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Abstract

The Sasanian Empire (224 - 624 AD) covered a vast ge ographi cal area, which expanded
from Mesop otamia and Southern Iran into Central Asia, the Caucasus and the Arabian
Peninsula. Its hig hl y organised so cio-p olitical and military system enabled the founda-
tion of new urban centres, inte nsi �cation of agricultural land and expansion of trade
networks into farfetched regions such as India and China. One impressive asp ect of the
Sasanian Empire was its abi lity to construct and maintain c omplex large-scale irrigation
systems, which required a signi�cant lab our force to construct. Recent investigations
of the northern and southern frontiers by the Persia and its Neighbours Project have
identi�ed a wealth of evidence fo r Sasanian landscap e investment. Irrigation systems
such as surface canals and channel s, and underground aqueducts (qanats) were the most
prominent features identi�ed in the lowland regions, while in the uplands, agricultural
terraces and �eld systems dominated.
The aim of this thesis was to draw up on landscap e survey metho dologi es, combining

luminescence and geoarchaeological techniques, to gain a b etter understanding of the
timing of construction, ma intenance and abandonment of key landscap e features. The
main metho dologic al issues raised during this research were the complex taphonomy
and landscap e alterations that o ccur in many rese arch areas, thus requiring intensive
landscap e surve y, small-scale excavation and testing of samples to identify sites with the
b est p otential for further investigation.
The results of the combi ne d luminescence and geoarchaeological metho dology have

demonstrated the complex formation histories of Sasanian irrigation systems. The clean-
ing and maintenance events identi�ed in up cast mounds, revealed imp ortant indic ators
for hum an-environment interactions at the frontiers. The demise of the Sasanian Empire
did not result in the abandonment and collapse of these irrigation systems. Alterna-
tively, canals were maintai ned into the Early Isla mic p erio d, suggesting ` continuity'
rather than `collapse' of key elements of Sasanian so ciety.
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The copyright of this thesis rests with this author. No quotation from it should b e
published without prior written concent and information derived from it sho ul d b e ac-
knowledged.
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Chapter 1

Intro duction

1.1 Persia and its Neighbours Project

The overarching aim of the Persia and its Neighbours Project was to explore the sc ale
and extent of Sasanian landscap e development, with a sp e ci�c fo cus on the military
and agricultural investment wi thi n the northern, western and southern fronti er regions
(Fig. 1.1) (Sauer et al. 2013; 2015; Lawrence & Wilkinson 2017; Sauer 2017). In order
to further understand how the empire adapted to the varying so cio-p olitical and envi-
ronmental conditions, four case studies were investig ate d (Fig. 1.1). This involved a
detailed investigation of the frontiers through a combination of archaeological excavation
and landscap e survey, to provide new insights into the role of the Sasanian Empire at
the frontiers. In the following section, the broader geographical context of the pro j ect
and the main �ndings will b e intro duced. A summary of the regional chronologies will
also b e provided to p ermit comparisons of the various evidence found in the di�erent
geographical regi ons explored in this research.

1.1.1 Geographical context

The Caucasus formed a natural defensive b oundary and trave l route connecting the
Eurasia Stepp e with Transcaucasia and the Near and Middle East. Dariali Fort, a
military outp ost strategically p ositioned in the Dariali Gorge, mo dern Georgia, was
established to defend the mountai n pass during Late Antiquity, and was maintained
into the Middle Ages (Sauer et al. 2015) (Zone 1 in Fig. 1.1). This key site has
revealed that the nature and duration of Sasanian control was intermittent and complex
in the more remote and risky environments of the northern frontie rs. The heterogeneous
environments o ccupied by the empire, suggests that the uplands were utilised di�erently
to the lowlands (Christensen 1993; 19). The lowland areas of the Lesser Caucasus (Zone
2 in Fig. 1.1), the Kura-Araz river basin, lo cated in mo dern Azerbaijan, were used
intensively for irrigation and agriculture duri ng the Sasanian p e rio d (Alizadeh et al.
2004; Alizadeh & Ur 2007; Ali zadeh 2011; Lawrence & Wilkinson 2017). Along the
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Figure 1.1. Map showing the lo cation of each case study explored in this research. 1) Caspian Gates
Pro ject, Georgia; 2) Mil Stepp e Survey, Azerbaijan, 3) The Gorg	an Wall Pro ject, Northeast Iran, 4)
Fulayj Fort and the Rustaq-Batinah Coast surveys, Oman. Yellow dotted line indicates the ext ent of
the Sasanian Empire. Blue arrows indicate maritime trade, and red arrows indicate overland trade.
Background SRTM elevation data courtesy of the U.S. Geological Survey.

ancient canals used to irrigate the plai ns, several forti�ed cities, that formed a network
of defenses b etween the Caspian and Black Seas, have b een identi�ed using remote
sensing metho ds (Lawrence & Wilkinson 2017).
To protect and control seafaring tra�c across the Caspia n Sea, along with inland

routes and trade networks in the op en plains of Gorg	an in Northeast Iran, signi�cant

2



1.1. Persia and its Neighbours Project

investment into military defensive infrastructure was required. The Gorg	an Wall was
erected along with numerous forti�cations, watchtowers and defensive ditches (Zone 3,
Fig. 1.1) (Nokandeh et al. 2006; Rekavandi et al. 2007; 2008; Sauer et al. 2013). Several
canals were also constructed, but unlike those found in mo dern Azerbaijan, they were
not only used for irrigation, but also for defending extensive agricultural lands, and
as a way for navigating through extensive lowland areas. More recent i nvestigations
have shown that irrigation infrastructure was also constructed to supply water to large
urban centres, suggesting that settlement expansion to ok place during p erio ds of so cio-
p olitical stability in the northern frontiers (Alizadeh 2011; Sauer et al. 2013; Lawrence
& Wilkinson 2017).
Until recently, very little evidence for Sasanian o ccupation was found, suggesting

that the 3 rd to the 7 th centuries AD was a p e rio d of decline (Kennet 2007). Sasanian
military and ec onomic investment on the Arabian Pe ni nsul a now app ears to have b een
relatively small-scale and ephemeral, compared to the highly mil itarise landscap es of the
Gorg	an Plain. Fulayj Fort, l o cated on the Batinah Coast of Oman, i s a site that forms
part of network of small forts strategically p ositioned along the c oast and inland (Zone
4, Fig. 1.1). This si te along with many others app ear to have b een established in order
to enhance maritime trade, control overland trade and networks and maintain regular
access to raw materials such as sto ne and metals (Mouton 2009). Recent archaeological
investigations have demonstrated that the Sasanians were involved (either directl y or
indirectly) with maintaining these overland trade links ibid . In the arid regions of
southeastern Arabia, the typ es of irrigation and landscap e infrastructure found di�ers
to those found in semi-arid environments of Transcaucasia, where dry-farming is more
prevalent.

1.1.2 Chronological framework

The Persia and its Neighbours Project covers ma ny geographical regions (Fig. 1.1) each
with varying regional chronologies. Due to the complexity in terminologies applied in
di�erent regions covered by the pro ject, cultural p erio ds are based on those de�ned
for Mesop otamia (upp er and lower Mesop otamia combined) (Adams 1981; Ehrich 1992;
Wilkinson 2003), Levant/Eastern Medite rrane an (Ehrich 1992; Cameron 2015), South-
ern Arabia (Ehrich 1 992; Potts 1992), Central Asi a and the Lesser Cauca sus (Ko hl et
al. 1984; Sinor 1990; Johnson 2012), and the Gre ater Caucasus (Reinhold & Korob ov
2007). Fig. 1.2 provides a summary of the regional chronologies, incl udi ng ma jor cl imate
trends covering the Late (`2k' events) (Büntgen et al. 2011; 2016; Xoplaki et al. 2016)
and Mid-Holo cene (summarised in Cullen et al. 2000; Rob erts et al. 2011) and p erio ds
of ma jor demographic change linked to wars, famine and disease.
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Figure 1.2. Summary chart illust rating t he regional chronology, ma jor climate events and p erio ds of
demographic variability in the regions o ccupied by t he Sasanian Empire and other p owerful p olities
and states covering t he last 5000 years. Stars indicate: 1) Parthian-Sasanian wars, 2) Sasanian-Roman
wars. 2k climate change: orange indicates dry conditions and blue indicat es cold/wet conditions.
RWP = Roman Warm Perio d, LALIA = Late Antique Little Ice Age, MWP = Medieval Warm Perio d,
LIA = Little Ice Age. Geography: Greater Caucasus = North Georgia, Dagestan, and southern
Russia; Lesser Caucasus = Azerbaijan, Armenia and southern Georgia; Cent ral Asia = Northeast Iran,
Dehistan, Turkmenistan, and Uzb ekistan; Southern Arabia = UAE, Oman and Yemen; Mesop otamia
= Iraq, Iran, Syria and Turkey; Levant = Lebanon, Jordan, Israel, Palestine and Syria.
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1.2 Thesis structure

� Introduction : Chapter 1 provides a broad overvie w of the Sasanian Empire cov-
ering asp ects of the so cial organisation, economy, military and religious ideology.
This is fol lowed by the aims and ob jectives and the metho dol ogical approaches
employed in this research.

� Review : As this thesis fo cuses on irrigation and landscap e management within
the Sasanian frontiers, Chapter 2 provides a review of the various irrigation and
water-control features co mmonly found in the research areas cove re d by the Persia
and its Neighbours Project . Examples of the various dating metho ds, b oth relative
and absolute, appl ied to di�erent landscap e features such as canals, channe ls,
qanats and also �elds and terraces, are reviewed summarising the advantages and
disadvantages of the various approaches available.

� Methodological background : Chapter 3 provides the overarching metho dolog-
ical approach to the study of irrigation systems investig ate d as part of this re-
search. To combine b oth archaeological and e nvironmental evidence, a multi-
metho d g eoarchaeolo gical approach is applie d.

� Case studies : Due to the broad nature of the pro jec t which covers many di�er-
ent environments and geographic al regions, the physical and environmental ba ck-
ground combined with a g eoarchaeol ogical assessment of the dep osits sampled for
dating is provided for e ach case study in Chapter 4. This was necessary to inform
the approaches and techniques applied in the dating pro ce dure .

� Luminescence dating background : Chapter 5 provi de s the luminescence back-
ground and metho dology employed in this research.

� Applications : The results of the luminescence characterisation and the OSL
dates obtained for the archaeological contexts with suitable characteristics are
provided in Chapter 6.

� Discussion : Chapter 7 discusse s the results of the luminescence characteristics of
quartz recovered from the archae ological contexts sa mpled from di�erent landscap e
features. The OSL dates are discussed within the wider archaeological context of
the Sasanian frontiers. Based on the outcome of the results, areas of further
research are prop osed.

� Conclusions : A summary of the main �ndings of this research are presented in
Chapter 8.
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1.3 The Sasanian Empire (224 - 624 AD)

The Sasanian Empire was the last p oliti cal e ntity in Iran b efore the advent of Islam.
The e mpire covered vast territories encompassing the Near and Middle East, Central
Asia, Arabia and the Caucasus (Fig. 1.1). Military expansion resulted in frequent con-
frontations with the ne ighb ouring, p owerful Roman Empire and the many semi-nomadic
so cieties that o ccupied the Caucasus, Central Asia and the Arabian Peninsula. The Sasa-
nians were also renowned for constructing large and elab orate irrigation systems that
e�ectively controlled and navigated water from rive rs to agricultural �elds (Christensen
1993;29). Only through centra lised control of these vast areas was it p ossible to build
such ma jor i nfrastructure. The following section will intro duce the so cio-p olitical, eco-
nomic and ideological background of the Sasanians that enabled the suc cessful control
and utilisation of vast geographical areas.

1.3.1 So cial organisation

A newly uni�ed Sasanian Empire was founded by King Arda²	�r I (220 - 241 AD) af-
ter the demise of the Parthian Empire and the defeat of its last king, Artabanus V
in the 3 rd century AD (Daryaee 2009; Darya ee & Rezakhani 201 6). The new empire
had a complex and highly strati�ed hierarchical so ciety dictated by religious ideologies
(Christensen 1993; 27; Canepa 2010; Howard-Johnston 2010). Zoroastrianism was the
state religion that formed the foundations of the Sasanian Empire. The religion fo cused
p ower within the royal family, with the king (also known as the `King of Kings') who
was of direct descendant of the spiritual dynasty (Payne 2014; 284). In addition, several
regional kings exercised total p ower and control of vast territories during the expansion
(Payne 2013). Be low the regional ki ngs were the priests and several ranks of clergymen,
scrib es, physici ans and astronomers, employed by the government to collect informa-
tion, tax and register �nancial data (Karimian 2015; Payne 2017). The military system
consisted of cavalrymen and fo ot soldiers that we re carefully graded and organised ac -
cording to imp ortance . Si gni�cant investment into the military system was essential
to ensure the security and protection of b orders and installations (irrigation and reli-
gious buildings) (Howard-Johnston 1995). Craftsmen, farmers and villagers formed the
largest prop ortion of Sasanian so ciety, and were directly involved in the establishment
of centres for preparing, manufacturing and distributing of go o ds b etween ma jor ur-
ban ce ntres (Karimian 2015). Agricultural pro duction to ok place on the p eripheries of
settlements to provide fo o d for b oth the agric ultural and non-agricultural p opulation.
Agrarian so ciety closely resemble d that of the medieval feudal system, where lo cal elites
and wealthy landowners had direc t control of the agric ultural areas (Frye 1987). This
complex so cio-p olitical system was organised and uni�ed under a centralised govern-
ment. Land and p oll tax were col lected from the vi llagers to fund settleme nt, trade and

6



1.3. The Sasanian Empire (224 - 624 AD)

agricultural expansion (Adams 2006; 23).

1.3.2 Sasanian settlement and urban expansion

The highly fertil e landscap e of Mesop otamia and Khuzestan formed the foundations for
the newly uni�ed empire (Fig. 1.1). Mi litary control ensured the mobilisation of large
p opulations, the expansion of new settlements and the establishment of new urban cen-
tres, including Ct	esiph	on, the Sasanian capital (Wenke 1987; Morony 1994). Settlement
expansion was also made p ossible through the construction of large irrigation networks
to provide a regul ar and reliable water supply and fo o d for a growing p opulation (Chris-
tensen 1993; 247; Howard-Johnsto n 2006; 199). Collapse or failure of these irrigation
networks has b e en shown to have caused extensive shifts in settlement patterns (Adams
1981) and rural dep opulation (Wenke 1987; 256).
Ideas of Sasanian settlement expansion, based on examples found in Mesop otamia,

were original ly de�ned as settlements that were strongly forti�ed and p ositioned at
strategic river crossings for transp ort and trade (Jacobsen 1958; Adams 196 5). H owever,
intensive surveys undertaken in the 1960s and 70s showed chronological uncertainties
asso ciated with thei r dating, caused by the misidenti�cation of ceramic assemblages
recovered duri ng landscap e survey (Adams 1970; 114; Wenke 1975; 54; Adams 1981).
The cause of this may b e linked to landscap e taphonomy (Schi�er 1987; Banning 2002;
Wilkinson 2003), which would have led to the partial or, in plac es, the complete removal
of ceramic s from the archaeologi cal record. Due to these uncertainties, it is assumed
that settle ment patterns devised for the Parthian, Sasanian and Early Islam ic p erio ds
based on early ceramic sequence s are likely to b e inaccurate, as demonstrated by Simp-
son (1996). As a re sul t, further investigation through systematic excavation of sites
identi�ed in these early surveys is required to rede�ne the ceramic assemblages used
to date this broad time p erio d. Nowadays, access to these sites is no longer p ossible;
however, new areas of research have op ened up in the frontier regions. In this way, sys-
tematic survey and excavation of sites in Turkmenistan, Northeast Iran and Oman, with
long p erio ds of o ccupation, has signi�cantly improved our understanding of Sasanian
ceramic assemblages (e.g. Kennet 2004; Puschni gg 2010; Sauer et al. 2013), enabling
the successful identi�cation of Sasanian sites in landscap e surveys.
Furthermore, the p osition, size and intensity of o ccupation was not only in�uenced

by the so cio-p olitical demands within the various regions o ccupied, but also related to
the physical and e nvironmental conditions. Sasanian settlements can b e found as iso-
lated small comp ound homesteads (N eely & Wri ght 1994; Neely 2016) large forti�cations
with l ower towns (Alizadeh 2011; Wilkinson et al. 2013), small forti�ed coastal settle -
ments and p orts (Whitehouse 1971; Kennet 1997; Benoist et al. 2003), and large inland
trading centres (Simpson 2014 ). The ancient city of Merv, lo cated i n the Marghab Oasis
in Turkmenistan, remains one of the most imp ortant and intensi vely studied examples
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of Sasanian settlement expansion (Herrmann 1997; Williams & Wordsworth 2010) De -
spite its size and complexity, no monumental urban architecture, defensive structures
or temples have b een uncovered (Simpson 2000). Instead, it mai nl y consisted of recti-
linear street g ri ds, mud brick architecture, workshops and wide op en streets (Simpson
2014), resembling that of an i nland market town. Inland trading c entres such as this,
lo cated on the p eripheries of the empire, formed imp ortant meeting p oints for trade and
exchange b etween di�erent p olities.

1.3.3 Sasanian frontiers

To ensure e�ec tive control and stability on the frontiers covering vast geographical ar-
eas, di rect control and uni�cation were essential (for internal stability). It was under
the rule of King Khushrau I (531-579 AD), that it was �nally p ossible to successfully
gain military control of the frontier regions, and to expand settled areas to unify lo cal
p olities through its so cial, p olitical and reli gious ideologies (Christensen 1993; 67; Payne
2013). Colonisation accounts rec orde d by Muslim historians such as Al-Tabari, Mas'udi
and others in the 9 th and 10 th centuries AD, provide details of the lives and exploits
of the Sasanian Kings as they conquered expansive areas of Central Asia, Afghanistan,
Transcaucasia, M esop otamia and parts of Arabia by the 7 th century AD (Frye 1983).
Although the extensive historical sources are chronologically disconnected, in many of
these regions, evidence for the Sasanian expansion and col oni sation has b een con�rmed
archaeologically (Ke nne t 1997; Ali zadeh & Ur 2007; Lecomte 200 7; Alizadeh 2011; Ul-
rich 2011; Sauer et al. 2013; Simpson 2014). Increasing external threats and internal
instability tri ggered the construction of vast de fensive and military i nfrastruc ture such
as, defensive ditches, forti�cations and l inear walls, to ensure the protection of the em-
pire and control the movement of p eople and trade (Nokandeh et al. 2006; Rekavandi
et al. 2007; 2008; Sauer et al. 2013).
The rapid construction of large mili ta ry installations could b e achieved through

greater capital investment and increased exp enditure on a large lab our force consisting
of slaves and war captives that were mobilised by the military garrison (Lieu 1 986). If it
is considered that these linear barriers demarcated the e dge s of the empire, the limits of
so cio-p ol itical control went b eyond the frontiers de�ned by them (Boucharlat & Lecomte
1987; Lecomte 2007), forming a zone of cultural interaction. Alternatively, the frontiers
may not have b een �rm territorial b oundaries as traditionally p ercieve d, but may have
b een de�ned by the lo cation of cities, trading centres, and natural resources p ositioned
b etween two p owerful p olitical p olities (Lightfo ot & M arti nez 1995; Smith 2005) that
were already predetermined prior to settlement and military e xpansi on (Payne 2017;
194), and therefore the limits of the empi re b ecome l ess clear and di�cult to de�ne.
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1.3.4 Agricultural intensi�cation

The foundation of Sasanian so ciety was the religious ideology of Zoroastrianism that
encouraged agriculture and sustainable water management (Payne 2013). Religious and
military expansion re sulted in the construction of complex large-scale irrigation sys-
tems and di tches, requiring a large lab our force to e xcavate and construc t numerous
tunnels, embankments and foundations. Several examples of large-scale irrigation sys-
tems have now b een rep orted in the Northern Frontier regions (e.g. Alizadeh & Ur
2007), suggesting that c entralised control of the rural landscap e was also implemented
on the p e ripheries of the empire. The dep endence on water management infrastruc-
ture required administrative control, which involved b oth the state and the i rri gation
community (Hunt 1988). Thus, a centrali sed authority was in charge of managing the
surplus output to provide su�cient resources for b oth rural and urban p opulations.
Centralisation was also required to ensure that resources could b e e �e ctively intensi�ed
according to the wider demands of the empire Payne 2017. The organisation of the rural
landscap e would have involved a la rge lab our resource, land planning and engineering
to transform the natural environme nt and hydrologic al system, implemented by a cen-
tralised p olitical-military strategy (Hunt & Hunt 1976; Kelly 1983; Hunt 1988; Adams
2006; Wil kinson & Rayne 2010). Farmers and vill agers were actively involved in the
maintenance of the agricul tural landscap es that consisted of orchards, oases, gardens,
alluvial soils, weirs, and se veral canals, qanats and storage p o ol s (Adams 1965; Neely
1974; Wenke 1987; Neely & Wright 1994; Wilkinson 2003; 92).
Crops would have required expansive cultivatable lands and large-scale irrigation

works to manage and control water in order to maximise crops and to prolong agri-
cultural pro duction with winter crops, such as wheat and barley (Christensen 1993;
71). The maintenance and upkeep of these irrigation systems were also essential, as
they remained vulnerable to ecologic al instabilitie s (�o o ding, soil salinisation, and in-
sect infestatio ns) (Downing & Gibson 1974; 5; Christensen 1993; 215). With increasing
pressures on the landscap e, irrigation systems we re often self-destructive if not managed
sustainably, resulting in �o o ding and salinisation. Environmental degradation as a result
of agricultural i ntensi�cation triggered further expansion into new geographical regions
that were comp osed of very di�erent climates and environmental conditions c ompared
to those commonly found in Mesop otami a (Christensen 1993; 117). This would have
required adaptation of the agricultural regime to suit the lo cal conditions encountered
(Downing & Gibson 1974). Therefore, diversi�cation of the agricultural economy com-
bined with multi-cropping cycles was most likely im pl emented (Watson 1981; Marcus &
Stanish 2006; Decker 2009). Increasing evidence for agricultural diversi�cation has b een
con�rmed through the recovery of envi ronmental remains from archaeologic al contexts
(Kennet 1997; Neer et al. 2013; Sauer et al. 2013; Simpson 2014) and regional palaeo en-
vironmental rec ords (Connor et al. 2007; De Klerk et al. 2009; Djamali et al. 2009; 2010;
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Shumilovskikh et al. 2016). Pollen cores, in parti cular, have revealed that the Sasanian
Empire had a direct e�ect on the wider la ndsc ap e and vegetation by intro duc ing fruit
trees and cotton, which required signi�cant landscap e mo di�cation. This expansion of
the rural la ndsc ap e in Late Antiquity has also b een observed in neighb ouring regions
of Anatolia that was o ccupied by the eastern Roman Empire, and is widely refe rre d to
as the Be y³ehir Occupation Phase (BOP) (Eastwo o d et al. 1998; Izdebski et al. 2016).
Unfortunately, the exact scale and duration of rural expansion during Sasanian rule
in the frontiers is hamp ered by the disparate and limited numb er of paleo environmen-
tal records, along with chronological uncertainties of the records available. This would
require further palae o environmental investigations to fully understand the im pac ts of
Sasanian landscap e change in the various geographical regions discussed.

