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—ABSTRACT —

Preservation and conservation of archaeologicet sg& an important and everyday issue for
archaeologists in Britain and around the world. Whke the site is waterlogged or dry,
exposed or buried, in need of rescuanositu preservation, issues concerning the quality of
preservation of organic material in particular, atehe forefront of many past and current
research endeavours. In completely waterloggedgrabec environments, we would expect
excellent preservation as the lack of oxygen lirbitdogical activity. Likewise, in a highly
aerobic but completely dry environment, we woulgent excellent preservation as lack of
water for biological activity would limit the deteration of organic remains. Environments
that exist outside these ideals have been larggtpred due to the complexity of the
preservation environment. While there have beeanmgits to investigate the effects of
oxidation on the preservation of different types astefacts themselves, the effects of
oxidation on the soils and how these changes dactahe preservation environment, with
specific reference to an identifiable soil charesti, have not been explored. By examining
the changes these soils go through under diffesginising environments, it is possible to
identify the level of preservation of organic makrthat can be expected on an
archaeological site.

Iron oxide can be used as an indicator of oxidasisnt is very sensitive to changes in levels
of oxygen within the buried environment. By examgithe different types of iron oxide
deposition in the soils, it is possible to identif\e type of hydrological environment for that
site, and hence the level of preservation that lmarexpected for organic archaeological
material. The development of a comparative dataf@bd) based on the relative deposition
of iron oxide in soils, and how this relates toiaaons in oxidising conditions, provides a
platform for identifying differing hydrological eimonments within archaeological sites.

The CDB is developed by using bulk and soil micrgphological analyses on non-
archaeological sites, representing four major gedlogy types and environments. Oxidation
experiments were carried out on these samplessessadhe variation between differing rates
of oxidation and seasonality influences. Once conttd, the CDB was tested using samples
taken from archaeological sites of similar soillggy type, and includes sites ranging from
the Mesolithic to the Romano-British period. Arcbkgical samples were collected from
various features and buried soils from five sitbs: Late Bronze Age enclosure at Over, the
Iron Age ringwork at Wandlebury, the Iron Age erstlees at Sutton Common, the Romano-
British site at Marcham-Frilford and the Bronze Afyeld systems at Shovel Down. The
results of this project indicate that the depositad iron oxide, as identified through soil
micromorphological analysis, has great potentied &30l for gauging preservation of organic
material in archaeological sites throughout Britaline use of the CDB to improve the
understanding of preservation and conservationegssn Britain, and beyond, will be an
essential element to any future research in thld.fi

This work will form an important part of all arch@egical curators’ repertoires for assessing
preservation conditions on a site, and thereforegaage of the appropriate level of
archaeological importance and response.
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INTRODUCTION TO GAUGING PRESERVATION

The preservation and conservation of archaeologitat in Britain is at the forefront of
current debate by archaeologists. The key issuesisfamn considerations oh situ
preservation of nationally and internationally imgamt archaeological sites versus recording
through excavation. While the preference is to gmes archaeological sités situ, there will
always be sites where excavation is a better solutHowever, making the decision to
preservan situ or excavate can be complicated by poor knowleddbeoburial environment
and the post-depositional processes that occurnviBy first identifying the soil/geology
type of the site, in addition to the hydrologicalfation environment, inferences can be made
about the preservation potential for the organictemea data contained within the
archaeological deposits. As the introduction ofgety into a buried environment plays a key
role in decomposition of such fragile organic remsaia sensitive indicator of oxidation needs
to be identified within the buried environment, walnican, in turn, be used as a tool for

gauging the organic preservation potential of itee s

The aims of this research are threefold. The fggb identify and characterise the range of
features expressed by iron oxides as a sensitdieator of oxidation in soils and sediments,
the second is to develop a comparative databas®)@Dough oxidation experiments on
soils of different soil/geology types within Britgiand the third is to test this database using
archaeological sites of similar soil/geology typeshe CDB, in terms of the organic material
preserved in relation to the patterns of iron oxdeéposition. These aims permit assumptions
that oxygen is the dominant factor in the decontposiof organic material, that the patterns
of iron oxide deposition in soils/sediments areeclily related to the hydrological/oxidation
conditions present in the buried environment, angatt the identification of
hydrological/oxidation conditions can be used taggathe preservation of organic material in

archaeological sites of specific soil/geology types



The abovementioned assumptions are attributableféomation gleaned from the literature
and are outlined in chapter two. In addition, si@nation and post-depositional processes are
discussed in relation to preservation. FurtherfetBht preservation conditions including
waterlogged and arid buried environments, whichideal for the preservation of organic
material in archaeological sites around the watd,discussed. Current experiments for long-
term preservation conditions and the effects of-gdepositional processes on artefacts within
the buried environment are reviewed, highlightiegearch areas that need to be addressed
further. In order to assess the effectivenessoof axide distribution as a sensitive indicator of
oxidation, the processes of iron oxide in the sovironment are discussed, along with an
explanation of how the different patterns of iroxide deposition can be used to identify
unique hydrological/oxidation conditions that occur the soil/sediment. Iron oxide
deposition in relation to the preservation of oligamaterial in archaeological sites is then
discussed with particular reference to iron pamasiy tgenesis and their preservation attributes.
As with all research projects, it is not possilecbver all angles and with preservation of
organic material in archaeological sites being sachomplex issue, the parameters and
limitations of this research project are outlinEthally, the background to each of the CDB

experimental sites is presented, and the reasontisd®election of each site are discussed.

Chapter three outlines the sampling strategy, kboy experiments and analyses for the
CDB. Both micromorphology and bulk samples for baifalyses were collected from each of
the CDB sites, and oxidation experiments were edrout in the laboratory to assess the
effects of different rates of oxidation on the solblow oxidation, representing a fluctuating
groundwater table, was replicated by air drying shenples over three months, while rapid
oxidation, representing the mechanical loweringhef groundwater table via pumping, was
replicated by oven drying the samples at 40°C lwed days. Control samples were also
collected, which were not subjected to oxidatiorasao represent the in-field conditions as
closely as possible. Samples were collected orasos@l basis over a twelve month period
and meteorological data used in this research widlected by MORECS and Forestry

Services. The data were then run through a sefiegatistical analyses resulting in the

development of the CDB.

The results of the bulk and micromorphological gse$ for the CDB sites are presented and
discussed on a site-by-site basis in chapter féour different soil/geology types and
environments are investigated, including an allubi@wn earth under arable cultivation, a

typical rendzina in a pastoral landscape, an agklosol under an Oak forest, and a brown
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podzolic soil under a Scots Pine forest. The resfibm the bulk analyses provided
quantitative information about each site and thecesses occurring within the soll
environment, including leaching and bioturbationowéver, the most informative data
regarding iron oxide deposition was obtained frdra soil micromorphological analyses.
There was a distinct difference in the patternrohioxide deposition between the air dried
samples and oven dried samples, which are a diefleiction on the oxidation conditions
experienced by the samples. From this data, ibssiple to suggest the preservation potential

of each of the four soil/geology types and envirents used to form the CDB.

In order to test the effectiveness of the CDB, fwehaeological sites on similar soil/geology
types to the CDB sites were sampled and analysedg uthe same bulk and
micromorphological analyses used for the CDB sit8amples were collected from
archaeological features associated with iron oxidposition as identified in the field. The
results are presented and discussed on a sitaebpasis, with particular reference to the
relationship between iron oxide and organic prestea for each site. The patterns of iron
oxide deposition reflect the current hydrologicaidation environment present at each of the
sites. The information gleaned from the micromotpbwal and bulk analyses provides
context and quantification for the post-depositlopepcesses occurring within the buried
environment of the four different soil/geology tgpeHowever, using iron oxide as an
indicator of oxidation proves more effective foclaeological deposits that are influenced by

groundwater fluctuations than those that are not.

Chapter six brings together the data from the Cb@ the archaeology sites and discusses the
effectiveness of using iron oxide deposition patieras a sensitive tool for gauging
preservation of organic material in archaeologaegposits. The practical application of the
CDB for gauging preservation is outlined, with segi@d improvements for speed and
accuracy incorporated into the discussion. In a&oltiissues of preservation and conservation
are discussed in line with Planning Policy Guidadée (DoE 1990), which stresses the
preference ofin situ preservation of an archaeological resource oveording through
excavation. Further, the application of the CDB tascertain the existing
hydrological/oxidation environment present in amablagical sites, which are discovered
during planning and development schemes, is disdyss well as the potential of the CDB
being used as a tool for continued monitoring déssithat are preserved situ The

application of the CDB to gauge the preservatiotemiial of organic archaeological remains



is argued to be an effective curatorial tool farteeologists in Britain, especially in sites that

are influenced by groundwater fluctuations.

Finally, chapter seven summarises the main aimgeswudts of the research project, discusses
the successes and limitations of the CDB, and mepduture channels of research, which
aim to improve the accuracy and scope of the CDBa aensitive tool for gauging the
preservation potential of organic material in aesflagical sites within Britain. In addition,
future adaptations are suggested, which will enttideglobal applicability of the CDB for a

wider variety of soil/geology types and environnsent



PROCESSES OFPRESERVATION AND OXIDATION IN THE

BURIED ENVIRONMENT

2.1 INTRODUCTION

Preservation and conservation of archaeologicat sibntinues to be an important issue for
archaeologists in Britain. Whether the site is watged or dry, exposed or buried, in need of
recording through excavation, an situ preservation, issues concerning the quality of
preservation of organic material in particular, atehe forefront of many past and current
research endeavours. In particular, in these déysost conscious, development funded
archaeology, a quick and easy way of gauging prasen environments on site is essential
for gauging the level of curatorial input to theuphing process concerning the future of the
site. For example, if a site is well-preserved aekmed nationally or internationally
significant, thein situ preservation of the site is preferred, and theelbgper may be
encouraged to alter their original development plgaee DoE 1990). In order to understand
the preservation of organic material in archaealgsites, it is first important to identify the
critical elements that are responsible for the gmestion and/or deterioration of this material

within the buried environment.

In this chapter, | first discuss site formation dhe roles of anthropogenic activity and natural
processes. Second, | outline basic concepts ingtolaethe preservation/deterioration of
inorganic, and on a more detailed level, organid¢ene in archaeological sites, and how
variations in the conditions of the buried enviramh can affect the preservation of
archaeological material data. Third, current redean preservation and conservation of
organic material in archaeological sites is disedsalong with current experimental research
into post-depositional processes and its effecthan preservation/deterioration of organic

material. Fourth, the role of oxidation and irondexin the preservation/deterioration process
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of organic material is outlined. Further, iron @xias an indicator of oxidation, and how it
can be used to predict the current hydrologicalirenment within the soll, is discussed.
Fifth, the limitations of this research are outtinendicating the parameters used in this study
and why these parameters were chosen. Finallypdlokground and suitability of each site

selected for the compilation of the comparativeadase is explored.

2.2 STE FORMATION : NATURAL AND ANTHROPOGENIC PROCESSES

Site formation processes involve two main factdhe first, anthropogenic, where objects
associated with human behaviour are deposited rwitie natural sphere, and second, the
natural, where processes such as erosion, weajhanith bioturbation take place in altering
the original deposition pattern of a deposited abjButzer 1982; Evans and O'Connor 1999;
Waters 1992). Natural and anthropogenic processeseatwined in the formation of
archaeological sites and the preservation of theterial data (Cronyn 1990; Evans and
O'Connor 1999; Raiswell 2001; Rapp and Hill 1998ar&/and Larcombe 2002). Natural
processes include physical, chemical and biologigaints, and each plays an important role
in the preservation environment of archaeologicajanic material data (Cronyn 2001;
Raiswell 2001; Ward and Larcombe 2002).

2.2.1 Natural Processes

Physical processes, such as aggradation and eraesionvork to the benefit and detriment of
archaeological site preservation (Brown 1997; Wat#992). Aggradation can preserve
archaeological material by rapid burial, therebgtpcting the site from deterioration, whereas
erosion can expose an archaeological site whereaigdity becomes immediately apparent
(ibid). Aggradation and erosion can also affect the eexdnof archaeological sites; colluvial

events can move a site down a hillslope, whileierad events can transport material from its
original context to a secondary depositional confioid). These issues are further explored
in a copious body of literature and will not beatissed in detail here (Bell and Boardman
1992; Bell and Walker 1992; Brown 1997; French 20B8rrard 1992; Goudie 1990; Rapp
and Hill 1998; Waters 1992). The natural fluctuatiof groundwater levels is a physical
process that plays an important role in the pregem of archaeological organic material
(Rose 2004; Welch and Thomas 1998). The rise imnrgtovater levels above the level of
archaeological depositional environments providesaaaerobic environment ideal for the

preservation of organic material (Van de Noort &avies 1993; Welch and Thomas 1998).
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The term anaerobic (or anoxic) is used to desaibenvironment which is devoid of free
oxygen, whether by inundation of water, or by cootipa of the soil or sediment (Balaagh

al. 1982; Chapman and Cheetham 2002; Gebhardt andbhat§99). As will be discussed in
detail below, lack of oxygen prevents the decayomjanic material by the cessation of
biological processes (Caple and Dungworth 1997n@ra2001; Van de Noort and Davies
1993). Above the level of the groundwater tablansaerobic (or oxic) environment, which is
an environment rich in oxygen that can have detntade=ffects on the preservation of organic
material, as it promotes biological processes (€avld Dungworth 1997; Cronyn 2001;
Gebhardt and Langohr 1999; Van de Noort and Dal#33). Between the anaerobic and
aerobic zones is the fluctuating zone, where nhtiges and falls of the groundwater table
result in a cycle of reducing and oxidising corah8, known as redox processes (Breuning-
Madsen and Holst 1998; Courty al. 1989; Gerrard 1992). It is in this zone where cicain

and biological processes can have the greatest effiepreservation conditions.

Chemical processes, such as changes in aciditgl&atinity levels, and weathering through
chemical dissolution, may have adverse effects tan gdreservation of organic material;
although in some cases chemical processes can framngood preservation environment
(Cronyn 1990). Generally, alkaline environmentsspree material such as bone, molluscs,
and other carbonised material; however, with thditeoh of anaerobic conditions, the range
of organic material preserved in these conditioreatlly increases, such as non-carbonised
plant material and other textiles (Cronyn 1990; isvand O'Connor 1999; French 2003).
Acidic environments generally encourage the pregem of pollen and plant remains and are
detrimental to all other organic material, excepeve anaerobic conditions are preséntl}.
The acidity or alkalinity of an environment doeg atways remain stable and often results in
localised patches of increased acidity or alkafirfiCaple and Dungworth 1997; Raiswell
2001; Van de Noort and Davies 1993). These vanatmccur as a result of numerous factors
including physical, chemical and biological proesssFor example, a colluvial event can
cause compaction of soil pore space inhibiting exygvhich, in turn, causes the cessation of
biological activity, which prevents the total dequusition of organic material, and the release
of acids from this material can cause an acidicronenvironment (Cronyn 1990, 19).
Conversely, an alkaline micro-environment can farman otherwise acidic environment
where an upward movement of water from the groumelw#able, and its subsequent
evaporation at the surface, can result in the dépof soluble salts, causing a decrease in
acidity (Raiswell 2001, 603; Van de Noort and Davi®93, 111). An adjunct to this is where
chemical processes can promote preservation ohmrgaaterial. For example, the corrosion

7



Processes of Preservation and Oxidation in the Buwed Environment

of a metal object, such as a copper belt bucklenimerobic environment provides a micro-
environment which is toxic to micro-organisms (Grmeri990, 28). This micro-environment

protects the associated textiles from decay by e¥dojological processesbid).

Biological processes such as bioturbation and rhiatoactivity are paramount to the
destruction of archaeological organic material.t&ibation is the disturbance of sediment
and/or soil by fauna and flora, varying in scalenfrmites and earthworms, roots and decay,
to moles and rabbits, and tree throw (Limbrey 19R&pp and Hill 1998; Waters 1992). It
results in the destruction of organic material aedtroys stratigraphic contexbifl). The
implications of bioturbation on the archaeologieald palaeoenvironmental record are well
documented, and therefore, will not be exploredeatail hereipid). The pivotal issue for this
research project is the effect of micro-organismstlee preservation/destruction of organic
material in archaeological sites (Ambrose 1970;|€a@and Dungworth 1997; Cronyn 2001,
Limbrey 1975; Van de Noort and Davies 1993). