.
Modelling also took into account of possible outlying dates in the data set.

In terms of the mechanism for elm decline, several hypothesis had been put foward
for Europe and they include: climate change (Faegri, 1944; |Nilsson|, 1948)); human
activity (Troels-Smith, 1960; Garbett], (1981} |Delcourt, 1987); disease (Girling and
Greig, 1985} [Brasier, [1990)); and soil change (Smith, 1961; Sturludottir and Turner),
1985)). A recent publication by Parker et al. (2002) concluded the phenomenon was
a result of the complex interrelationship between these factors, with emphasis on
the disease process. Pathogenic attacks on elm trees involve elm bark beetles, in
the genus Scolytus, as vectors for the fungus which causes the disease. Presence of
Scolytus beetles were found at the Hampstead Heath site in England, at 15 cm below
the elm decline horizon (Girling and Greig, 1985)); and at two sites, Red Moss and
St Fergus Moss, in Scotland (Clark and Edwards, 2004). At Red Moss, the earliest
layer in which the beetles were found was 120 cm below the elm decline horizon and

disappeared after the elm decline horizon. At St Fergus Moss, the beetles were found
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at the decline horizon. These findings neither prove nor disproves the role of the
elm bark beetle in the disease mechanism for the elm decline, but do suggest that
elm trees and Scolytus beetles co-existed for a period as long as 3000 years, with
the beetles disappearing before or at the time of the elm decline at all three sites.
Plotted posterior ages on maps show that the decline was first recorded in England
and Scotland, followed by Ireland and Wales. This suggests that if disease was the
primary decline mechanism caused by contamination, it originated from England
and Scotland, within the British Isles. However, the resolution of the radiocarbon
determination is low, and the majority of determinations were from peat samples,
which are themselves problematic to date. In the future, short-lived samples could
be used to more accurately date individual site chronologies (Parker et al. 2002,
followed by utilising the Bayesian framework presented in this chapter to enhance
the precision of the date of the decline horizon. Inference can also be drawn on how
long the phenomenon took to populate each phase / region using the transition
parameter of the trapezoid phase prior. More detailed spatial-temporal analysis can
also be performed using details on the geographic coordinates, i.e. longitude, latitude,

and altitude, of individual sites, instead of grouping them into generic regions.
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Part 1V

Conclusion
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Chapter 10

Summary and recommendations

It is important that the methods used in chronology building are robust and reflect
substantial prior knowledge. The overall objective of this thesis was to test, further
develop, and evaluate recent novel (robust) Bayesian techniques used in chronology
construction. This work focuses on two recently developed models: the trapezoidal
phase model (Karlsberg, |2006; |Lee and Bronk Ramsey, [2012); and the Poisson process
deposition model (Bronk Ramsey, [2008), for the construction of archaeological and
palaeoenvironmental chronologies. The application of the two modified methods to
different case studies and the results of which were already discussed in Chapters [7H9]

This chapter focuses on the results of the evaluation of the two models.

10.1 Trapezoidal model

The trapezoidal phase model was originally designed to better reflect the prior knowl-
edge in non-abrupt processes. It is separated into three parts: first a gradual increase
(introductory period); then a period of constant rate of activity (blooming period);
and finally a gradual decrease (period of decline). It is a more flexible model than
the commonly used uniform phase model for the construction of robust chronologies.
Upon investigation, it was found that a simple trapezoidal phase model described in

Karlsberg (2006) has a bias towards the extreme prior shapes (Chapter[5). The addi-
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tion of a non-informative, uniform transitions/tops prior (utp) element was proposed
to overcome said bias, giving equal weight to a range of prior shapes. With the utp
element, the trapezoidal phase prior better reflects prior beliefs.

It was also apparent that the assumptions of the parameters of the trapezoidal and
uniform phase models are different. Hence, an alternative parameterisation was also
proposed in Chapter . Karlsbergs trapezoid has four parameters: t,; tg; t,, and s,
which make up the four corners of the trapezoid on the calendar scale. The new pa-
rameters proposed in this thesis also has four parameters: two boundary parameters,
which are comparable to the boundary parameters in the uniform model; and two cor-
responding transition parameters. The boundary parameters, together with their
transition parameters make up Karlsberg’s parameters. The overall mathematics
remain the same. Re-parameterisation means that the use of the trapezoidal phase
model can be extended to a contiguous phase scenario, where the rise of a later phase
overlaps exactly with the decline of an earlier phase, sharing the same transitional
boundary parameter. |[Karlsberg/s parameters are nevertheless more appropriate for
drawing inference on the start and end of a trapezoidal phase and thus were also used
in Chapters [7] and [0

The modified trapezoidal phase model provided an alternative, and better, ap-
proach to modelling non-abrupt, transitional processes. It has made significant con-
tributions to our understanding of the time of transitions between adjacent phases
in the Iron age chronology in Israel, and of how rapid the rise and the decline of a
historical phase were (Chapters [7| and @ The utp element is an essential component
of a multiple phase contiguous model to ensure model flexibility for estimating the

transitional period between two adjacent phases (Section |7.3)).

10.2 Poisson process deposition model

The Poisson process deposition model considers the deposition process as being ran-

dom. It is the first one of its kind to more realistically model the deposition process
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without the use of a prior for sediment accumulation rate. It is a more robust deposi-
tion model than those published before it. It relies on a given parameter for step-size
(k), which gives the number of accumulation events per unit depth. Bronk Ramsey
(2008) provided a way of estimating an appropriate k value from direct measurements
from sequences with three or more known age points from primarily sequences which
are annually laminated. Should that be unavailable, users of the model would have
to resort to estimating & from the dating information itself (for example, in Blockley
et al., 2007, |2008b)) or use an arbitrary value that gives the highest model agreement
(for example, in |[Finsinger et al. 2011); neither methods are satisfactory since there
are dangers of circular reasoning (Bronk Ramsey, |2008)).

Bronk Ramsey et al. (2010a) suggested the use of a model averaging approach
to allow the model to find the values of k£ that are most consistent with the data.
This involved a small addition of a prior into the Poisson process model. A prior
distribution for k£ is defined instead of a single value, allowing the model to choose
the parameter from across a range. This also means that the k£ parameter for step-size
is now modelled and a posterior distribution is generated. This was implemented in
0xCal by Bronk Ramsey. The model was evaluated and suitable prior distributions
for deposition models in different depth units were suggested in Chapter [6]

This addition has widened the application of the Poisson process model to include
peat and cave sequences (Chapters |§ and |§|; also in Appendix , which are not
annually laminated and sometimes do not contain known age markers, such as tephra
horizons. It also makes the model more robust by allowing for different & values
within each model run. It is a more realistic model because the step-size (related
to the grain size of the sediment) cannot be assumed to be constant throughout the

sequemnce.
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10.3 Robust chronology construction

A reliable chronological model is essential in contributing to our understanding of
time in archaeological and historical records. This thesis has assessed the limita-
tions, proposed mathematical solutions, and evaluated two novel robust prior models
(Chapters [5| and @ The proposed changes have also widened the applications of the
models to different scenarios.

It should be stressed that using robust prior models alone is not enough to ensure
a reliable chronology. Other statistical measures discussed in Chapter [4 and all of
the steps in Figure (page carry equal weight in chronology building. It is
very important to make sure that the statistical models used are appropriate and
reflect substantial prior knowledge, since they can greatly affect the posterior output;
however, other steps in chronology building are also important and are discussed in

detail in Chapters [7H9]

10.4 Future work

Future work for individual case studies were suggested in their corresponding chapters
. In terms of statistical input, this thesis, and also the work of Nicholls and Jones
(2001)) have emphasised the importance of thorough evaluation of prior information
incorporated into a model.

At present, when the utp element is utilised in the trapezoidal phase model, a bias
still exists for each of the sub-phases within the model, with each of the white and grey
segments in figure (page as an individual sub-phase. This is clearly illustrated
in the simulations shown in figures and (page. This is because the model,
in a contiguous multiple phase scenario, is considered as a whole. However, there
might be situations where the removal of that bias be useful, making the individual
sub-phases uniformly distributed within constraints, whilst keeping the onset and the
decline of adjacent phases overlapped. An additional prior element would be needed

to overcome the bias in equation m (page [5.11)). It would also be interesting to
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see how this addition would affect the posterior outputs, and whether the resulting
marginal distributions for the transition parameters would better reflect the time
taken for transition between adjacent phases.

One of the areas of research that was not addressed, but is important, is the choice
of phase models, especially between the use of the trapezoidal and the sigmoidal mod-
els. This might be a situation where the Bayes factor would be useful in comparing
two competing prior models. Details of the Bayes factor were discussed in chapter [4]

The different Bayesian frameworks presented in this thesis can be adapted to
address different archaeological and palaeoenvironmental questions, and it is hoped

that this thesis will stimulate much further work in these fields.
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Appendix A

Computer program listings

Programs for radiocarbon calibration (Section , and for obtaining the trape-
zoidal prior measures for the case studies (Sections , , and Chapter @ are listed
below. Annotations can be found throughout the listings after a doubleslash (//)
which is the C++ command that tells the compiler to ignore everything that follows,
until the end of the line. Programs for investigating trapezoidal model constraints
(chapter ; for modelling with the uniform and the sigmoidal phase priors, and for
calculating the histograms for prior measures were also written but they are not listed
here. This is because the listings for investigating model constraints, the uniform,
and the sigmoidal model are very similar to that of the trapezoidal phase prior, and
annotations (after //) are added to section where the code is different; and the
tabulated frequencies from the latter program are exactly the same as those obtained
from Microsoft® Office Excel® 2007 with the same bin sizes. The purpose of writing
a separate program for calculating the frequencies of a histogram was to speed up
the process. Using Microsoft Office Excel to analyse a data set of 2 million takes a
long time. The bins and their corresponding frequencies are imported into 0xCal as
.prior files and are plotted there.

A lot of time was invested in the work described in this appendix due to the lack
of previous programming experience. The function for calculating the trapezoidal

phase prior listed below was adapted from Karlsberg| (2006), since the mathematics
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of the prior is the same. The computing language C++ was chosen for fast computing
time.

The trapezoidal phase model has also been implemented independently in 0xCal
by Bronk Ramsey in order to make use of the different 0xCal functions, for example
outlier analysis, in different case studies. Results from 0xCal for a simple trapezoidal

phase model are the same as the results from the implementation in this appendix.

A.1 Radiocarbon calibration

The code for radiocarbon calibration is very straightforward. It uses equation ({3.5)
from section [3.4.1l An animated version of radiocarbon calibration can be seen on
Dr. Maarten Blaauw’s website: http://chrono.qub.ac.uk/blaauw/. The program
listed in this section gives the same likelihood distributions as 0xCal.

The outputs of this program have two columns, one for bins and one for bin
frequencies. They can be used by the program below for modelling with trapezoidal

phases directly without additional alterations.

Main program

// an example for calibrating 3 radiocarbon determinations
#include "calibrate.h"
int main(){
calibrate("0xA-5186",2840,40);
calibrate("0xA-5185",2770,50) ;
calibrate("0xA-5184",2830,65);
return O;

Headers

double calibrate(const char*filename,unsigned long DATE,double UNCERTAINTY);

Functions

#include <cmath>
#include <iostream>
#include <fstream>
#include <vector>
#include "calibrate.h"

double calibrate(const char*filename,unsigned long DATE,double UNCERTAINTY){
// opens calibration curve file for input

std::ifstream curve("curve\\IntCalO09.txt");
// instantiating std::vector for curve data
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std: :vector<double>vecX;
std: :vector<double>vecY;
std: :vector<double>vecZ;
// reads in data from calibration curve file
if (curve==NULL){
std::cerr << "Failed to open input data file: \"" << strerror(errno) << "\"\n";
return 1;
}
elseq
while(! curve.eof ()){
double x,y,z;
curve >> x >> y >> z;
vecX.push_back(x) ;
vecY.push_back(y) ;
vecZ.push_back(z) ;
}
}
curve.close(); // closing the opened files
// modelled dates
std: :vector<double>vecUNMOD;
std: :vector<double>vecLIKELIHOOD;
// before setting the number of loops-count the number of data points.
// calibrating the radiocarbon dates
std: :vector<double>::iterator iX=vecX.begin();
std: :vector<double>::iterator iY=vecY.begin();
std: :vector<double>::iterator iZ=vecZ.begin();
while(iX!=vecX.end()&&iY!=vecY.end()&&iZ'!=vecZ.end()){
double sigma=pow(*iZ,2)+pow(UNCERTAINTY,2);
double b=exp(-(pow((*¥iY-DATE),2))/(2*sigma))/sqrt(sigma) ;
if (b!=0){
vecLIKELIHOOD. push_back(b) ;
vecUNMOD. push_back (*iX) ;
}
// increment
++ iX;
++ 1Y,
++ iZ;
}
// output into files
std::ofstream fout(filename,std::ios::app);
if ({fout){
std::cout << "Unable to open " << filename << "for appending.\n";
return 1;
}
std::vector<double>::iterator iUNMOD=vecUNMOD.begin();
std::vector<double>: :iterator iLIKELIHO00D=vecLIKELIHOOD.begin();
while (iUNMOD!=vecUNMOD. end () &&iLIKELIHOOD ! =vecLIKELIHOOD.end ()){
fout << *iUNMOD << "\t" << *iLIKELIHOOD << std::endl;
++ iUNMOD;
++ iLIKELIHOOD;
}

fout.close();

A.2 Trapezoidal phase prior

The code for the trapezoidal phase prior has been written to interact with the user.
It is designed for modelling contiguous multiple phases, since it is the framework
introduced in chapter |5, which was later used in sections and The program
asks the user to input the number of phases, the number of events in each phase, and
the name for each file for model parameter output, before running the analysis. In

other case studies where overlapping, independent phases were used, individual phases
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were modelled separately. The limits prior is not implemented in here because the
trapezoidal phases implemented in this thesis were either contiguous, or independent.
In a model with n phases, there are n + 1 output files at the end of the model run,
one for each set of trapezoidal model parameters (boundary and transition).

The program has a limit of two million iterations (a minimum of one million
iterations were recommended by Karlsberg 2006]). No convergence checker has been

built into the program.

Main program

#include "random.h"
#include "sampleNorm.h"
#include "trap.h"
#include <iostream>
#include <fstream>
#include <string>
#include <vector>
#include <map>
#include <algorithm>
#include <ctime>
#include <cmath>

typedef std::map<double,double>yearProb;
typedef std::pair<double,double>PAIR;
typedef std::vector<yearProb>group;
typedef std::vector<PAIR>vecPAIR;
typedef std::vector<vecPAIR>VECPAIR;

double getProbOfYear (yearProb&curve,double year);
double AcceptReject(double mh,double newValue,double old);
void updateDate(Trapezoid&Trap,dateCurve&curve,PAIR&phase,int p);

int main(){

srand (CLOCKS_PER_SEC) ;

std::vector <group>Phase;

int nPHASES;

std::cout << "Enter the number of phases: ";

std::cin >> nPHASES;

int nDATASET [nPHASES] ;

for(int phase=0;phase<nPHASES;phase++){
std::cout << "Enter the number of events in Phase " <<(phase+1) << ": ";
std::cin >> nDATASET [phase] ;

// open the calibrated data files

// calibrated ages are not needed for testing the trapezoidal model constraints.

// calibrated ages are also not needed for modelling tombstone simulation (chapter 5),
// instead, single data points are used. Single data points are imported into the

// program using a vector.

for(int phase=0;phase<nPHASES;phase++){

group vecDATA;

for(int k=0;k<nDATASET [phase] ;k++){
char filename[30];
std::cout << "Enter the name of file to be used in Phase " <<(phase+l) << ": ";
std::cin >> filename;
std::ifstream Data(filename);
if (Data==NULL){

std::cerr << "Failed to open input data file: \"" << strerror(errno) << "\"\n";
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return 1;
}
yearProb read;
while(!Data.eof ()){
double year,prob;
Data >> year >> prob;
read.insert(std: :pair<double,double>(year,prob));
}
Data.close();
vecDATA.push_back(read) ;
}
Phase.push_back(vecDATA) ;
}
/*xxkxx%kkxk*kxkx END OF PUTTING CALIBRATED DATA INTO VECTORS skkkskokkkskokkkokkkkokk /
// initiate Trapezoid for each phase
FILE*TrapInit;
TrapInit=fopen("INIT","w");
Trapezoid Trap(nPHASES);
for(int p=0;p<nPHASES;p++){Trap.initTrap(TrapInit,phase,nDATASET,p);?}
fclose(TrapInit);

// initiate individual events
// do not need to initiate events for modelling tombstone simulation (chapter 5)
// do not need to initiate events when testing model constraints with no events
VECPAIR PHASE;
for(int p=0;p<nPHASES;p++){
vecPAIR GROUP;
for(int k=0;k<nDATASET [p] ;k++){
PAIR read;
read.first=random(Phase.at(p) .at(k).begin()->first,phase.at(p).at(k).end()->first);
read.second=getProb0fYear (Phase.at(p) [k] ,read.first);
GROUP.push_back(read) ;
}
PHASE. push_back (GROUP) ;
}
FILE*Boundary [nPHASES+1] ;
char file[30];
for(int p=0;p<(nPHASES+1);p++){
if (p==0){
std::cout << "Phase " <<(p+1) << " Front Boundary filename: ";
std::cin >> file;
Boundary [p]=fopen(file,"w");
}
else if (p==nPHASES){
std::cout << "Phase " <<(p) << " End Boundary filename: ";
std::cin >> file;
Boundary [p]=fopen(file,"w");
}
else{
std::cout << "Phase " << p << " / " <<(p+1) << " Boundary filename: ";
std::cin >> file;
Boundary [p]=fopen(file,"w");
}
}
std::cout << "Please wait";
for(int j=0;3<2000000; j++){
if(j % 100000==0){std::cout << ".";}
// do not need to updateDate() when modelling with no events
// do not need to updateDate() when modelling tombstone simulation
Trap.ModPara(Boundary [0] ,phase ,nDATASET[0],0,3);
for(int k=0;k<nDATASET[0] ;k++){updateDate(Trap,phase.at(0) [k],PHASE.at(0) [k],0);}
for(int p=1;p<nPHASES;p++){
Trap.ModPara(Boundary [p] ,PHASE ,nDATASET [p-1] ,nDATASET [p] ,p-1,p,j);
for(int k=0;k<nDATASET [p] ;k++){updateDate(Trap,phase.at(p) [k] ,PHASE.at(p) [k],p);}
}
Trap.ModPara(Boundary [nPHASES] ,PHASE ,nDATASET [nPHASES-1] ,nPHASES-1,3);
}// closes j loop
for(int p=0;p<(nPHASES+1) ;p++){fclose(Boundary[pl);}
return O;

}
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Headers

// Header functions for random number generator random.h
double random();

double random(double a,double b);

double random(double a);

// Header functions for sampling from a normal distribution within 3 std
double sample(double mu,double sig);
double invert(double prob,double mu,double sig);

// Header functions for the trapezoidal prior model
#include <vector>

#include <map>

#include <algorithm>

#include <cmath>

typedef std::map<double,double>dateCurve;
typedef std::pair<double,double>PAIR;
typedef std::vector<dateCurve>group;
typedef std::vector<PAIR>vecPAIR;

class Trapezoid {

public:

Trapezoid(int n){
Ta=new double [n];
Tb=new double [n];
Wa=new double [n];
Wb=new double [n];
nPHASES=n;

}

“Trapezoid(){
delete [] Ta;
delete [] Tb;
delete [] Wa;
delete [] Wb;

}

void initTrap(FILExfile,std::vector<group>&Phase,int nDATASET[],int p);
void wupdateT(FILExfile,VECPAIR&Date,int nDATASET,int p);

void updateT(FILE*file,VECPAIR&Date,int nP,int nQ,int p,int q);

void updateW(FILExfile,VECPAIR&Date,int nDATASET,int p);

void updateW(FILE*file,VECPAIR&Date,int nP,int nQ,int p,int q);

void ModPara(FILExfile,VECPAIR&Date,int nDATASET,int p,int k);

void ModPara(FILExfile,VECPAIR&Date,int nP,int nQ,int p,int q,int k);

int findMin(double*parameter);

double getFreq(double Date,int p);

double shape(double i,double height[],int p);

double sigmoid(double sig); // for the sigmoidal phase model
double frontCorner(int p){return(Tal[p]l-Walpl);}

double backCorner(int p){return(Tb[pl+ Wb[pl);}

private:
int nPHASES;
double*Ta;
double*Thb;
doublex*Wa;
double*Wb;
double T;
double W;
};

Functions

// functions for random(real) number generation
#include "random.h"
#include <cstdlib>

double random();
double random(double a,double b);
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double random(double a);

double random(){return((double) rand() +0.5)/((double) RAND_MAX+1.0);}
double random(double a,double b){return(b-a)*random()+a;}
double random(double a){

if (a<0){a=-a;}

if (a==0){return 0};

return long(random()*a)+1;

}

// functions for sampling from a normal distribution
#include "random.h"

#include "sampleNorm.h"

#include <cstdlib>

double sample(double mu,double sig);
double invert(double prob,double mu,double sig);

double sample(double mu,double sig)q{
double z=random(-3.,3.); // sampling between 3 standard deviations
double a=invert(z,mu,sig);
return a;

}

double invert(double z,double mu,double sig){
double x=z*sig+mu;
return x;

}

// functions for the trapezoidal prior model
#include "random.h"

#include "trap.h"

#include "sampleNorm.h"

#include <cmath>

#include <map>

#include <vector>

#include <iostream>

typedef std::map<double,double>MAP;
typedef std::pair<double,double>PAIR;
typedef std::vector<MAP>group;
typedef std::vector<PAIR>vecPAIR;

double getDate(MAP&curve);

double getProb0fYear (MAP&curve,double year);

double findFrontDate(group&calDate,int&nDATASET) ;

double findDate(group&phaseFront,group&phaseBehind,int nFront,int nBehind);
double findEndDate(group&calDate,int&nDATASET) ;

void updateDate(Trapezoid&Trap,MAP&curve,PAIR&phase,int p);

double AcceptReject(double mh,double newValue,double old);

double getDate(MAP&curve){
// finds the year with the highest probability in each calibration
MAP::const_iterator it;
double highVal=0;
double highDate;
for(it=curve.begin();it !=curve.end();it++){
if (it->second>highVal){
highVal=it->second;
highDate=it->first;
}
}
return highDate;
}

double getProbOfYear (MAP&curve,double year){

MAP: :iterator it;

it=curve.lower_bound(year) ;

if (it->first==year){return it->second;}

if (it==curve.end() | |it==curve.begin()){return 0;}
//Now we’re pointing to at least one into the list
//Not the start.
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double date=it->first;

double freq=it->second;

it++;

double prob=(year-date)/((it->first)-date);
prob=prob*((it->second)-freq) ;

if (prob<0) {prob=-prob;}

prob=prob+freq;

return prob;

}

double findFrontDate(group&calDate,int&nDATASET){
// compares the years with the highest prob and finds the earliest date
double frontDate=2010;
double curveDate[nDATASET];
for(int j=0;j<nDATASET;j++){
curveDate[j]l=getDate(calDate[j]);
if (curveDate[jl<frontDate){frontDate=curveDate[j];}
}
return frontDate;

}

double findDate(group&phaseFront,group&phaseBehind,int nFront,int nBehind){
double frontDate=findFrontDate(phaseBehind,nBehind) ;
double endDate=findEndDate(phaseFront,nFront);
double midPoint=(frontDate+endDate)/2;
return midPoint;

}

double findEndDate(group&calDate,int&nDATASET){
// compares the years with the highest prob and finds the latest date
double endDate=-60000;
double curveDate[nDATASET];
for(int j=0;j<nDATASET;j++){
curveDate[j]=getDate(calDate[j]);
if (curveDate[j]>endDate) {endDate=curveDate[j];}
}
return endDate;

}

void updateDate(Trapezoid&Trap,MAP&curve,PAIR&date,int p){
double newDate=random(Trap.frontCorner(p),Trap.backCorner(p));
double ratio=Trap.getFreq(newDate,p)/Trap.getFreq(date.first,p);
double newProb=getProb0fYear (curve,newDate) ;
double likelihoodRatio=newProb/date.second;
double mh=ratio*likelihoodRatio;
double a=random(0.0,1.0);
if (a<mh){

date.first=newDate;
date.second=newProb;
}
}

double AcceptReject(double mh,double newValue,double old){
double a=random(0.0,1.0);
if (a<mh) {return newValue;}// acceptance
return old;// rejection

}

void Trapezoid::initTrap(FILExfile,std::vector<group>&Phase,int nDATASET[],int p){
// in the first phase
if (p==0){Ta[0]=findFrontDate (Phase.at (p) ,nDATASET [p]);}
// in the last phase
if (p==(nPHASES-1)){Tb [nPHASES-1]=findEndDate (Phase.at (p) ,nDATASET [p]) ;}
else{// not the first/last phase
Tb[p]l=findDate (Phase.at (p) ,Phase.at (p+1) ,nDATASET [p] ,nDATASET [p+1]) ;
Ta[p+1]=Tb[p];
}

// in the first phase
if (p==0) {Wa[p]l=random(0, (Tb[p]-Talpl));}
else{
if ((Ta[p]-Talp-1]1-Walp-11)<(Tb[p]-Talpl)){Walpl=random(0, (Ta[p]l-Tal[p-11-Walp-11));}
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else{Wa[p]l=random(0, (Tb[pl-Talpl));}
Wb [p-1]=Wa[p];
}
// in the last phase
if (p==(nPHASES-1)){Wb[p]l=random (0, (Tb[p]-Talp]l-Walpl));}
T=Tal[0];
W=Wa[0];
fprintf (file,"%f \t %f \t %f \t %f \n",Talpl,2*Walp],Tblp]l,2*Wblpl);
}

void Trapezoid::updateT(FILE*file,std:: vector<vecPAIR>&Date,int nDATASET,int p){
double freq[nDATASET];
double D=0,Dj=0,Top=0,Topj=0;
for(int k=0;k<nDATASET;k++){freq[k]=getFreq(Date.at(p) [k].first,p);}

for(int i=0;i<nPHASES;i++){D=D+Wa[i];}

D=2 (D+Wb [nPHASES-11) ;

Top=Tb [nPHASES-1]+Wb [nPHASES-1]-Ta[0]+Wa[0]-D;

double utp=pow (D,nPHASES)*pow (Top, (nPHASES-1) ) *(D+Top) ;

double newT=sample(T,25);

enum SIDE{FRONT,END };

SIDE side;

if (T==Ta[0]){
Ta[0]=newT;
side=FRONT;

}

else{
Tb [nPHASES-1]=newT;
side=END;

}

for(int i=0;i<nPHASES;i++){Dj=Dj+Wal[il;}
Dj=2% (Dj+Wb [nPHASES-1]) ;
Topj=Tb [nPHASES-1] +Wb [nPHASES-1]-Ta[0]+Wa[0]-Dj ;
utp=utp /(pow(Dj,nPHASES)*pow(Topj, (nPHASES-1))*(Dj+Topj));
enum CONSTRAINT{REJECT,ACCEPT };
CONSTRAINT constraint;
if ((Tb[p]-Talpl)<(Walp]+Wb[p])){constraint=REJECT;}
if (constraint==REJECT){newT=T;}
else{
double ratio=1;
for(int k=0;k<nDATASET;k++){ratio*=(getFreq(Date.at(p) [k].first,p)/freqlk]);}
// calculates the Metropolis Hastings ratio
double t_mh=ratio*utp;
newT=AcceptReject (t_mh,newT,T);
}
fprintf(file,"%f \t",newT);
if (side==FRONT){
Ta[0]=newT;
T=Tb [nPHASES-1] ;
}
else{
Tb [nPHASES-1]=newT;
T=Tal[0];
}
}

void Trapezoid::updateT(FILE*file,VECPAIR&Date,int nP,int nQ,int p,int q){
double freqP[nP],freqQ[nQ]l;
for(int k=0;k<nP;k++){freqP[k]l=getFreq(Date.at(p) [k].first,p);}
for(int k=0;k<nQ;k++){freqQ[k]l=getFreq(Date.at(q) [k].first,q);}
double 01dT=Tb[p];
double newT=sample(0ldT,25);
Tb [p]l=newT;
Tal[q]l=newT;

enum CONSTRAINT{REJECT,ACCEPT };

CONSTRAINT constraint;

if (((Tb[pl-Talpl)<(Walpl+Wblpl)) ||
((Tb[ql-Talql)<(Walql+Wb[ql))){
constraint=REJECT;
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}
if (constraint==REJECT) {newT=01dT;}
else{
double ratioP=1;
double ratioQ=1;
for(int k=0;k<nP;k++){ratioP*=(getFreq(Date.at(p) [k].first,p)/freqP[k]);}
for(int k=0;k<nQ;k++){ratioQ*=(getFreq(Date.at(q) [k].first,q)/freqQ[kl);}
// calculates the Metropolis Hastings ratio
double t_mh=ratioP*ratioQ;
newT=AcceptReject (t_mh,newT,01dT) ;
}
fprintf(file,"%f \t",newT);
Tb [pl=newT;
Tal[q]l=newT;
}

// There are no transition parameters in the uniform phase model so the following 2
// updateW(); functions are redundant in the listings for the uniform phase model.
void Trapezoid::updateW(FILExfile,VECPAIR&Date,int nDATASET,int p){

double freq[nDATASET];

double Dur=0,Durj=0,Top=0,Topj=0;

for(int k=0;k<nDATASET;k++){freqlkl=getFreq(Date.at(p) [k].first,p);}

for(int i=0;i<nPHASES;i++){Dur=Dur+Wal[i];}

Dur=2%* (Dur+Wb [nPHASES-1]) ;

Top=Tb [nPHASES-1] +Wb [nPHASES-1]-Ta [0]+Wa[0] -Dur;

double utp=(pow(Dur,nPHASES)*pow(Top, (nPHASES-1) ) * (Dur+Top) ) ;
double newW=sample(W,25);

enum SIDE{FRONT,END};

SIDE side;

if (W==Wa[0]){
Wa[0]=newW;
side=FRONT;

}

else{
Wb [nPHASES-1]=newW;
side=END;

}

for(int i=0;i<nPHASES;i++){Durj=Durj+Wal[i];}
Dur j=2* (Durj+Wb [nPHASES-11) ;
Topj=Tb [nPHASES-1]+Wb [nPHASES-1]-Ta [0] +Wa [0] -Durj;

enum CONSTRAINT{REJECT,ACCEPT};

CONSTRAINT constraint;

if ((newW<0) | | ((Wb[pl+Walpl)>(Tb[p]l-Talpl)))
constraint=REJECT;

if (constraint==REJECT) newW=W;

else{
utp=utp /(pow(Durj,nPHASES)*pow(Topj, (nPHASES-1))*(Durj+Topj));
double ratio=1;
for(int k=0;k<nDATASET;k++){ratio*=(getFreq(Date.at(p) [k].first,p)/freqlk]);}

// calculates the Metropolis Hastings ratio

double w_mh=ratio*utp;
newW=AcceptReject (w_mh,newW,W) ;

}

fprintf(file,"%f \t",2*newW);

if (side==FRONT){
Wa[0]=newW;
W=Wb [nPHASES-1] ;

}

elseq{
Wb [nPHASES-1]=newW;
W=Wal[0];

}

}

void Trapezoid::updateW(FILE*file,VECPAIR&Date,int nP,int nQ,int p,int q){

double freqP[nP],freqQ[nQ];
double Dur=0,Durj=0,Top=0,Topj=0;
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for(int k=0;k<nP;k++){freqP[k]l=getFreq(Date.at(p) [k].first,p);}
for(int k=0;k<nQ;k++){freqQ[k]=getFreq(Date.at(q) [k].first,q);}
for(int i=0;i<nPHASES;i++){Dur=Dur+Wal[il;}

Dur=2% (Dur+Wb [nPHASES-1]) ;

Top=Tb [nPHASES-1]+Wb [nPHASES-1]-Ta[0]+Wa[0]-Dur;

double utp=(pow(Dur,nPHASES)*pow (Top, (nPHASES-1) ) * (Dur+Top)) ;
double 0ldW=Wb[p];
double newW=sample(0ldW,25);
enum CONSTRAINT{REJECT,ACCEPT};
CONSTRAINT constraint;
if ((newW<0) | | ((newW+Wa[p])>(Tb[p]l-Talpl)) || ((Wb[q]l+newW)>(Tb[q]l-Talql)))
constraint=REJECT;
if (constraint==REJECT){newW=01dW;}
else{
Wb [p]=newW;
Wal[ql=newW;
for(int i=0;i<nPHASES;i++){Durj=Durj+Wali];}
Dur j=2% (Durj+Wb [nPHASES-11) ;
Topj=Tb [nPHASES-1]+Wb [nPHASES-1]-Ta[0]+Wa[0] -Durj;
utp=utp /(pow(Durj,nPHASES)*pow(Topj, (nPHASES-1))*(Durj+Topj));
double ratioP=1;
double ratioQ=1;
for(int k=0;k<nP;k++){ratioP*=(getFreq(Date.at(p) [k].first,p)/freqP[k]);}
for(int k=0;k<nQ;k++){ratioQ*=(getFreq(Date.at(q) [k].first,q)/freqQ[k]);}

// calculates the Metropolis Hastings ratio
double w_mh=ratioP*ratioQ*utp;
newW=AcceptReject (w_mh,newW,oldW) ;

}
fprintf(file,"%f \t",2*newW);
Wb [p]=newW;
Wa[ql=newW;
}

void Trapezoid::ModPara(FILE*xfile,VECPAIR&Date,int nDATASET,int p,int k){
updateT(file,date,nDATASET,p) ;
updateW(file,date,nDATASET,p) ;
fprintf(file,"\n");

}

void Trapezoid::ModPara(FILE*file,VECPAIR&Date,int nP,int nQ,int p,int q,int k){
updateT(file,date, nP, nQ, p,q);
updateW(file,date, nP, nQ, p,q);
fprintf (file,"\n");

}

double Trapezoid::getFreq(double Date,int p){
double h,density;

if (1 (Tb[p]-Talpl)==0){h=1 /(Tb[pl-Talpl);}

else{h=0;}
// for the trapezoidal phase prior

double height[4]={0,h,h,0};

if ((Wal[p]+Wb[p]l)<(Tb[p]l-Talpl)){density=shape(Date,height,p);}
// for the uniform phase prior

if (Ta[p]l<=Date&&Tb[p] >Date)

return h;
else{density=0;}
return density;

}

double Trapezoid::shape(double i,double height[],int q){

double z,ans;

double *p;

p=new double [5];

pl1]=Talql-Walql;

pl[2]=Talq]l+Walql;

p[3]1=Tblql-Wblql;

p[41=Tblql+Wb[q]l;

while(true)q{
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if (p[1]1<p[2]&&p[2]1<p[3]1&&p[31<p[41){
if (1 ((p[1]<=1)&&(i<=p[4]))){ans=0;}
elseq{
for(int c=1;c<4;c++){ // (Karlsberg, 2006)
if (plel<=i&&plc+1]>i){
// for the trapezoidal phase model
z=(height [c]-height [c-11)/(p[c+1]-plc]);
ans=height [c-1]+z*(i-p[cl);
// for the sigmoidal phase model
// if (c==1){ans=height [c]*sigmoid ((i-p[c])/(plc+1]1-plc]));}
// else if(c==2){density=height[c];}
// if (c==3){density=height [c-1]*sigmoid((p[c]-i)/(plc+1]-plcl));}
}
}
}
}
else{ans=0;}
delete [] p;
return ans;
break;
}
}

int Trapezoid::findMin(double*parameter){
double min=parameter[0];
int where=0;
for(int k=0;k<nPHASES;k++){
if (min<parameter [k]){
min=parameter [k] ;
where=k;
}
}
return where;

}

double Trapezoid::sigmoid(double sig){
double shape=pow(sig,2)/(pow(sig,2)+pow((1-sig),2));
return shape;
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Appendix B

Data

B.1 British Bronze Age Metalwork

Sub-division Lab. no. T1C deetermination | Uncertainty
OxA-5948 3225 65
OxA-5196 3035 40
Acton & Taunton | OxA-4651 3220 80
OxA-6177 3055 50
OxA-5949 3110 50
OxA-5187 3045 55
OxA-5959 2965 45
OxA-1526 3030 100
OxA-5183 2930 40
OxA-5953 3015 45
Penard OxA-4653 2910 55
OxA-5951 2980 45
OxA-5950 2910 45
OxA-4504 2965 65
HAR-2940 3020 70
OxA-5952 2965 45
OxA-4656 3005 75
OxA-5955 2900 45
OxA-4503 2930 55
OxA-5035 2900 45
. OxA-4502 2925 50
Wilburton OxA-5034 2890 15
OxA-5036 2920 50
OxA-5956 2850 50
OxA-5197 2910 50
OxA-5198 2820 70
OxA-5186 2840 40
Blackmoor OxA-5184 2830 65
OxA-5185 2770 50
OxA-5957 2810 45
OxA-4716 2780 50
OxA-4654 2765 45
OxA-5976 2740 45
Ewart Park OxA-4652 2720 45
BM-798 2704 45
OxA-5962 2685 60
OxA-6176 2655 50
OxA-5977 2620 45

Table B.1: Radiocarbon determinations of the organic materials and their associated
Bronze age assemblages from Needham et al.| (1997)).
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B.2 Early Bronze Age Irish bowls

Site Lab. no. 14@ de.t e Un.cer— Material Reference
mination tainty
Lug GrA-24309 3575 40 Collagen
Ardballymore GrA-24175 3695 40 Carbonate
Stonepark GrN-11356 3665 35 Collagen
Treanmacmurtagh GrN-12274 3550 40 Collagen
Altanagh GrN-11450%* 2900 100 Charcoal
Donaghanie GrA-14793 3690 40 Carbonate
Dungate GrN-13581 3670 30 Collagen
Ballybrennan GrA-24139 3650 40 Collagen
GrA-24179 3660 40 Carbonate
Milltown GrN-11903 3755 35 Collagen ‘Waddell| (1990))
Rathbennett GrA-14822 3550 40 Carbonate
Redmondstown GrA-24154* 3310 80 Unspecified
Riverstown GrN-9322 3645 30 Collagen
Sonnagh Demesne GrA-24192 3580 70 Carbonate
Bolinready GrN-9321 3620 60 Collagen
Dillonsdown GrA-13330% 3730 50 Carbonate
OxA-2672 3660 70 Collagen
Haylands OxA-2669 3580 70 Collagen
GrN-11901* 4095 30 Collagen
GrA-14751 3620 40 Carbonate
GrA-13331% 3600 40 Carbonate
OxA-2761 3620 80 Collagen
Grange GrA-13332* 3770 70 Carbonate |R1'ordéin et al.l q1997D
OxA-1664 3770 70 Colagen
GrA-14752 3700 40 Carbonate
GrA-14753 3740 40 Carbonate
Corkey GrA-5409 3680 50 Collagen |Waddell| (1990)
. OxA-2675 3560 70 Collagen
Rathlin Island GrN-14616* 4460 60 Collagen | [Wiggins et al (2000)
Rathlin OxA-2677 3690 70 Collagen
Kilinane GrA-14801 3610 40 Carbonate | [Moore| (1984)
Siguff OxA-2671 3570 70 Collagen
GrN-11352% 3475 35 Collagen | [Waddell| (1990)
Vermont GrA-24158 3575 40 Collagen
GrN-15491* 3810 40 Collagen
. GrA-14825 3690 40 Carbonate
Straid CrN-151927 3310 35 Collagen |Brannon et al,l q1990D
GrN-15493* 3845 40 Collagen
Bohullion GrA-14641 3680 50 Carbonate -
Lisnamulligan OxA-2667 3640 70 Collagen
Glassamucky GrN-11899 3765 40 Collagen
Rush GrA-14071 3440 35 Carbonate | [Waddell| (1990)
GrA-24157 3670 40 Collagen
Anaghkeen GrN-11355 3660 25 Collagen
Blackhil OxA-2668 3770 70 Collagen
Halverstown GrN-12958* 3820 40 Collaﬁen
Hartwell Upper GrA-24152* 935 35 Collagen
Oldtown GrN-11902 3655 35 Collagen
Ploopluck GrN-11353 3735 35 Collagen
Newtownbalregan GrN-14613 3685 35 Collagen |Manning| (]1987[)
Timolin GrN-11364 3700 30 Collagen -
Baggotstown GrA-24177 3495 40 Carbonate
Corrower GrA-14794 3610 40 Carbonate
Betaghstown GrN-11357 3745 30 Collagen
GrN-12272 3685 45 Collagen
GrA-2133 3585 35 Collagen
K GrA-2132 3565 35 Collagen | [Mount and Buckley| (1997)
eenoge
GrA-17385 3640 50 Carbonate
GrA-2134 3610 35 Collagen
GrN-9323* 2790 35 Collagen Brindley| (2007)
Shanco GrN-14342 3675 30 Collagen Williams| (1987)
Martinstown GrA-24155 3670 40 Collagen Waddell| (1990)
GrA-17195 3570 60 Carbonate 5 -
Tara GrA- 17193 3600 60| Carbonate | (2 Sullivan et al|(2005)
Lehinch GrA-24193* 3360 45 Carbonate | |Brindley| (2007)
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Table B.2: (continued)

Site Lab. no. 14@ de.t e Un.cer— Material Reference
mination tainty
New Newry GrN-11363* 3240 30 Collagen | |O Riorddin and Waddell| (1993)
UB-3987* 3638 46 Collagen
Graney West UB-3988* 3595 34 Collagen
UB-3989% 1430 32 Collagen | [Mount et al| (1998)
Oldtown UB-3985* 3666 41 Collagen
UB-3986* 3565 43 Collagen

Table B.2: Radiocarbon determinations of bones associated with the Early Bronze
Age Irish bowl tradition (Brindley, 2007, Chap. 4). Rejected radiocarbon determi-

nations are marked with an *.
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B.3 Iron Age in Israel

Site Stratum Lab. no. 14(.3 de'ter— Un.cer— Material Reference
mination tainty
RT-4501.3 2790 40
RT-4501.4 2764 50
RT-4501.5 2767 40
?{?—iiggi ;gzg ig Sharon et al.| (2007)
_ K/6 RT-4499.5 2925 40 ) .
Megiddo (=VIIA?) RT-4499a 2907 40 Olive pits
RT-4499aa 2876 40
RT-5080 2965 30
RT-5081 2955 35 - - -
RT-5083 5975 E f‘zlgi(gllos?)m and Piasetzky:
RT-5083 3030 150 f
RT-5084 2980 60
Tel RT-4286.3 2950 55
Mique VIIb RT-4286.4 2900 40 Seeds Sharon et al.| (2007])
RT-4286.5 2870 60
RT-3804.3 2960 35
Tell RT-3804.4 2997 35
Keisan RT-3804.5 2996 35 Charcoal Sharon et al.| (2007)
RT-3804a 3022 50
RT-3804aa 2985 40
RT-2912 2915 25 . . - - -
Lachish VI RT-275E 5955 55 Olive pits C2%r0r21 and Ussishkin!
RT-1417 2810 100 Seeds ( )
RT-3119* 2685 40
Tel GrN-26118 2920 30 )
Rehov D-6 GrA-18826 2950 50 Olive stones Magzar| (2005)
GrA-19034 2935 45
GrN-26120 2880 30

Table B.3: Radiocarbon determinations of samples from the Iron TA strata. Rejcted
radiocarbon determinations are marked with *.

Site Stratum Lab. no. 14@ de'ter— Un'cer— Material Reference
mination tainty
RT-4283.3 2915 45
Tel VIB RT-4283.4 2960 45 Olive pits
Mique RT-4283.5 2880 45 Sharon et al.| (2007)
VB RT-4284.3 2835 45 Seeds
RT-4284.4 2830 45
RT-3934.3 2830 50
6 RT-3934.4 2925 50
RT-3934.5 2810 50
Beth RT-3935.3 2830 53 . .
Shemesh RT-3935.4 2750 55 Olive pits Sharon et al.| (2007)
5 RT-3935.5 2770 65
RT-3936.3 2810 50
RT-3936.4 2850 55
RT-3936.5 2855 65
RT-4528.3 2883 47
D2/13 RT-4528.4 2910 39
RT-4528.5 2930 42
RT-4522.3 2868 50
Tel Dor RT-4522.4 2855 38 Olive pits Sharon et al.| (2007)
RT-4522.5 2850 43
D2/12 RT-4525.3 2857 38
RT-4525.4 2869 38
RT-4525.5 2811 40
GrN-26121 2890 30
GrA-18825 2870 50 Mazar| (2005)
Tel RT-3809.4 2830 34 Olive stones
Rehov D-4 RT-3809.5 2861 35 Sharon et al.| (2007)
RT-3809a 2889 35
g;g_g}ggg gggg gg Seeds Mazar| (2005))
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Table B.4: (continued)

Site Stratum Lab. no. 14(.1 de.t e Un.cer- Material Reference
mination tainty
D4 GrA-21184 2920 50 Seeds Mazar| (2005)
RT-3121%* 2800 40
RT-3120* 2670 40
RT-3805.3 2774 35
RT-3805.4 2811 34
RT-3805.5 3316 35| Olive stones | naron et al (2007)
GrA-16757 2820 50
GrA-19033 2835 45
GrN-26119* 2720 30
Tel GrA-12889 2870 70
Rehov GrA-16848 2895 40 Charcoal
D-3 GrA-21044 2845 35
GrA-21056 2825 35 Mazar| (2005)
GrA-21183 2820 50
GrA-22302a 2730 50
GrA-22302b 2820 40 Olive stones
GrA-22329a 2810 50
GrA-22329b 2760 40
RT-5230 2884% 34
RT-5228 2836 35 Boaretbtl‘? o ;l'
RT-5237 2782F 66 (unpublished)
RT-4270.3 2828 40
RT-4270.4 2807 40
RT-4270.5 2809 40
RT-4271.3 2809 40
RT-4271.4 2858 40
ilkhwat gi:jg;ég ;Zgg jg Olive pits Sharon et al.| (2007))
RT-4272.4 2838 40
RT-4272.5 2935 40
RT-4273.3 2847 40
RT-4273.4 2819 40
RT-4273.5 2780 40
RT-3928.3 2925 50
RT-3928.4 2885 35 Raisins
Shiloh | V }g_gg;gg ;Sgg 38 Sharon ot al] (2007)
RT-3929.4 2935 65 Seeds
RT-3929.5 2965 50
RT-4147.1 3095 50
RT-4147.3 3013 56
RT-4147.4 2917 65
Tel RT-4147.5 2852 65
Hevron VII RT-4148.1 3010 40 Charcoal Sharon et al.| (2007)
RT-4148.3 3010 35
RT-4148.4 2910 55
RT-4148.5 3025 40
RT-4148.6 2935 35
RT-4282.3 2895 55
Tel RT-4282.4 2835 40
Minque Vb RT-4282.5 2900 50 Sharon et al.| (2007)
RT-4282a 2872 40
RT-4282aa 2895 40
RT-4532.3 2788 38
RT-4532.4 2771 39 Olive pits
RT-4532.5 2789 38
RT-4531.3 2756 38
Tel Dor D2/9-10 RT-4531.4 2808 38 Sharon et al.| (2007])
RT-4531.5 2849 38
GrA-25543 2769 40
GrA-25712 2807 38
GrA-25772 2832 45
RT-3939.3 2910 45
RT-3939.4 2790 40
Megiddo F:/éIA) g%:ggigg ;;28 38 Seeds Sharon et al.| (2007)
RT-3940.4 2770 40
RT-3940.5 2775 55
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Table B.4: (continued)

Site Stratum Lab. no. 14(.} de.t e Un.cer- Material Reference
mination tainty
RT-3943.3 3045 40
RT-3943.4 2860 40
RT-3943.5 2845 40
RT-3944.3 2975 60
RT-3944.4 2980 50
RT-3944.5 2905 60 Seeds
) K/4 RT-3944a 2865 40
Megiddo (=VIA) RT-3945a 2858 40 Sharon et al.| (2007)
RT-3945aa 2912 45
RT-3946a 2910 35
RT-3946aa 2904 40
RT-3942.3 2845 37
RT-3942.4 2832 43 Olive pits
RT-3942.5 2856 42
RT-3942.6 2949 36
RT-3853.3 2680 35
RT-3853.4 2747 35
RT-3853-1 2884 45
RT-3931.1 2853 20
RT-3931.3 3830 55
RT-3931.4 2930 56
RT-3931.5 2936 41
RT-3931-1 2852 45
Qasile X GrA-25535 2864 40 Lathyrus Sharon et al.| (2007)
GrA-25710 2818 38
GrA-25768 2897 44
RT-3932.3 2745 50
RT-3932.4 2765 75
RT-3932.5 2685 50
RT-3932.6 2650 40
RT-3932a 2780 35
RT-3932aa 2862 40
RT-3795.3 2791 52
RT-4291.3 2800 50
RT-4291.4 2745 45
Tel RT-4291.5 2780 50
Hadar v RT-4291-3.1a 2856 30 Seeds Sharon et al.| (2007)
RT-4291-3.1b 2852 30
RT-4291-3.2 2815 60
RT-4291-5.1 2901 30
RT-4291-4.1 2924 35
RT-3803.1 2893 35
RT-3803.3 2817 50
RT-3803.4 2840 50
RT-3803.6 2870 45
RT-3803.7 2800 40 Charcoal
9a RT-3803.8 2800 40
RT-3803a 2938 35
RT-3803aa 2862 65
RT-3803.5 2997 35
Tel.l RT-3796.3 2870 40 Sharon et al.| (2007)
Keisan RT-3796.4 2875 70 Seeds
RT-3796.5 2820 50
RT-3802.3 2820 50
9a-b RT-3802.4 2820 50
RT-3802.5 2885 50
RT-3801.1 2935 35 Charcoal
9b RT-3801.3 2640 50
RT-3801.4 2720 50
RT-3801.5 1655 60
RT-3779.1 2926 30
RT-3779.3 2815 45
XVI(2) | —Rr37794 2870 60 Charcoal
Yogneam gi_g:;g? ;222 ?g Sharon et al.| (2007)
RT-3777.3 2830 60 . .
XVII(b) RT3 1 5970 e Olive pits
RT-3777.5 2790 80
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Site Stratum Lab. no. 14@ de.ter— UIl.Cel‘— Material Reference
mination tainty
RT-3778.1 2776 15
RT-3778.3 2780 45
RT-3778.4 2865 45
RT-3778.5 2800 45
Yogneam | XVII(b) RT-3778a 2780 45 Olive pits Sharon et al.| (2007
RT-3778aa 2855 40
GrA-25534 2925 38
GrA-25708 2897 38
GrA-25767 2929 54

Table B.4: Radiocarbon determinations of samples from the Iron IB strata. Rejected
radiocarbon determinations are marked with *.

Site Stratum Lab. no. 14(.3 de.ter- Ur%cer- Material Reference
mination tainty
Tel RT-4288.3 2615 40 . .
Mique v RT-4288.4 2550 40 Olive pits Sharon et al.| (2007)
RT-4288.5 2642 40
RT-4540.3 2724 49
RT-4540.4 2772 43
RT-4540.5 2756 39
GrA-25544 2741 38
GrA-25714 2776 39
GrA-25787 2792 76
Tel Dor | D2/8c RT-4541.3 7796 38 | Olive pits Sharon et al{ (2007)
RT-4541.4 2773 38
RT-4541.5 2772 38
RT-4542.3 2801 38
RT-4542.4 2757 38
RT-4542.5 2777 54
RT-2960 2710 20 Gilboa and Sharon| (2003))
GrN-27366 2761 14 Cereal grains - |
GrA-21943 2755 35
Tel GrA-21054 2805 35 Fine charcoal | [Mazar| (2005)
Rehov VI GrA-21182 2800 50
GrA-21417 2840 45 Bone
RT-5236 2807 23 Olive pits Boretto et al.
RT-5233 2767 13 (unpublished)
OxA-19425 2851 31
OxA-19426 2837 29 Garfinkel and Ganor
Khirbet OxA-19588 2799 31 Charred olive | (2008])
Qeiyafa OxA-19589 2883 29 pits
OxA-19127 2910 26
OxA-22044 2858 33
OxA-22045 2830 30

Table B.5: Radiocarbon determinations of samples from the Early Iron ITA strata.

Site Stratum Lab. no. 14(? de.ter- Un.cer- Material Reference
mination tainty
RT-5236 2807 23 Boaretto et al.
RT-5233 2767 13 (unpublished)
GrN-26113 2760 30
GrA-19030 2750 50 Mazar| (2005)
GrN-26112 2805 15
RT-3806.3 2728 35
Vior V. —Rro3s06.5 2779 34
RT-3807.1a 2760 30 Olive pits
Tel RT-3807.1b 2783 35 Sharon et al.| (2007])
Rehov RT-3807.3 2763 35
RT-3807.4 2716 35
RT-3807.5 2793 36
GrA-24455 2775 45
GrA-24456 2750 45
\% GrA-24497 2745 45 Mazar| (2005)
GrN-27361 2764 11 Charred
GrN-26116 2810 20 grains
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Table B.6: (continued)

Site Stratum Lab. no. 14(? de.ter- Un.cer- Material Reference
mination tainty
GrN-26117 2775 25
GrN-27362 2777 13
GrN-27412 2785 28 Mazar| (2005
GrN-27363 2745 15
GrN-27385 2771 15
GrN-27386 2761 15
v RT-5232% 2953 30 Ché.n"red Boaretto et al. (unpub-
grains lished)
GrA-45623 2775 40
GrA-45624 2690 40
GrA-45650 2735 25
OxA-24784 2690 30 Magzar, pers. comm.
Beta- 2850 40
284753* 2810 40
Beta 287772 2720 30
GrN-27364 2764 11
GrN-27413 2866 21
GrN-26114 2775 20
GrN-26115 2800 20
RT-3122A 2700 20
RT-3122A1 2655 25
RT-31222A2 2655 25
RT-3122B 2720 20
RT-3122B1 2700 25
RT-3122B2 2650 30
RT-3122BB 2725 15 Mazar| (2005)
RT-3122C 2860 20
RT-3122D 2710 20
AA30431 U3-11 2830 55
AA30431 U3-12 2745 50 Cereal grains
AA30431 U3-13 2730 45
AA30431 U3-21 2815 50
Tel AA30431 U3-22 2770 50
Rehov AA30431 U3-23 2710 5
AA30431 U3-31 2685 45
AA30431 U3-32 2760 60
AA30431 U3-33 2740 50
VERA-3223 2715 35 Mazar, pers. comm.
GrA-21152 2770 50
GrA-21154 2730 50
GrA-21267 2760 35
GrA-22301¢ 2710 45 Mazar| (2005))
GrA-22301° 2775 40
GrA-22330% 2760 50
v GrA-22330° 2785 40
Beta- 2920* 40
284754 2890 40
Beta-287773 2770 30 Charred Mazar, pers. comm
GrA-45626 2705 40 grains ’ ’ '
GrA-45627 2690 40
GrA-45651 2680 35
GrA-17260 2745 40 Mazar| (2005))
RT-3808.3 2693 35 B -
RT-3808.4 2671 35 Olive stones
RT-3808.5 2669 35 Sharon et al.| (2007)
RT-3808a 2671 35
RT-3808aa 2700 40
GrA-24108 2765 45
GrA-24109 2770 45
GrA-24111 2780 45 Seeds Mazar| (2005))
Vor IV GrA-24112 2750 45
GrN-28368 2735 30
VERA-3221 2725 35 Mazar, pers. comm.
GrN-27365 2765 15
8;2:31823 3;28 gg Olive stones Mazar| (2005))
GrA-21179 2770 50
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Table B.6: (continued)

Site Stratum Lab. no. 14¢ de.ter- Un.cer- Material Reference
mination tainty
Tel GrA-21042 2765 35
Rehov VorlV GrA-21053 2750 35 Charcoal mazar2005
GrA-21180 2690 50
RT-4281.1a 2820 35
RT-4281.1b 2866 35
Bethsaida| 6 RT-4281.3 2775 50 Seeds Sharon et al.| (2007)
RT-4281.4 2800 40
RT-4281.5 2780 40
RT-3797.3 2597 63
RT-3797.4 2766 65
RT-3797.5 2695 44
RT-3797.6 2660 40
23 RT-3797.7 2762 40
RT-3797.8 2750 40
RT-3797-1.1 2670 50
RT-3797-1.2 2715 45
Rosh RT-3797-1.3 2725 45
Zayit RT-3798.1 2745 30 Seeds Sharon et al.| (2007)
RT-3798.3 2760 40
53 RT-3798.4 2755 40
RT-3798.5 2750 40
RT-3798a 2687 35
RT-3798aa 2693 50
RT-3799.1 2745 30
59 RT-3799.3 2730 40*
RT-3799a 2683 35
RT-3799aa 2728 70
RT-3989.3 2837 40
RT-3989.4 2839 40
108 RT-3990.3 2915 40
Sulem g%:ggggg 32;,17 3(5] Charcoal Sharon et al.| (2007)
RT-3991.3 2642 35
111 RT-3991.4 2629 35
RT-3991.5 2758 40
RT-3782.3 2680 55
RT-3782.4 2570 50
RT-3782.5 2710 60
RT-3783.3 2822 40 Charcoal
RT-3783.4 2680 50
Xa RT-3783.5 2796 40
RT-3783a 2731 40
RT-3783aa 2674 35
RT-3784.3 2620 80
RT-3784.4 2570 50
Hazor RT-3784.5 2680 50 Sharon et al.| (2007)
RT-3784.6 2650 50
RT-3786.4 2450 50
RT-3786.3 2615 80
RT-3786.5 2695 50 Olive pits
RT-3786a 2576 66
RT-3786aa 2656 35
RT-3785.4 2675 50
RT-3785.5 2710 50
RT-3785.6 2680 50
RT-3785a 2693 35
RT-3785aa 2705 35
RT-3949.3 2820 50
RT-3949.4 2900 50
Megiddo {X%B* RT-3949a 2788 40 Seeds Boaretto| (2006}
RT-3949aa 2775 50
RT-3948a 2695 50
RT-4556.3 2765 43
Tel Dor D2/8b RT-4556.4 2777 38 Olive pits Sharon et al.| (2007])
RT-4556.5 2712 38
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Site Stratum Lab. no. 14@ de.ter— Ur{cer— Material Reference
mination tainty
RT-4411.1a 2830 35
RT-4411.1b 2785 50
RT-4414.3 2652 40 Sharon et al.| (2007)
RT-4414.4 2640 40
RT-4414.5 2653 40
RT-4415.5 2653 40
RT-4415.3 2648 40
Mid RT-4415.4 2607 40
L117 RT-4418.3 2700 40
RT-4418.4 2765 40
RT-4418.5 2695 45
RT-4423.3 2710 35
RT-4423.4 2665 35
RT-4425.3 2740 35 Semolina
RT-4425.4 2680 45
Tel el RT-4425.5 2675 35
Har RT-4412.3 2663 40 Seeds
RT-4412.4 2611 35
RT-4412.5 2565 35
RT-4419.3 2715 40 Seeds
Mid RT-4419.4 2740 40
L119 RT-4420.3 2725 40
RT-4420.4 2630 40
RT-4420.5 2670 40
RT-4424.3 2700 35
RT-4424.4 2685 35 Semolina
RT-4424.5 2675 35
Mid RT-4413.3 2576 40
L466 RT-4413.4 2601 40 Seeds
RT-4413.5 2584 40
RT-4422.3 2654 35
bper T RT-1122.1 2565 g5 | Seeds
RT-4422.5 2545 35
RT-3780.1 2735 30
RT-3780.1a 2716 25
RT-3780.3 2635 45
Yoqueam | XIVb RT-3780.4 2657 55 Charcoal Sharon et al.| (2007)
RT-3780.5 2665 70
RT-3780a 2740 35
RT-3780aa 2725 45
RT-4583.3 2857 40
RT-4583.4 2865 40
RT-4583.5 2830 55
RT-4584.3 2908 40
RT-4584.4 2885 40
Moza RT-4584.5 2902 40 Charcoal Sharon et al.| (2007)
RT-4586.3 2813 40
RT-4586.4 2819 40
RT-4586.5 2817 40
RT-4587.3 2873 40
RT-4587.4 2938 40
RT-4511.3 2685 35
Aphek X8 RT-4511.4 2680 35 Seeds Sharon et al.| (2007)
RT-4511.5 2635 35
RT-4409.3 2630 45
RT-4409.4 2693 60
RT-4409.5 2679 55
Tel RT-4410.3 2748 60
es.Safi v RT-4410.4 2671 45 Seeds Sharon et al.| (2007))
RT-4410.5 2712 45
GrA-25536 2700 42
GrA-25711 2733 38
GrA-25770 2780 44

Table B.6: Radiocarbon determinations of samples from the Late Iron IIA strata.
Rejected radiocarbon determinations are marked with *.
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Site Stratum Lab. no. 14(.3 de.ter— Un.cer— Material Reference
mination tainty
RT-4275-1.3 2640 40
RT-4275-1.4 2646 45
RT-4275-1.5 2745 55
RT-4275-2.3 2616 0 SEZ‘SSO:I
RT-4275-3.3 2573 40
RT-4275-3.4 2605 40 Sharon et al.| (2007)
Tel I RT-4275-3.5 2600 40
Zayit RT-4278.3 1400 35
RT-4278.4 1390 35 Olive pits
RT-4278.5 1455 35
RT-4279.4 2681 35
RT-4279.5 2683 35 Charcoal
RT-4280.3 2615 40
RT-4280.4 2653 40
RT-3937.1 2500 35
RT-3937.3 2524 36
Beth RT-3937.4 2427 35 . .
Shemesh 3 RT-3937.5 2478 34 Olive pits Sharon et al.| (2007)
RT-3938.3 2390 65
RT-3938.4 2425 40
RT-3938.5 2505 40

Table B.7: Radiocarbon determinations of samples from the Iron IIB strata.
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B.4 The Cape Riva tephra

Lab. no. 1C determination | Uncertainty | Depth (m) | Material
SUERC-5863 23523 428 2.201
Beta-147750 24460 150 2.604
SUERC-5862 27167 686 3.076
SUERC-3019 30762 1085 3.957
8 Beta-202262 32150 800 4.26
g SUERC-5864 31717 1225 4.653
= Beta-147749 32750 330 4.75
% SUERC-3020 34975 1848 5.647 Bulk sediment
= SUERC-3022 42083 4506 6.169
E SUERC-3023 38879 3017 6.582
Beta-145632 38390 690 6.959
SUERC-3026 43259 5219 7.441
Beta-145631 37910 660 7.713
SUERC-3027 >43000
Beta-145630 42400 2720 8.675
SUERC-1287 1538 28 0.645 Mixed plant cuticles & seeds
8 SUERC-5857 19072 237 1.836
g SUERC-5858 21225 316 2.678
?y SUERC-5859 20933 309 3.974
% SUERC-5860 27781 743 5.474 Bulk sediments
b= SUERC-3027 32304 1319 6.677
3 SUERC-3029 >43000
= [ SUERC-3029 >43000
SUERC-3032 41384 4128 11.628

Table B.8: Data from the Megali Limni basin on Lesvos Island from [Margari et al.
(2007, 2009). The Y-2 tephra was found at 1.81 m in the MLO1 sequence and the
Campanian Ignimbrite was found at 5.565 m in the ML0OO sequence and 7.52 m in the
MLO1 sequence.

Lab. no. T4 C determination | Uncertainty | Depth (m) | Material
Poz-15890 1950 30 0.76 Viviparus contectus
Poz-15891 4200 40 1.79 Ozvloma eleaans
Poz-15894 5790 10 3.41 Y gan:
Beta-244646 6350 50 4.2
Beta-244647 7600 50 4.59 Wood
Beta-244650 8820 50 5.56
Beta-244651 9890 60 6.15
Beta-244654 13570 70 6.98
Beta-244655 16560 90 7.18
Beta-244637 20220 100 8.2
Poz-16295 23330 150 8.86
Beta-244638 24310 160 9.3
Beta-244639 25120 150 9.85
Beta-244640 27760 190 10.6 Bulk sediment
Beta-244641 28680 230 11.25
Beta-244642 32390 260 11.85
Beta-244643 35290 350 13.3
Beta-244644 36520 400 13.83
Beta-244645 39570 570 14.65
Beta-246628 43100 1200 15.28

Table B.9: Radiocarbon determinations from Tenaghi Philippon from [Miiller et al.
(2011). The Y-2 tephra was found at 7.61 m, and the Campanian Ignimbrite was
found at 12.755 m.
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B.5 Taforalt chronology

Unit Lab. no. TC determination | Uncertainty | Depth (m) | Species
OxA-16277 29160 160 5.77 Cu )
OxA-16278 29310 160 577 pressus sempervirens
OxA-16276 26550 140 5.63 Pinus sp.
OxA-135567 25760 140 5.61 Quercus sp.
OxA-16244 25860 150 5.48 Pinus sp.
OxA-16243 22890 120 5.34 Juniperus sp.
OxA-13607# 22200 90 5.24 Taxus sp.
OxA-24110 20800 120 5.17 Panthera
OxA-16275 20560 90 5.16 Pinus sp.
OxA-16274 20630 90 5.11 Conifer unidentified
OxA-22910 20030 90 5.08 cf Cedrus
OxA-16271 20420 90 4.96 Pi
OxA-162737 7 17515 75 19 s sp-
OxA-16242%# 16630 75 4.77 Dicot unidentified
OxA-13518%# 17085 65 4.72 Quercus sp.
Yellow Series | OxA-162707%7# 16285 65 4.68 Pinus sp.
OxA-14351* 16695 70 4.63 Struthio (Ostrich eggshell)
OxA-162697# 15790 60 4.55 Juniperus sp.
OxA-14350* 16660 70 4.55 Struthio (Ostrich eggshell)
OxA-16272%# 14630 60 4.36 Quercus sp.
OxA-22909 14140 55 4.35 Conifer
OxA-135197% 13905 55 4.3 Juniperus / Tetraclinus
OxA-16268## 14515 60 4.26 Tetraclinus articulata
OxA-22908 14110 55 4.25 cf Arbutus
OxA-22906 14135 55 4.18 Conifer
OxA-22907 14230 55 4.17 cf Juniperus
OxA-16267# 14005 60 4.16 Tetraclinus articulata
OxA-22788 12850 55 4.12 Conifer
OxA-22905 12665 50 4.08 cf Arbutus
OxA-14349* 12690 55 4.08 Struthio (Ostrich eggshell)
OxA-22903 13045 50 4.05 cf Cedrus
OxA-22786 12200 55 4.02 cf Juniperus
OxA-24109 12605 55 3.98 Bos
OxA-22784 12660 70 3.97-3.88 .
OxA-22785 12500 55 307 3.88 | ¢ Jumiperus
OxA-22787 12545 55 3.97-3.88 Conifer
OxA-22902 12370 50 3.97-3.88 Conifer
OxA-22904 12490 50 3.97-3.88 Conifer
OxA-13478% 12495 50 3.88 Juni T I
OxA-23411 13060 65 351 uniperus/ Tetraclinus
OxA-13477# 12675 50 3.5 Comnifer
OxA-23410 12405 55 2.96 Juniperus / Tetraclinus
OxA-23409 11890 55 1.56 .
Grey Series OxA-23408 11545 55 114 Pinus sp.
OxA-23406 11445 55 0.94 Juniperus/Tetraclinus
OxA-23407 11465 50 0.94 P
OxA-24113 11540 50 0.69-0.61 Gazella
OxA-23405 11615 50 0.69-0.61 Juniperus/Tetraclinus
OxA-13517# 10990 45 0.54 Dicotyledonous
OxA-24112 11165 45 0.53 Ammotragus
OxA-13516% 11065 45 0.48 Pinus sp.
OxA-23404 10870 45 0.36-0.48
OxA-13480% 10950 45 0.36-0.48 Pinus sp.
OxA-13479% 10935 40 0.36
OxA-24111 10680 45 0.22 Ammotragus

Table B.10: Radiocarbon determinations from Grotte des Pigeons cave (Sector 8) at
Taforalt, Morocco, provided by Professor Nick Barton. Determinations marked with
# and ## were previously published in Barton et al. (2007) and Bouzouggar et al.
(2008)), respectively. Depths were provided by Dr. Simon Cullcutt, where ranges
indicate samples that were from sediment blocks. Ostrich eggshells are marked with
* and are excluded from the model.
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B.6 Mid-Holocene elm decline

Data for the mid-Holocene elm decline and posterior for individual models are in-

cluded here. All dates ranges quoted are in units of cal BP.
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Appendix C

CQL listings

The chronology building software, 0xCal was used to build the majority of models
described in this thesis and the CQL codes outlining the structure of various models
are listed here. Data for individual models are available in Appendix [B] and are not
included in the listings below.

C.1 Iron Age in Israel

The Iron Age chronology In Israel was modelled using a contiguous trapezoidal phase
model.

Options O{
Resolution=1;
UniformSpanLimits=0;
};
PlotO{
Outlier_Model("RScaled",T(5),U(0,4),"r");
Outlier_Model ("General",T(5),U(0,4),"t");
Sequence () {
Boundary("Start IA"){
Transition();
Start();
End();
}s
Phase("Iron IA"){
. data attributed to Iron IA in here ...
. in the form of ...
R_Combine ("RT-4501"){
Outlier("General", 0.05);
R_Date("RT-4501.3", 2790, 40){ Outlier("RScaled", 0.05); };
R_Date("RT-4501.4", 2764, 50){ Outlier("RScaled", 0.05); };
R_Date("RT-4501.5", 2767, 40){ Outlier("RScaled", 0.05); };
};
. for radiocarbon determinations belonging to the same sample or stratum ...
};
Boundary("End IA/Start IB"){
Transition("",U(0,100));
Start();
End();
};
Phase("Iron IB"){
. data attributed to Iron IB in here ...
};
Boundary("End IB/Start Early Iron IIA"){
Transition("",U(0,100));
Start();
EndQ);
};
Phase("Early Iron IIA"){
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. data attributed to Early Iron IIA in here ...
};
Boundary("End Early Iron IIA/Start Late Iron IIA"){
Transition("",U(0,100));
Start();
EndQ);
};
Phase("Late Iron IIA"){
. data attributed to Late Iron IIA in here ...
};
Boundary("End Late Iron IIA/Start Iron IIB"){
Transition("",U(0,100));
Start();
End () ;
};
Phase("Iron IIB"){
. data attributed to Iron IIB in here ...
};
Boundary ("End IIB"){
Transition();
Start();
EndQ);
};
};
};

C.2 The Cape Riva tephra

The age of the Y-2 tephra was estimated using a combination of P_Sequence and
Sequence functions, and phase models.

Options(){
BCAD=FALSE;
};
Plot O {
P_Sequence("Tenaghi Philippon",1,20,U(-1,2)){
Boundary () ;
R_Date("Beta-246628",43100,1200){ ... };

C_Date("CI",39280,110){ ... };
Date("CR"){ ... };

R_Date("Poz-15890",1950,30){ ... };
Boundary () ;

}

P_Sequence("MLO1",1,20,U(-1,2)){
Boundary() ;
R_Date("SUERC-3032",41384,4128){ ... };
Date("=CI"){ ... };

Boundary ("=CR"){ ... };
};
Sequence () {

Tau_Boundary() ;

Phase(){

R_Date("DEM-650", 18527, 145);
R_Date("DEM-653", 18244, 143);
};
Boundary ("=CR") ;
};
};
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C.3 Taforalt chronology

The Taforalt chronology was constructed using a combination of P_Sequence and
Sequence functions.

Plot () {
Outlier_Model ("General",T(5),U(0,4),"t");
Outlier_Model ("RScaled",T(5),U(0,4),"r");
P_Sequence("yellow 3",1,10,U(1,2)){

Boundary() ;

R_Combine ("0xA-16277/78"){ ... };
R_Date("0xA-16275",20560,90){ ... };
R_Date ("0xA-16274",20630,90){ ... };

Boundary ("MSA") ;

};

P_Sequence("yellow 2",1,10,U(1,4)){
Boundary () ;
R_Date("0xA-16273",17515,75){ ... };
R_Date("0xA-16267",14005,60){ ... };
Boundary() ;

};

P_Sequence("yellow Y1",1,10,U(1,4)){
Boundary() ;
R_Date("0xA-22788",12850,55){ ... };

Boundary ("YG"){ z=4; };
};
P_Sequence("grey",1,10,U(0,2)){
Boundary ("=YG"){ z=4; };

Date("C"){ z=3.97; };
R_Date("0xA-13478",12495,50){ ... };

Date("B"){ z=0.69; };
Date("A"){ z=0.61; };

R_Date("0xA-13516",11065,45){ ... };
R_Date("0xA-13479",10935,40){ ... };

Boundary() ;
};
Sequence () {
Boundary ("=0xA-16275") ;
R_Date("0xA-22910",20030,90){ ... };
Boundary ("=0xA-16274") ;
Date("=C");
Phase(){
R_Combine ("0xA-22784/85"){
Outlier("General", 0.05);
R_Date ("0xA-22784",12660,70){ ... };
R_Date("0xA-22785",12500,55){ ... };
};
R_Date("0xA-22787",12545,55){ ... };
R_Date("0xA-22902",12370,50){ ... };
R_Date("0xA-22904",12490,50){ ... };
};
Date("=0xA-13478");
Date("=B");
Phase(){
R_Date("0xA-24113",11540,50){ ... };
R_Date("0xA-23405",11615,50){ ... };
};
Date("=A");
Date("=0xA-13516");
Phase O {
R_Date ("0xA-23404",10870,45){ ... };
R_Date("0xA-13480",10950,45){ ... };
};
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Date("=0xA-13479");
};
};

C.4 Mid-Holocene elm decline

A two-stage approach was employed to investigate the mid-Holocene elm decline.
Firstly, P_Sequence and Sequence functions were used to construct individual site
chronology. Secondly, the trapezoidal phase model was used to investigate the timings
of the elm decline, and also the relative order of events in different regions.

PlotO{
P_Sequence("",1,20,U(-2,2)){
Boundary() ;

ééﬁndary();
};
};

// for a P_Sequence model

Plot O{
Sequence () {
Boundary () ;

Boundary() ;
};
};

// for a Sequence model

Plot () {
Sequence () {
Boundary () {
Start("A");
Transition();
End("B") ;
};
Phase(O{ ... };
Boundary () {
Start("C");
Transition();
End("D");
};
};
};
// for a single phase. See text for details on the using an order matrix to determine the relative
// order of events in different regions.
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