1.3.5 Trade and exchange

Military and agricultural expansion into the fertile lands of the northern frontiers of
Transcaucasia which encompass Azerbaijan, N orth Iran, Dehistan and Turkmenistan,
that provided new opp ortunities to expand and diversify the economy further (Kohl
1988; Christensen 1993). On the other hand, it brought tensions to these newly formed
frontiers, which had to b e resolve d in order to maintain imp ortant trade networks (Hon-
eychurch 2014). Agricultural intensi�cation was not only driven by the necessity for
consumable crops, but also for cash crops required for trade. The recovery of charred
cotton seeds dated to the 4 th century AD from Sasanian o ccupation levels at Merv
(Simpson 2014) suggests that pro duction of cotton on the f ro ntiers was already in pla ce
prior to the Islamic `cotton b o om' (Bulliet 2009). Unlike other luxury go o ds such as
spices, preserved fo o dstu�s and gemstones that were widely circulated during this p e-
rio d (Simpson 2000), texti les could b e traded to reach a much wider economic market
and were in demand by all parts of so ciety (Bulliet 2009; 11). One other b ene�t of cotton
was that it �ourished in hot climates, particularly during p erio ds of enhanced aridity
(Büntgen et al. 2011). Dry p erio ds would have created ideal conditions for cotton as it
requires long growing seasons (Bouchaud et al. 2011). Furthermore, cotton was generally
less complicated to pro c ess than silk, �ax and wo ol, and was rel ati vely li ght in weight.
This made it easy to transp ort using land (via camels/caravans), rivers and canals, and
maritime routes (Simpson 2000; Daryaee 2010). Increasing demands for cotton required
further landscap e investment, particularly military protection of ma jor irrigation works
in order to pro duce a su�cient surplus to trade .
The economy was diversi�ed furthe r in the 5 th and 6 th centuries AD, as new maritime

trade links �ourished (Whitehouse & Wil liamson 1973). Coinage, ceramics and other
p ortable artefacts with Sasanian stylistic attributes, which may b e used as proxies for
contact and exchange during this p erio d of economic success, have b een found at many
sites and coastal p orts in Mesop otamia, Central Asia, I ndia, Arabia and even as far as
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China (Simpson 2000). It was in the urban centres that artisans pro duced luxury go o ds
(precious stones, silver coins, textiles, seals, p ottery, glassware and metal ob jects) ( ibid. ),
which were organised and distributed from these central no des within and b eyond the
regions of Sasanian c ontrol (Da ryaee 2003) (Fig. 1.1). The sourcing of raw materials
for the pro duction of luxury ob jects would have also triggered further expansion into
new territories. The Arabia n Peninsula is an example of a region with rich natural
resources (copp er, lime and salt), that were exploited to diversify the economy and
expand the frontiers (Costa & Wilkinson 1987; Daryaee 2003; Morony 2004; Mouton
2009). Although such materials would have b ee n bulky and lab our i ntensive to source,
requiring a large and reliable lab our force, new opp ortunities to diversify the economy
meant that less pressure was placed on agri culture in increasingly fragile environments
(Downing & Gibson 197 4). Economic di versity, therefore, reduced so cio-p olitical risks
asso ciated with agricultural intensi�cation.
Trade and exchange also to ok place within the decentralised parts of so ciety, particu-

larly within villag es and oases on the margins that provided opp ortunities for small-scale
exchange networks to develop b etween sedentary farmers, nomadic communities and the
military (Howard-Johnston 2006). Nomadic so cieties were also imp ortant a llies for the
Sasanian economy ( ibid. ), an idea which is supp orted by the evidence for nomadic sea-
sonal settlements that have b een found in the northe rn frontiers (Alizadeh & Ur 2007;
Stride et al. 2009; Wilkinson et al. 2013). Contact with nomadic groups would have pro-
vided the empire with livesto ck (horses), crafts and luxury go o ds such as furs and wo ol,
and additional lab our when required in exchange for access to services e.g. pastureland
and a regular supply of water for livesto ck (Honeychurch 2014). Further pressures for
the maintenance of agricultural and irrigation networks were required to ensure balance
and p eac e b etween sedentary and noma di c so cieties.

1.3.6 Sasanian demise

So cio - p olitical instability

The rise and fall of many p owerful p olities o ccurred during Late Antiquity (3 rd - 7 th

centuries AD) (Diamond 2005; Butzer 2012). A numb er of so cietal and environmental
factors were most like ly a t play during this p erio d and would have had a direct and
indirect e�ect on so cieties that had sophisticated economic, military and p olitical links.
As the economy and trade networks b ecame increasingly diverse, increased external
pressures from neighb ouring p olities in 5 th and 6 th centuries AD caused internal so cio-
p olitical instabil ity. It has b een widely rep orted that the Sasanians were frequently at
war with nei ghb o uri ng p owerful empires and p olities (Bosworth 1999), including the
Byzantines and the Romans to the West, the Alans, the Khazars and the Huns to
the North, and the Kushans, the Hephthal ites (White Huns) and the Türks to the
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East (Christe nse n 1993; Howard-Johnston 1995; Masson 1996; Dignas & Winter 2007).
Although many of the textual sources are often biased, incom pl ete, or exaggerated the
scale of battles in favour of Sasanian success. D espite this, these accounts provi de a
useful insight into the so cio-p olitical complexity at the time. The exact conditions (scale,
duration and intensity) of so cio-p olitical change that to ok place ove r the longue durée
remains unclear. However, it is likely that pre ssure s from external p olities were not the
only factors that caused increased so cio-p olitical instability during this p e ri o d. Historical
sources have rep orted that the last Sasanian king, Yazdgard I I I (633 - 651 AD), to ok
refuge at the ancient city of Merv in Turkmenistan where he was later murdered during
the Arab invasion (Simpson 2014), marking the end of the Sasani an Empire (Howard-
Johnston 2010). During the gradual decline in Sasanian control, the uni�cation of the
Arab kingdoms of A rabi a formed a newly uni�ed p olitical p ower that eventually to ok
control of the vast te rri tori es of the empire and b eyond in the 7 th - 10 th centuries AD
(Kennedy 2007; Hourani 2013; Decker 2017) (Fig. 1.1). Furthermore, this transition
app ears to have b een a gradual rather than a sudde n switch in p olitic al p ower (Choksy
1987).

Health deterioration

Increasing evidence for dise ase (e.g. `Plague of Justinian'), famine and mass migrations
and thei r e�ects on the demographics of the Byzantine and Roman Empires have b een
widely rep orted (Stathakop oulos 2017; 101). Fo o d and health crises rep orted i n other
neighb ouring empires most likely o ccurred in Sasanian so ciety, resulting i n signi�cant
shifts and displaceme nt of p opulations over vast areas. Unfortunately, very few textual
sources mention he alth and disease in everyday so ciety. However, with increased urban
expansion, a deterioration in human health most likely o ccurred; for example, the spread
of para si tes, water contamination and p ollution had a detrimental e�ect on urban p op-
ulations (McMichael 2012). In the rural landscap e, the co nstruction of irrigation and
water storage facilities would have also increased the risk of malaria within settlements
lo cated close to marshes and irrigated lands (Sallares 2002; 32). Bioarchaeological anal-
ysis of human remains obtained from excavations of cemeteries would provide direct
evidence f or the health c ondi ti ons during the Sasanian p erio d.

Natural disasters

Natural disasters such as �o o di ng, e arthquakes and volcanic eruptions had a dramatic ef-
fect on the immediate environment and landscap e during Late Antiquity (Butzer 2012).
Perio ds o f enhanced volcanism have b een detected in many regions during this p erio d
(Fei et al. 2007; Sigl et al. 2015; Fuks et al. 2017), however, the exact e �e cts of these
events remains p o orly understo o d. Initially, volcanic eve nts can cause devastating ef-
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fects on human and animal p opulations and the disruption or collapse of so cio-p olitical
networks (Grattan 2006), but regions that are volcanically active form attractive e nvi-
ronments with highly fertile soils ( ibid. ). Although very few historical sources rep ort nat-
ural disasters during the Sasanian p erio d, active se ismic zones surrounding the Caspian
Sea and the volcanically active Caucasus m ountain range would have made so cieties
susceptible to natural di saste rs (Boro�ka 2010; Butzer 201 2). Ea rthquakes in particular
can change the natural hydrological regime resulting in �o o ding and the destruction of
irrigation systems such as canals and qanats (Boro�ka 2010). It has b een shown that the
failure of irrigation systems resulted, directly, in crop failure, collapse in trade networks
and famine (Bana ji 2002; 16).

Climate and enviro nme ntal change

The rol e of climate �uctuations in the rise and fall of so cieties has b een widely re-
p orted in the Mediterranean, Anatolia , the Near East and Asia (Büntgen et al. 2011;
McCormick et al. 2012; Büntgen & Di Cosmo 2016; Büntgen et al. 2016; Sadori et al.
2016; Xoplaki et al. 2016; Fuks et al. 2017). Proxy records - mic ro fossils (e.g. p ollen and
diatoms), sp eleothems, tree-rings, and lake and o cean sedime ntary sequences, and global
temp erature records - vary in time-scales and chronological resolution. Considering the
variability in proxy records available, two ma jor climate e vents have b een ide nti�ed that
are directly relevant to the chronological time-frame of the Sasanians. These are the
`Roman Warm Perio d' (RWP) and the Late Antique Little Ice Age (LALIA) (Büntgen
et al. 2011) (Fig. 1. 2).
Ma jor warming and co oling events caused signi�cant so cietal impacts during this

p erio d, however, the scale and intensity of these �uctuations within the various re-
gions o ccupied by the Sasanian Empire remains unknown. As discussed in Sec. 1.3.5,
the limited numb er of palaeo environmental records available for this vast geographic al
region makes it di�cult to assess the direct impacts of climate change on so ciety. Fur-
ther integration of datase ts that re�ect environmental variability on the `human-scale'
is required to understand more sp eci�c questions regarding the in�uence of lo cal envi-
ronmental change on indivi dual p opulations. Lo cal re cords can also b e obtained from
geoarchaeological archives (e.g. buried soils and alluvium) that contain environmental
remains useful for reconstructing human-environmental relations in the past (Wilkin-
son 1997; Alizade h et al. 2004; Heyvaert et al. 2012). Further analysis of human and
environmental remains recovered from archaeological dep osits (e.g. anthrop ogenic shell
middens) can also b e used as short-term cl imate records (e.g. Wang et al. 2013).
In summary, to fully understand the climate and environmental change and its im-

pact on Sasanian so ciety, further integration of the various records available is required
to improve our understanding of human-environment interactions in the various regions
o ccupied during Late Antiquity.
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1.4 Summary

As Late Antiquity is a highly dynamic and culturally �uid p erio d of history, di�erent
scales of analysis are required to understand the impacts of climate and environmental
change on the di�erent so cio-p olitical systems that were intricately connected during
this p erio d. By the 6 th century AD, the Sasanian Empire �nally ended, and the reasons
for this are most likely linked not just to a single, but to many so cial and environmental
factors. A de p endence on l arge-scale irrigation and agriculture intro duced additional
risk and uncertainty into the so cial, p olitic al and economic system of the empire. The
collapse of agricultural infrastructure and economy due to soil salinisation, crop blights
and i nse ct infestations was an additional trigger for the expansion into the frontier re-
gions, which intro duced further pressures on the empire as a whole. Whe the r the demise
of the Sasanian Empire can b e de�ned as `c ollapse' or simply a `continuati on' of Sasanian
so ciety into the Early Islamic p erio d i n the 7 th century AD , needs to b e cl ari�ed through
further archaeological research during this p erio d of so cio-p olitical complexity. This the-
sis aims to contribute to the debate by de veloping geoa rchaeologic al and chronological
metho ds applied to landscap e features found in a wide range of environments such as
lowland, highlands and coastal settings tha t were o ccupied by the Sasanian Empire.

1.5 Aims and ob jectives

1.5.1 Intro duction

The overarching aim of this thesis is to understand the human-environmental dynam-
ics of the Sasanian Empire within three contra sti ng environmental settings: 1) lowland
semiarid �o o dplains, 2) temp erate uplands, and 3) lowland arid coastal plains. The
landscap e features and their chronology will b e used to discuss the so cio-p oli tical and
economic variability found within the contrasting environments exploited, and to con-
tribute to the wider debate in understanding how the Sasanian Empire eventually ended
prior to the rise of Islam.
In order to achieve this, optically sti mulated l um inescence (OSL) dating will b e

employed combined with geoarchaeological techniques to directly date archaeological
contexts. Thi s metho d is invaluable for l andsc ap e features where organic remains that
can b e radio carb on date d are absent or have b een reworked from thei r primary con-
text. Typ es of landscap e features that have b een reliably dating using OSL include
small surface canals (Berger et al. 2009; Huckleb erry & Rittenour 2014; Desruel les et al.
2016), qanat mounds (Fattahi et al. 2011; Baili� et al. 2015; Fa ttahi 2015) and �lls of
agricultural terraces (Davidovich et al. 2012; Avni et al. 2013; Kinnaird et al. 2017). A
vast numb er of these features have also b een identi�ed in many landscap es investigated
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in f our case study regions. The two most common relative dating approaches applied in
landscap e archaeology are based on surface p ottery and `dating by asso ciation' to sites
of known age. Although these approaches provide a broad and rapid characterisation of
the chronological p erio ds present in the �eld, they can only provide broad date ranges
that may b e inacc ura te . OSL dating can provide a p otential solution for resolving such
chronological inaccuracie s.

1.5.2 Aims and ob jectives

Four sp eci�c aims of this research are outlined b elow in order of the staged approach
taken:

1. To identi fy landscap e features with well-preserved conte xts within the frontier
regions.

This will b e achieve d by undertaking small-scale excavation and sampling of land-
scap e features, which includes: canals, channe ls, and �eld systems, lo cated within
close proxi mity to Sasanian settlements. This is necessary to test whether `dating
by asso ciation' can b e a reliable metho d for rapidly identifying di�erent phases
of landscap e investment within the four case study regions that includes Georgia,
Azerbaijan, I ran and Oman.

2. To characterise the sediments sampled in order to place the OSL dates within their
stratigraphic context.

Due to the variability in contexts likely to b e encountered in the four regions, a
multi-metho d geoarchaeological approach will b e employed. Catho doluminescence
will b e applied to mineral extracts to identify the source of sedi ments that form
the dep osits sampled. Bulk sedimentary techniques (organic content, magnetic
susceptibility, and particle-size analysis), wi ll b e applied to vertically strati�ed
dep osits such as those unc overed in �e ld systems. This is necessary to identify
subtle variations with depth to detect site-formation pro cesse s. Combined with
this, micromorphology will b e used as a means to characterise sediments and soils
in situ , and identify comp onents that may a�ec t the external variabi lity b etween
OSL samples, which may b e c aused by:

a. Frequency and distribution of coarse grains of quartz within an individual con-
text.

b. Post-dep ositional mixing and bioturbation and the movement of grains from
their original stratigraphic p osition.
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c. Post-dep ositional chemical alterations c aused by alternating wetting and drying
cycles.

d. The presence of relevant comp onents that may cause lo calised variability in
uranium (U), thorium (Th) and p otassium (K), which may have a direct e�ect
on the evaluation of sample dose-rate.

3. To determine the suitability of coarse-grained quartz recovered from the sampled
contexts, and to determine the success of the conventional single aliquot regener-
ative (SAR) dating pro ce dure in order to develop a chronostratigraphic sequence.

Scanning electron microscop e coupled with energy disp ersive x-ray sp ectrometry
will b e used as a means to rapidly determine the purity of the re�ned quartz sam-
ple after chemical and physical separation. A consideration of the natural signal
intensities and signal characteristics will b e routine ly employed as part of the SAR
pro cedure to obtai n a reliable estimate of equivalent dose ( De). To ensure that
appropriate age mo dels will b e applied, results of the geoarchaeological assess-
ment will b e carefully considered in the analysis of De distributions, particularly
in contexts a�ec ted by bioturbation and m ixing.

4. The OSL dates will then b e considered within the wi de r regional chronological
context of the Persia and its Neighbours P roject in order to further understand
the scale and extent of Sasanian landscap e investment in the di�erent environments
o ccupied b etwee n the 3 rd to the 7 th centuries AD.
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Chapter 2

A dating framework for ancient
landscap e features: a review

2.1 Intro duction

The aim of the following chapter is to intro duce the typ es of landscap e features that
have b e en identi�ed in the four case studie s intro duced in Cha pte r 1. A review of
the various approaches applied to date l andsc ap e features investigated as part of this
research, incl udi ng canals, channels, �eld systems and qanats will b e give n. In landscap e
archaeology, relative dating metho ds are frequently used in order to characterise the
landscap e and identify the main phases of o ccupation, this can b e done using diagnostic
artefacts such as p ottery and brick found on the ground surface, asso ciation of features
to sites of known age, textural and e pi graphi c sources, and typ ologies of stone and their
arrangement that may re�ect cultural styles. The common use of these approaches is
due to the fact that they are rapid and provide insights into the broad trends in di�erent
p erio ds present in the landscap e. Although these metho ds have proven to b e very useful,
it is necessary to have more accurate techniques in order to b etter date the di�erent
typ es of features present in the landscap e. Radio carb on dating of organic material and
luminescence dating (OSL) are two techniques that are now widely employed.

2.2 Irrigation systems

2.2.1 Canals an d irrigation channels

Large-scale canals and smal l surface channels are constructed according to the climate,
�ow system and scale of agricultural intensity required by a so ciety. As me ntioned
in Chapter 1, the large-scale canal systems found in the extensive alluvia l �o o dplains
found in the Near and Middle East and Central Asia, are usually asso ciated with highly
organised empires and states. Large-scale canals are clearly visible in satellite imagery
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(CORONA) (see Sec. 3.2.1 for further details) taken prior to the construction of m o dern
irrigation systems that have resulted in the widespread destruction of archaeological
sites and landscap e features in many regions (Wilkinson 2003). Canals in particular
are easily identi�ed in satellite images, as they app ear as dark and li ght linear features
that de�ne the �ll and asso ciated up cast banks (Fig. 2.1). Remote sensing metho ds
are wide ly applied to identify ma jor irrigation networks in the Near and Middle East,
Central Asi a and East Asia (Alizadeh & Ur 2007; Stride et al. 2009; Hritz 2010; Ur 2013;
Wilkinson et al. 2013; Hu et al . 2017). These metho ds also enable sites and features to
b e targete d in the �eld as they can c over vast areas of the alluvial plains (Wilkinson
et al. 2006). Canal systems are often found in asso ciation with settlements - regionally
referred to as tell in the Near East or qal'eh in Central Asia - that app ear as distinct
circular or rectilinear features in satellite imagery (Fig. 2.1). Canals are often dated
`by asso ciation' with settlements of known age and from surface p ottery (Adams 1965;
Neely 1974; Wilkinson 1998; Nokandeh et al. 2006; Lecomte 2007; Rekavandi et al. 2007).
Howeve r, drawbacks of this approach is that additional chronological uncertainties can
b e intro duced due to the successive reo c cupation of these fertile pla ins that can parti ally
or completely destroy former landscap es (Wilkinson 2003; Alizadeh & Ur 2007). In the
lowland plains it is usually the most recent p erio ds of settlement activity that dominate
the archaeological record.

Chronology and stratigraphy of canals

Excavation of canals identi�e d in satellite images can provide stratigraphic control to
improve the reliability of the dating evidence available. Radio carb on dating of b one
(Clarke et al. 2005; Malatesta et al. 2012), charcoa l (Schi�er 1986; Bishop et al. 2004;
Gillmore et al. 2009; Kühn et al. 2010b), seeds (Hu et al . 2017), and the recovery of
diagnostic artefacts such as p ottery and �red brick (Newson et al. 2007; Wilkinson et al.
2013), have b een used to date the �ll of canals. Unfortunately this approach can b e
problematic, as artefacts and residual organic remains are likely to b e reworked prior to
redep osition within the �uvial dep osits that �ll the canal after abandonment. Charcoal
recovered from canals may also b e a�ected by the `old wo o d' e�ect (Bishop et al. 2004).
One of the ma jor complications with investigating canals is their sheer scale, thus

requiring large-scale excavation to completely uncover b oth the bank and canal �ll de-
p osits. In unique cases, natural river exp osures through canal dep osits enables further
investigation of the stratigraphy without lab our intensive and time-consuming excava-
tion (Wilkinson 1998). As part of thi s research, excavations of a canal system in Azer-
baijan and a moat in Northeast Iran provided a unique insight into the formation and
evolution of large-scale irrigation systems (see Chapter 4). As illustrated in Fig. 2.2;
b, a canal �ll can consist of thick units of �ne-grained alluvium (silt and clay), and the
full e xtent of these dep osits can b e di�cult to de�ne from excavation alone, requiring
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2.2. Irrigati on systems

Figure 2.1. A CORONA satellite image of a region in the Mil Stepp e, Azerbaijan (courtesy of the U.S.
Geological Survey) showing the lo cation of Ören Qal'eh Fort, lower town and its extensive irrigation
canal system (canal A and B as indicated by arrows). Small medieval tells were also identi�ed on the
imagery.
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further coring to p enetrate deep er depths (Sanderson et al. 2003; 2007; Gillila nd et al.
2013). Sa nde rson et al. (2003; 2007) used coring techniques to sample the lowermo st �ll
for OSL dating, however, the results obtained revealed signi�cant mixing and distur-
bance. Small-sc ale channels, particularly those constructed in prehistory, are sometimes
preserved b eneath thick units of natural or anthrop ogenic sediment (e .g. Gillmore et al.
2009). Due to their small sc ale, the full extent of these channels can b e easily e xp osed in
an archaeological excavation, however, �lls are generally shallow and lack up cast banks
(Fig. 2.2; a). Small channel s, however, provide b etter opp ortunities for OSL sampl ing
where b oundaries and areas of disturbance can b e easily avoided. OSL dates obtained
from the �lls of channels from small systems can only provide a terminus ante quem
(Berger et al. 2004; 2009; Huckleb erry & Ri tte nour 2014). However, 14 C of `old' c ar-
b on, e.g. ero ded from the sides of river or canal banks, can b e carried downstream and
incorp orated into the sediments.
Alternatively, the exc avation of canal up cast banks that are well-preserved for large-

scale systems have provided opp ortunities to test the OSL dating metho d applied to
banks (Wilkinson et al. 2013; 77) and bunds (Gilliland et al. 2013) in Iran and Sri Lanka
resp ectively. To provide a terminus post quem , the transition from the old ground sur-
face (OGS) and the initial construction dep osits would theoretically provide the c losest
date to the construction event. However, the OSL dates obtained from a pre liminary
investigation gave ages that were signi�cantly o lder than the age of the bank (Schwen-
ninger & Fattahi 2013; 444), suggesting incomplete exp osure of the sedime nts to light
when dep osited to form the banks. Building on this early work, this research aims to
understand not only the timing of c anal abandonment, but also the construction and
maintenance events that created substantial banks. As illustrated in Fig. 2.2; b, large
up cast banks can b e highly complex requiring a detailed stratigraphic investigation that
will b e employed to ensure that the most suitable dep osits are sampled for OSL dating.

2.2.2 Agricultural �e lds

Many di�erent varieties of agricultural �elds have b een identi�ed in the lowland and
highland regions of the Mediterranean, Near and Middle East, the Caucasus, and South-
ern Arabia (French & Whitelaw 1999; Frederick & Krahtop oul ou 2000; Grove & Rack-
ham 2001; Wilkinson 2003; Barker et al. 2007; Reinhold & Korob ov 2007; Harrower
2008; Bruins & Ore 2009; Bevan & Conolly 2011; Haiman 2012; Beckers et al. 2013; Ko-
rob ov & Bori sov 2013). They were constructed in order to deep en soils, increase surface
area, enhance moisture and nutrients, and reduce surface erosion. The lo cation, size and
shap e of a �eld system is dictated by a range of physical variables such as; asp ect slop e,
precipitation and site-formation pro cesses (Wilkinson 2003). In the highlands of Yemen,
the shap e of �elds was mainly determined by the slop e angle, steep slop es create narrow
`contour' terraces, while gentle slop e s formed `broad �e ld' terraces (Gibson & Wilkinson
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Figure 2.2. Schematic diagrams to illustrate the main sediment dep osit typ es asso ciated with small
earthen channels and canals. a) Channel: 1 - alluvial s ilts, 2 - channel �ll (structured silts and clays), 3 -
ero ded up cast bank, 4 - alluvial silts. b) Canal: 1 - alluvial silts, 2 - old ground surface, 3 - construction
up cast, 4 - maintenance up cast, 5 - canal �ll (st ructured silts and clays ).

1995). Lowland regions that were relatively �at or gently sloping, formed �elds that were
sub-angular in shap e ( ibid. ). The full e xte nt of a �eld in lowland areas are often di�-
cult to de�ne unless demarcated by b oundary walls. Furthermore, middening pro cesses
often result in the ac cumulation of diagnostic artefacts, such as ceramics that b ecome
incorp orated into the �eld dep osits, are widel y used to de�ne a �eld and can b e used for
relative dating (Wi lkinson 1982; Costa & Wilkinson 1987; Bintli� & Sno dgrass 1988).
Anthrop ogenic landscap e alterations and colluvial pro cesses in upland regions can

a�ect site visibility and artefact recovery, that can lead to misidenti�cation of the scale
and extent of landscap e features such as terraces (e.g. Be van et al. 2013). Furthermore,
in temp erate c limates, dense vegetation cover hinders ground-based landscap e surveys
as surface artefacts go undetected (Banning 2002). In upland regions, walls were often
constructed to capture sediment to form a levelled surface, also referred to as the riser
(Frederick & Krahtop oulou 2000), to deep en soils on slop es and also to reduce erosion.
The formation of terraces o ccurs as a result of gradual sediment accumulation that buries
and preserves an old ground surface ( ibid. ). As the terrace aggrade over time, diagnostic
artefacts and organic remains b ecome incorp orated into the �lls, and during p erio ds of
landscap e stability, soil horizons can form within the sediment (Holliday 2004). Di�erent
terrace systems and soil formation may vary according to the p osition on a slop e. A
mo del based on the �eldwork undertaken in the Dariali Gorge, Georgia, is presented
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here to illustrate the variability in te rra ce formation on a slop e (Fig . 2.3).
On a slop e with an angle of 18 � sediments can accumulate relatively sl owly under

stable conditions (Fig. 2.3; A). In most cases, no terrace wall is required to level the
ground to form a riser, as sediments can aggrade naturally. The terrace sequence can
exhibit a reversing of the natural stratigraphy where comp onents from the natural A
horizon that b ecome incorp orated into the basal dep osits followed by the reworking of
B and C horiz ons. Similarly, on unstable slop e s formed by extensive coll uvial dep osits,
aggradation can take place relatively rapidly (Fig. 2.3; C). A similar reve rsi ng in stratig-
raphy may also b e observed. At p oints on a slop e where the natural soil is shallow on
small undulating outcrops, extensive te rrac e walls (2.5 m high) may b e constructed to
aid the formation of the riser (Fig. 2.3; B). The complexity of site-formation pro ce sse s
that can o ccur at di�erent p oints on a slo p e has implications for relative and absolute
dating metho ds.
Diagnostic artefacts a re a useful indicator for identifying the main phases of settle-

ment activity within the immediate area of a �eld system, and i s a widely used metho d
for dating �elds and terrace systems (Frederick & Krahtop o ul ou 2000), however, they
are o ften redep osited within the �ll during natural aggradation pro cesses and can b e an
inaccurate metho d for dating terraces and �eld systems. Alternatively, 14 C dati ng of
organic re mains, such as charcoal, and bulk soil organic matter, is widely used to date
buried soils (Harrower 2008; Acabado 2009; Korob ov & Borisov 2013). However, bulk
soil carb on often gives signi�cantly older ages as carb on can originate from older soil
formation phases that are reworked within colluvial slop e dep osits (Kühn et al. 2017).
In regions where OSL dating has b een used in c onjunc tion with 14 C for dating collu-
vium and buried soils, a reversed chronostratigraphy was found in the 14 C ages (Lang
& Nolte 1999; Lang & Hönscheidt 1999). OSL ages con�rmed that old organic matter
was redep osited by colluvial pro cesses (Lang & Hönscheidt 1999). In many arid regions,
organic remains are often abse nt, and OSL dating is often the primary means of absolute
dating.
In the Negev Hi ghlands of Israel and neighb ouring regions of Jordan, in such arid

areas where vegetation cover is sparse, surface p ottery has b een widely used to date
terrace systems (Barker et al. 2007; Bruins 2012). However, a numb er of studies have
employed OSL for dating terraces due to the bright luminescence prop erties of aeolian
quartz widely dep osited in the region (Avni et al. 2012; Davidovich et al. 2012; Avni et al.
2013). The OSL dates presented in some of the se pap ers suggested that these terraces
were c onstruc te d in the Late Byzantine/Early Islamic p erio d and then abandoned in
the 10 th - 11 th centuries AD (Davidovich et al. 2012), indicating that older p ottery and
charcoal had b een signi�cantly reworked when incorp orated into the te rra ce �lls.
Considering the advantages of the OSL dating pro cedure for sediments from this

region, particularly for identifying dep osits that had b een redep osited - thus e nabling
p ottery and other diagnostic artefacts to b e excluded from the analysis - such land-
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Figure 2.3. A mo del t o show the di�erent agricultural terrace systems that can b e found at various
p ositions on a slop e. An earthen terrace formed by natural aggradation pro cesses (A); a stone-walled
terrace formed by natural aggradation with intermittent anthrop ogenic dep osition (B); and a terrace
formed on top of substantial colluvial dep osits formed by rapid natural aggradation (C).

scap e features are often a�ected by disturbance of the sediment stratigraphy. In such
cases, the incorp oration of `young' quartz can o ccur which can lead to signi�cant age
underestimation (Davidovich et al. 2012). Systematic stratigraphic investigatio ns and
geoarchaeological approaches are widely used in the study o f �eld systems and terraces
(French & Whitelaw 1999; Krahtop oulou & Frederick 2008). However, there remains to
b e a metho dological gap b etween OSL dating and geoarchaeological analysis of sedi-
ments to quantify bioturbation, in order to i mprove the resolution of the OSL dating
pro cedure where quartz characteristics are suitable. This emphasises the imp ortance of
undertaking detailed stratigraphic analysis of dep osits prior to sampling to ensure that
only the most secure contexts are sampled.

2.2.3 Qanats

The qanat is a subterranean aqueduct that has enabled the p ermanent o ccupation of
many arid and se mi-arid regions (English 1968). They are widespread in many regions,
and in each of them they re ceive a di�erent name. The qanat in the Middle and Near
East (Beaumont et al. 1989; Lightfo ot 1997), falaj in Arabian Peninsula (Wilkinson
1977; Magee 2005), karrez in North Africa (Moro cco, Tunisia, Egypt) (Beaumont et al .
1989), gal leria in Spain (Glick 1970; 70) and puquios in South America (Lane 2016; 465).
This technology has also b een found in areas as far as China and Mongolia (Abudu et al.
2011; Hu et al. 2012). The general mo de l used to describ e the qanat system consists of
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Figure 2.4. Schematic diagram of a q an at system showing the cross-s ection of the internal layout
(top) and the aerial view (b ottom) (after Beaumont 1971). The arrow indicates the dir ection of �ow
downslop e. The top ography is shown by the arbitrary contour lines lab elled as J in the aerial view.
Di�erent features shown in the �gure include: A) b edro ck, e.g. limestone, B) motherwell, C) qanat
shafts, D) mosque, E) village and small gar dens /� elds/oasis, F) water table, G) �ne-grained alluvium,
H) coarse-grained sand and gravel, and I) adit.

a primary we ll (motherwell) lo cate d on the hillside (Beaumont 1971). Several ve rti cal
shafts were then e xcavated and connected by a horizontal channel or adit to navigate
water to irrigate �elds in the dry op en plain and to villages and mosques (Fig. 2.4).

Chronology and climate

The origins and spread of qanat technology have b een widely debated (Lightfo ot 2000;
Magee 2005; Wilkinson et al. 2012). Traditionally, they were thought to have originated
in northwest Iran, and spread by the Achaeme nid Empire (Laessøe 1 951), however, as
mentioned ab ove, these facts are now under debate, and it seems tha t climate factors
such as dry p erio ds could have had a main role in their spread. One of the earliest
qanats found in Iran was dated to 2000 BC using l uminescence (OSL) dating techniques
(Fattahi 2 015). This date corresp onded to the Assyrian Empire and a ma jor aridity
event in the region (Cullen et al. 2000; Rob e rts et al. 2011). On the other hand, by
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Figure 2.5. Schemat ic diagram showing t he main comp onents of a qanat and asso ciated up cast de-
p osits. 1) Vertical shaft, 2) � uvial sands and gravels, 3) �uvial silts and sands (alluvium), 4) old ground
surface, 5) construction up cast, and 6) clean-out up cast.

the Seleucid and Parthian p erio ds, there was little imp erial interest i n qanat technology,
most likel y due to enhanced precipitation rates during this p erio d (Büntgen et al. 2011),
requiring a di�erent irrigation regime to manage surface water. Although limited, this
evidence suggests that the construction and spread of qanats app ears to relate more
sp eci�cally to lo cal environmental conditions rathe r than to imp erial p olicy (Wilkinson
et al. 2012). I t i s likely that during later p erio ds of o ccupation, there was a renewed
interest in the old qanat systems, particularly during the Roman and Sasanian p erio ds
in the Middle and Near East (Kamash 2012), when p erio ds of enhanced aridity o ccurred
(Büntgen et al. 2011), resulting in further demands on groundwater.

To fully understand the origins and spread of qanat technology, im proved chronologi-
cal resolution of these systems is required. Until recently, qanats have mainly b e en dated
in asso ciati on with Islamic (Wilkinson 1977; Lightfo ot 1996), and Iron Age settlements
(Costa 1983; Magee 1998; Al-Tikriti 2002; Magee 2005) or from surface artefacts (Costa
& Wilkinson 1987). Overall, these approaches can provide a broad indication of the
p erio ds represented in the landscap e, and that irrigation is likely to relate to p erio ds of
ma jor settlement ac ti vity. Our understanding of the origi ns and mainte nanc e of qanats
remain unknown due to the limited dating evidence avai lable. A recent study by Baili�
et al. (2015) dem onstrated that luminesce nce dating (OSL) could b e successfully used
to illustrate the chronolog ical c omplexity b o th within an individual mound and b etwee n
di�erent mounds within the same chain of qanats. This study raised the imp ortance
of understanding the dep osits that comprise the up cast mounds (Fig. 2.5), which are
similar to those found in c anal up cast banks, but on a much small er scale. To do this,
small-scale excavati on is required to assess the preservation, disturbance and repair, and
how this may impact on the suc cessful dating of these systems.
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2.3 Summary

This review demonstrates the many complexities of many di�erent landscap e features
found in the archaeological record in the Near East and surrounding regions. Although
these various features have b een di scussed separately in this chapter, each comp onent
should b e c onsidered as part of a complete landscap e. One particular problem is the is-
sue of l andsc ap e palimpsest and archaeologica l visibility, as not all of these comp one nts
survive in the archaeological record. Chronological uncertainties related to unstrati-
�ed p ottery and reworked organic remains in many of these contexts make it di�cult
to establish the relationship b etween irrigatio n and agriculture infrastructure to set-
tlements. Radio carb on dating is one metho d which is now routinely used for dating
organic remains, and is the most suitable metho d for dating short lived material that
remains in its pri mary context. However, when applied to canal �lls or any other �u-
vial or colluvial de p osit, organic material is a�ec ted by b oth sediment reworking and
the recycling of `old' carb on material. The latter is partic ul arly problemati c in arid
regions where there is generally a la ck of wo o d required for construction, resulting in
the re-use of old wo o d in late r p erio ds. OSL dating metho ds are now b ecom ing more
widely applied in regions with suitable geologies and mineralogy. Howe ver, a greater
understanding of irrigation and agricultural �eld systems requires excavation and geoar-
chaeological analysis to identify the various elements of construction, particularly for
obtaining samples from secure and undisturb ed contexts. This thesis aims to develop
OSL dating further by placing the dates within their stratigraphic contexts, taking i nto
account additional complications arising f rom p ost-dep ositional alterations of sedime nts
that are commonly asso ciated with anthrop ogenic contexts. The following chapter will
intro duce the broader geoarchaeological approach employed in this study.
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Chapter 3

Geoarchaelogical background and
metho ds

3.1 Intro duction

Geoarchaeology is a sub discipl ine of environmental archaeology, which brings together a
wide range of evidence from archaeological landscap es, soils and sediments with the aim
of understanding how so cieties i n the past interacted with their environment (Brown
1997; Canti 2001; French 2003; Goldb erg & M acphail 2006; Rapp & Hill 2006; Butzer
2008). Firstly, soils f orm as a result of the various interactions b etwee n di�erent variables:
climate, organisms, relief, parent mate ri al, and time, and are the �nal outcome of in
situ weathering of the parent material (Holliday 2004; 102). Sediments, however, are
dep osited via aeolian, colluvial, �uvial (Allen 2012), and can b e mo di�ed by a rang e
of anthrop ogenic pro c esses (Courty et al. 1989). The determi nation of the natural and
anthrop ogenic pro cesses tha t form an archaeological site or landscap e can b e complex, as
they o c cur on various spatial and temp oral scales (Butzer 1982; Schi�er 1987; Wilkinson
2003).

3.1.1 Scales of analysis

There are two main approaches employed in geoarchaologi cal research. Firstly, the mi-
crostratigraphic approach, which involves the identi�cation of site-formation pro cesses
and the lo cal environmental conditions of a site or landscap e feature (Matthews et al .
1997; French & Whitelaw 1999; Purdue et al. 2010). Secondly, `o�-site' landscap e ap-
proaches, employ a macroscale approach, which utilises regional climate, environment
and sedimentary archives to b etter characterise human-environment interactions in the
past (Wilkinson 1997; Boyer et al. 2006; Berger et al. 2012; Heyvaert et al. 2012). De spite
these contrasting approaches, and the various scales of data that that can obtained, a
multiscale-multidisciplinary approach is the most useful, as it can provide a more holis-
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tic understanding of the physic al c onditions that in�uenced how so cieties manipulated
their environment in the past (Butzer 1982). The foll owing sections will outline the
metho dological approach employed in this study, followed by the �eld and lab oratory
metho ds use d to characterise the sediments and soils sampled in the �eld.

3.1.2 Metho dolog ica l approach

The multiscale approach employe d by the Persia and its Neighbours Project , enabled tar-
geted investigations within relatively small and well-de�ned re gions with clear evidence
for Sasanian landscap e investment (see Chapter 1). However, the la ck of excavation and
the chronological uncertainties asso ciated wi th relative dating metho ds employed in the
�eld (see Chapter 2) re quired further investigation of the landscap e features identi�ed
using remote sensing and landscap e survey metho ds. Therefore, this thesis aims to
employ lumi nescence and geoarchaeological metho ds in order to b etter understand the
chronology of landscap e features identi�ed in the case studies intro duced in Se c. 1.1.1.
of the various landscap e features intro duced in Chapter 2. Sediment mixing and distur-
bance is highly probable in regions that have b een intensively utilised and is problematic
for many dating techniques. Radio carb on dating of charcoal a nd mobile short-lived ma-
terial such as seeds, can b e easily ero ded f orm their original dep ositional contexts, and
then transp orted and redistributed by various physical pro cesses. Luminescence dating
techniques (OSL), however, employs mineral grains as the chronome ter. Disturbance
can in�uenc e the overall precision, requiring a careful assessment of the OSL data (see
Chapter 5). Therefore, the success of these techniques require s an assessment of the
stratigraphy and si te-formation pro cesses prior to sam pl ing in the �eld. This is to en-
sure that only secure archaeological c ontexts are sampled for dating. This can only b e
achieved using a combined luminesce nc e and geoarchaeological metho dology, which thi s
thesis aims to develop.

3.2 Fieldwork metho dology

3.2.1 Site ide nti�cation

As part of the Persia and its Neighbours Project , the landscap e analysis involved the
acquisition and pro cessing of CORONA satellite imagery (declassi �ed spy imagery ac-
quired i n the 60s and 70s) (following Galiatsatos 2009, top ographic data provided by
the Shuttle Radar Top ographic Mission (SRTM) at 30 and 90m resolution, historic al
maps and textual references to sites, and site lo cation data obtained in the �eld recorded
by Ground Positioning Systems (GPS), all of which were managed within a G eographi-
cal Information System (GIS). Hi gh-re solution Go ogle Earth TM (GE) images are freely
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Figure 3.1. Examples of Go ogle Earth TM satellite imagery showing large-scale canals in the Mil Stepp e,
Azerbaijan. A) The area investigated showing the fort ancient canal in the mo dern irrigated landscap e.
B) A close-up image of the only surviving section of the ancient canal with preserved u p cast banks.
(Accessed 08/12/17) ( c
 DigitalGlob e)

availa bl e (http://earth.go ogle.com), and were used to assess the impacts of mo dern agri-
cultural intensi�cation for the detection of a nc ient irrigation and �eld systems prio r to
�eldwork.

Intensive mo dern agriculture has had a signi�cant impact on the archaeological land-
scap es in the Cauc asus and Central Asia, as illustrated in Fig. 3.1. G E is a useful to ol
for determining site preservation b efore entering the �eld.

3.2.2 Excavation

The excavation metho d was adapted according to the lo cation, depth of dep osits and
time limits in each of the regions investigated. Small -scale exc avation wa s employed
in the Caucasus and Oman; only in situations where dep osits were to o deep to hand
excavate , JCB excavation was employed. Large-scale canals and moat systems in Azer-
baijan and Iran we re machine excavated and step-trenched to provide safe access. The
lo cation of e ach trench was recorded using a hand-hel d GPS. Each case study was give n
a unique reference numb er (e.g. 412), and each stratigraphic section within each region
was numb ered accordingly (e.g. 412-9, 412-15). In situations where dep osits were to o
deep to machine or hand excavate, coring using a gauge auger was employed. Further
details of the excavation metho dology are provided for each c ase study in Chapter 4.
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3.2.3 Stratigraphic descriptions

Stratigraphic sections were �rst cleaned and photographed. Each dep osit was given a
unique conte xt numb er, with which artefacts could b e e asily related. The stratigraphy
was describ ed using a combination of a lithostratigraphic approach similar to that out-
lined in Jones et al. (1999), soi l characterisation (USDA 1975), and the single-context
recording system (MoLAS 1994). Each a rchaeologic al context (sedimentary dep osit) was
describ ed, which included: munsell colour (Munsell 1954), texture (prop ortions of sand-
silt-clay) and other sub-classes, e .g. sandy silt, sorting, frequency of coarse-inclusions
and their roundness and shap e (Powers 1953), and b oundary typ e (sharp or di�use)
(USDA 1975). Evidence for secondary mineralisation, e.g. carb onates, silicates and iron
oxides, was also noted. Although the sedimentary de scriptions were qualitative, they
provided a basic assessment of the site-formation pro cesses i n the �eld. Dep osits were
de�ned as contexts in order to relate artefacts within their stratigraphic p osition for
relative dating purp oses.

3.2.4 Sampling strategy

The typ e of sampling strategy employe d varied according to the variability in dep osits
found and the scale of features investigated. For the �eld and terrace systems, a system-
atic sampling strategy was employed. Sampling at regular intervals through the vertical
pro�les enabled the detection of subtle variations b etween the contexts that were not
clearly visible in the �eld sections. A targeted sampling strategy was empl oyed for o c-
cupation dep osits, channels and canals due to the lateral and vertical variabili ty of the
dep osits unc overed.

3.2.5 Sample collection

OSL sampling

OSL sampling metho ds followed Duller (2008b), which involved inserting a black plasti c
(PVC) pip e into the stratigraphic sec tion to sample contexts for dating, taki ng care to
avoid b oundaries and areas of disturbance. For thick dep osits, a standard OSL tub e
sample size was e mployed; ca. 20 cm l ong by 4 cm wide, that was inserted into the
dep osit. In re lativel y shall ow dep osi ts, a small tub e was used (ca. 20 cm long by 1.5 cm
wide). The ends of the tub e were sealed with black duct-tap e to avoid light exp osure,
lab elled and marked on the section drawing. Each sample was photographed prior to
removal . An additional sediment sample was taken from dep osits ab ove a nd b elow the
context for e nvironmental dosi metry analysis.
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Micromorphology sampling

Micromorphology bl o cks were taken from key contexts in conjunction with OSL sam-
ples. The metho d followed similar pro cedures outlined in Goldb erg & Macphail (2003).
This involved carefully excavating a blo ck usually of various sizes dep ending on the
thickness of the dep osit, m ost blo cks we re b etween 10 to 15 cm in length, 10 cm wide
and b etween 8 to 10 cm thick, this was to e nsure that enough material was extracted
for micromorphology and OSL analysis whe re necessary. Prior to removal, each blo ck
was recorded on the section drawing and then photographed. Each blo ck was encapsu-
lated wi th plaster-of-paris and then ca re fully removed when fully dried. Each blo ck wa s
carefully wrapp ed, lab elled (site name , section numb er, sample numb er) and packaged
for transp ortation.

Bulk sediment sam pling

Bulk sediment samples were taken f ro m contexts that were vertically dep osited in order
to detect changes with de pth. Sampling involved removing approximately 30 g of sed-
iment from the dep osit and packed in se lf-sealed bags and appropriately lab elled (site
name, section numb er, sample numb er, context numb er and date). In vertical pro�les,
bulk samples we re taken at every 5 cm intervals through the pro�le .

3.3 Bulk sedimentary techniques

Bulk sedimentary te chniques are widely employed in ge oarchaeolog ical studies, as vari-
ations in grain size, magnetic susceptibility, bulk geo chemi stry, and organic content
within a strati gra phi c pro�le, are useful proxies for p edogenesis, anthrop ogenic distur-
bance, and palaeo environmental change (Chapter 16 in Goldb erg & Macphail 2006).
The following sections will provide the metho dology for magnetic susceptibility, loss-on-
ignition and particle-size analysis.

3.3.1 Magnetic susceptibility

Magnetic susceptibility can b e simply de�ned as a measure of the degree to which a sed-
iment or soil can b e magnetised (Evans & He ller 2003). As this technique is relatively
rapid and inexp ensive, the presence and quantity of fe rroma gnetic m inerals are used
as a proxy for quantifying soil development and for detecting �re and burning in the
archaeological rec ord (Tite & Mullins 1971; Mullins 1977; Pe ters et al. 2001; Ol d�e ld &
Crowther 2007). It is also used as a paleo climate indicator, particularly f or windblown
lo ess and palaeosols (Pye 1995; Maher et al. 2002; Lisa et al. 2012). Fine sup erparam-
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3. Geoarchaelogical background and metho ds

agnetic (SPM) particles are formed by some of these pro cesses, and these particles can
b e de tected using low and high frequency dep endent susceptibilities (Dearing 1994).

Metho dology

Samples were �rst dried at ro om temp erature and then ground to a �ne p owder and
sieved using a 2 mm mesh to remove l arge particles to avoid in�uencing the mag-
netic prop erties of the sample (Dearing 1994). Cylindrical p ots (10 ml by volume) were
weighted b efore and after the soil samples were added and the nature and concentration
of magnetic grai ns were measured under low (0 .47 kHz) and high (4.7 kHz) op eration
frequencies using a Bartington MS2B susceptibility bridge pro ducing a 0.1 mT alternat-
ing magnetic �eld ( ibid. ). Mass-sp eci�c susceptibility ( � in ) (10 -8 m 3 kg -1 ) and frequency
dep endent susceptibility ( � fd ) (%) values were calculated following Dearing (1 994). Mass
sp eci�c susceptibility ( � in ) was calc ulated as follows:

� in =
� lf

SM
=10 (3.1)

where � lf is the average low frequency value and SM is sample mass in grams (g).
Frequency dep endent susceptibility ( � fd ) was calc ulated as follows:

� fd =
� lf � � hf

� lf � 100 (3.2)

Where � fd is susce pti bi lity, � lf is the ave rage low frequency and � hf is the average
high frequency.

3.3.2 Loss-on-ignition (organic matter %)

Organic matter is the most imp ortant soil comp onent which in�uences b oth the phys-
ical and chemical prop erties of a soil. Loss-on-ignition (LOI) is used to determine the
p ercentage of organic matter, and is a relatively simple pro cedure (Ball 1964 ; Heiri et
al. 2001; Beaudoin 2003). It is a useful measure for quantifying soil development and
sediment accreti on rates, and also the identi�cation of unconformities and hiatus events
within a continuous stratigraphic sequence (Goldb erg & Macphail 2006). The LOI sam-
ples were pro cessed in the Sedimentology Lab oratory in the Department of Geography,
Durham University. The full metho dol ogy is provided in App endix A.

3.3.3 Particle-size analysis

Grain-size is used as a proxy for dete rm ining the scale and intensity of dep ositional
pro cesses, particularly in �uvial environments (Allen 2012). Partic le-size analysis is a
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quantitative measure of the prop ortions of sand, silt and clay prese nt within a sediment
sub-sample ( ibid. ). Various metho ds are available with varying precisions and accuracies
(Lewis & McConchie 1994; Kro etsch & Wang 2008). A laser granulometer was employed
in this study (Blo tt & Kenneth 2006). Measurements were made using a Beckman and
Coulter LS230/13320 l aser granulometer using l aser di�raction with p olarization inten-
sity di�erential scattering (PIDS) based in the G eography Sedimentology Lab oratory,
Durham University, following pro cedures outlined in Coulter (1994).

3.4 Microstratigraphic analysis

3.4.1 Micromorphology

Micromorphology enables analysis of undisturb ed samples at various magni�cations.
The metho d was �rst established by Kubiëna, which the n evolved into a routine tech-
nique for soil science (Kubiëna 1948; 1953) and is now widely appl ied to archaeological
contexts since the devel opm ent of standardised description metho ds (Bullo ck et al. 1985;
Courty et al. 1989; Sto ops 2003). Ethno gra phi c and exp e ri mental data has made sig-
ni�cant improvements in the identi�cation of features that can b e directly related to
agency pro cesses in the archaeological record (e.g. Milek 2012; Banerjea et al. 2015;
Deák et al. 2017). Furthermore, an understanding of the chemical pro cesses i n soils
and archaeological sediments is useful for identifying p ost-dep ositional alterati ons and
secondary mineralisation, which may include calcium carb onate, silicates (e.g. micro-
crystalline authigenic quartz), sulphates (e.g. gypsum), and iron oxides (e.g. geothite)
(Sto ops et al. 2010). The archaeological contexts sampled from various features in the
four case studies, includes:

� Occupational dep osits with middens and trampling layers.

� Anthrop ogenic dumping and mound construction.

� Alluvial, c olluvial and aeolian dep osits.

As there has b een no previous micromorphological exami na ti on of similar fe ature s
found in the fo ur regions investigated, comparisons had to b e made with those found in
di�erent regions.

Metho dology

Micromorphology blo ck samples we re dried at ro om temp erature and impregnated with
resin to pro duce a cured blo ck (75 x 50 x 3 mm). A representative thick section ( � 1 cm
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Stage 1 Field descriptions See Sec. 3.2.3

Stage 2
Thin section examination ( X1
magni�cation)

Scanning, identi�cation of macrostructure, level of
heterogeneity, thickness, colour, b oundary typ es.

Stage 3
Observations and descriptions
(X4, X25, X40, X100,
X200/400)

Microstructure: ty p e, s ize, shap e of aggregates,
frequency (%).

Groundmass: c/f ratio and related distribution,
coarse comp onents (organic, mineral and
anthrop ogenic), micromass (colour, b-fabric,
limpidity).

Pedofeatures: typ e (depletion, crystalline, coating,
aggregates), frequency (%), texture, distribution.

Stage 4 Interpretation
Identi�cation of dep osit typ e (DT) and their
frequency of o ccurrence in thin sections, relate
micro-analysis with macroscale observations.

Table 3.1. Stages of thin-section analysis.

thick) f ro m this cured blo ck was prepared i nto a thin section (30 � m thick), which was
achieved using precision machinery, involving vari ous stages of cutting, slicing, grinding
and p olishing to pro duce a �nished thin section by Julie Boreham at Earthslides, follow-
ing similar pro cedures outl ined in Murphy (1 986). A high-resolution �atb ed colourscan
at 900 dpi was obtained using an Epson Perfection V350 photo scanner. Thin-sections
were examined in the DARC Lab oratory using a Nikon Eclipse LV100 p olarise d micro-
scop e attached with a Nikon DS Fi1 digital camera. Observations were made under
plane p olarised light (PPL), c ross p olarised li ght (XPL), oblique incident light (OIL),
b etween X4, 40, 100 and 2 00 magni�cation. Photomicrographs of key features were
taken using Leica software V4.3 . Sl ide descriptions followed the proto col simi lar to that
outlined in Goldb erg & Macphail (2008; 354 -356), and following standardised criteria
outlined in Bullo ck et al. (1985), Courty et al. (1989) and Sto ops (2003) (outlined in
Table 3.1). Frequency class f or the coarse and �ne material in a repre se ntative area and
p edofeatures present follow Bullo ck et al. (1985).

Results

The results of the micromorphologi cal analysi s will b e provided as part of the geoar-
chaeological assessment for each case study in Chapter 4. The quanti�cation tables
for features and inclusions identi�ed in each dep osit typ e for the contexts sampled are
provided App endix F.
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3.5 Chemical characterisation

3.5.1 Mineralogy

Some of the main mineralogical comp onents commonly found in sediments include ma jor
minerals such as quartz, plagio clase a nd p otassic feldspar (K-feldspar), and clay and
mica (muscovite and biotite) minerals (Allen 2012). Sediments also c ontain a range of
heavy minerals (>2 .75 g cm 3 ) that can vary in abundance: zircon, tourmaline, rutile,
amphib oles, pyroxenes, garnet, epidote, olivine; and also i ron oxides (hematite and
magnetite) (Mange & Maurer 2012). Their relative abundance can vary with lo cation and
distance from the source ro ck, making them useful indica tors of provenance ( ibid. ). Many
of these minerals can b e identi�ed in micromorphological thin-sections, however, the
frequency of minerals is a�ected by weathering, diagenesis and soil formation pro cesses
(Sto ops et al. 2010), making them di�c ul t to identify in archaeological dep osits. In order
to undertake a thorough assessment of the frequency of heavy minerals present, a prior
knowledge of the lo cal mineralogy and acc essibility to control samples for comparison is
required (Andó et al. 2012). A full mineralogical assessment was b eyond the scop e of this
research, however, the identi�cation and relative abundance of minerals present, along
with roundness, surface textures and fabric analysis o f quartz, was carried out in order
to determine source and sediment history (e.g. mature or immature) (Powers 1953;
Seyedolali et al. 1997; Vos et al. 2014) (outlined in Secs. 3.6.1 and 3.6.2). The fo llowing
section will provide the physical and chemical background for the two ma jor mineral
typ es, quartz and feldspar, that are the most widely used chronometers in luminescence
dating techniques (Ai tken 1998).

3.5.2 Physical and chemical background of ma jor minerals

Quartz

The chemical structure of quartz, silicon dioxide Si0 2 , is tetrahedrally b onded Si+0 2

(Nesse 2009; 128) (Fig. 3.2). Quartz tetrahedra can b e arranged in many ways, de-
p ending on temp erature and pressure during formation of crystals (Dietrich & Skinner
1979; 32; Bøtter-Jensen et al. 2003b; 119; Preusser et al. 2009). There are two main
typ es of quartz, � and � , which have di�erent densities. � -quartz, also known as high
quartz is formed at high pressure and temp erature. When co oled down b elow 575 � C, it
transforms to � -quartz or low quartz, due to a change in the arrangement of the silica
tetrahedra that form its structure (Dietrich & Skinner 1979; 32), as illustrated in Fig.
3.2; B. If this transition is fast the crystal mai ntains its shap e (see Fig. 3.2; A). Trace
elements can also replace Si within the tetrahedra structure, which can incl ude : Ca, Fe,
Ge, Mg, Mn, and Ti. The o ccurrence of these trace elements are diagnostic of sp eci�c
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Figure 3.2. � and � quartz crystal structure. A: � -quartz crystal structure and form, including the
main defects. B: � -quartz crystal structure and form. Adapted from Dietrich and Skinner (1979; 32).

source ro cks e.g. volcanic, plutonic or hydrothermal (Preusser et al. 2009). As quartz
crystal structure is construc ted from SiO 4 tetrahedra, missing or replaced atoms, and
the distorti on of the structure, create sp eci�c defects, which in�uence the luminescence
emissions observed in quartz (Götze et al. 2001) (Sec. 3.6.2).

Feldspar

The classi�cation of feldspars dep ends on the chemical comp osition and the pro cess of
crystallisation. Fel dspars are framework alumina-silicates with a chemical structure com-
p osed of SiO 4 and Al0 4 . Feldspar chemic al comp ositional range s b e tween Na(AlSi 3 O 8 ),
K(AlSi 3 O 8 ), and Ca(AlSi 3 O 8 ) (Ne sse 2009; 134) (Fig. 3.3). Feldspars vary b etween low-
temp erature a nd high-temp erature phases. Fel dspa rs formed at high temp eratures co ol
rapidly (or quenched) preserving its high-temp erature form, whereas low-temp erature
feldspars are formed slowly by slow co oling rates during crystallisation ( ibid. ). Where
aluminium atoms re place silic on atoms, p otassium (K), so dium (Na) and calcium (Ca)
cations are inserted into the lattice. The variability in chemical and physical struc ture
of fel dspa rs is de�ned using a ternary diagram (Fig. 3.3). The ternary diagram is
de�ned by the end memb ers of albite-ortho clase (Ab-Or), which are high-temp erature
alkali phase feldspars. Albine-anorthite (Ab-An) are classi�ed as low-temp erature pla-
gio clase feldspars. Feldspars can have ordered and disordered structures, for example,
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Figure 3.3. Feldspar ternary diagram showing the prop ortion of K, Na and C found in di�erent phases.
A: High-temp erature feldspars, B: Intermediate and low-temp erature feldsp ar s. Adapted from Deer et

al. (1963).

p otassic-rich feldspars, also referred to as K-feldspars, tend to b e ordered and triclinic
(e.g. albite and oligo clase). High-temp erature alkali feldspars that co ol rapidly tend to
b e di sorde red and have mono clinic crystal structures (Finch & Klein 1999).

3.6 Analytical techniques

Characterisation of the mineral extracts - mainly quartz and feldspar - rec overed from
the archaeologi cal contexts sampled, was undertaken to assess their suitability for further
OSL analysis. Three analytical metho ds were employed: scanning electron microscopy
(SEM) coupled with an energy di sp ersive x-ray sp ectrometer (EDS), and catho dolumi-
nescence (CL). The foll owing sec tion outlines the metho ds used for the ini ti al cha rac -
terisation, which includes:

3.6.1 Scanning Electron Microscop e (SEM) energy disp ersive
x-ray sp ectrometer (EDS)

Hydro�orically (HF) etched grains (20 0-355 � m) were hand-picked and mounted o nto
SEM stubs, carb on coated, and analysed using a Hitachi TM3000 scanning electron mi-
croscop e �tted with a SwiftED2000 energy disp ersive x-ray sp ectrometer (EDS) based
in the archaeomaterials lab oratory, Durham University. The comp ositional analysis of
individual grains was obtained using SwiftED software, with standardless matrix co rre c-
tions. Qualitative sp ectral details were obtained and compared with published sp ectra
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avail able for common ro ck-forming minerals (Severin 2004). This technique enabled rapid
identi�cation and examination of the surface and morphology of grains after chemical
treatment prior to OSL analysis.

3.6.2 Catho dolum inescence (CL)

Intro duction

Catho doluminescence (CL) is wi de ly used in geology and the earth sciences to determi ne
the formation histories and provenance of minerals relevant to sedimentology (Boggs &
Krinsley 2006). Its applications to archae ological questions mainly cover the geological
sourcing and provenance of raw materials used to m anufacture artefacts ( ibid. ), and is
used in the characterisation of heated quartz used i n OSL dating of ceramics (Ro que
et al. 2004). CL analysis has also b een used to check the purity of chemica lly-etched
quartz extracts with p o or luminescence characteristics (Ste�en et al. 2009).
Luminescence in quartz and feldspar can b e examined using four di�erent excitation

mechanisms, which include: optical and infrared stimulated luminescence and photo
luminescence (OSL, IRSL, PL), thermal stimulation (thermal luminescence, TL), elec-
tron b eam (catho doluminescence, CL) and by � particles, e.g. radioluminescence (RL)
(Bøtter-Jensen et al. 2003b). The emission sp ectra measured using these various forms
of luminesc ence can provide imp ortant information related to the traps and defects as-
so ciated with the pro duction of lumi nescence in di �e rent minerals (Huntley et al. 1991;
Clarke et al. 1997; Duller & Bøtter-Jensen 1997; Krb etschek et al. 1997; Rendell &
Clarke 1997; Clark & Baili� 1998; Götze et al. 2001). In this research, CL measure-
ments were undertaken to provide insights into the provenance of quartz recovered from
archaeological sedime nts in Georgia, Aze rbai jan, Iran, and Oman.
CL colour of quartz has b een widely used in provenance studies (Zinke rnage l 1978;

Matter & Ramseyer 1985; Götze et al. 2001), however, Zinkernagel (1978), was the �rst
to identify a general increase in CL intensity with high temp erature formation histories.
The application of CL for identifyi ng defec ts and traps related to trace elements present
in quartz have b een widely rep orted (Ramseyer & Mullis 1990; Kalce� & Phillips 1995;
Götze & Zimmerle 2000; Götze et al. 2001; 2004; 2005). As for fe ldspars, which are
much more com pl icated in terms of geo chemistry and formation history, the sp ectral
information varies ac cording to the variations in K, Na, Ca and Fe 3

+ impurities (Finch
& Klein 1999; Götze et al. 2000)

Metho dology

Firstly, a plastic stub was dril led with a 4 mm hol e, and a small amount of ep oxy resin
and untreated grains (200-355 � m) were mixed together and then left to set. Each stub
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Figure 3.4. SEM backscatter and panchromatic images of quartz. A: SEM backscatter image within a
350 � m area showing multiple grains clearly showing di�erences in roundness , shap e and size, rounded
quartz (RQ), and angular quartz (AQ). B: Panchromatic image showing the variability in CL emissions
b etween grains, 1 indicates brightly luminescent inclusion within a dim grain, and 2 indicates a coating
on the q uartz grain (Lo cation: Azerbaijan).

was p olished to a �at levelled surface in the ro ck thin section facilities in the Earth Sci-
ence department at Durham University. Each stub was uniformly c oated with carb on
to remove change build up and prevent damage during e lectron b ombardment. Analysis
was undertaken using a Hitachi SU-70 FEG SEM based in the Department of Physics,
Durham University. High-resolution images were taken using an SEM to obtain images
of surface features using secondary electron and backscatte r electron mo des (Fig. 3.4).
Detailed CL sp ectra was determined using Gatan MonoCL3 (Oxford Instruments) and
a mono chromator (Hamamatsu R374) by using a series of three colour �lters (red >600
nm; Green 520-580 nm; Blue 400-480 nm) to identify di�erent comp onents with individ-
ual minerals in panchromatic view at 10 kV. Sp ectra were collecte d using a dwell time
set at 3.0 s with a range b etween 400-500 nm (dep ending on the dominant comp onent)
and the step size was set at 2 nm.
Red-Green-Blue (RGB) false colour co ded digital images were pro duc ed for visuali-

sation purp oses (Fig. 3.5). The intensity of the three pri mary colours were ranked from
0 to 4, 0 b eing absent and 4 b ei ng dominant and high in lumi nescence intensity. RGB
combined with SEM images enabled the identi�cation of the crystal fabric (Table 3.2);
combined with this, emi ssi on sp ectra were obtained from a few grains emitting su�cient
luminescence. Individual heterogeneous emissions and the optimal measurement condi-
tions were obtained by concentrati ng the b eam in small area within the grain surface
(Fig. 3.6).
The assessment of CL colour is highly sub jective, as the observe d colours can fade or

change afte r rep eated electron b ombardment. The common CL colours found in quartz

39



3. Geoarchaelogical background and metho ds

Figure 3.5. Catho dolumin escence images of quartz (A-I), and feldspar (J -L). Arrow indicates : A:
feldspar inclusions, B-D: veins, E: 1 shows mottling of faint blue emission, 2: blue emitting overgrowth,
G: reformed quartz (p olycrystalline), H: hydrothermal quartz with a coating, J-K: feldspar internal
structure.
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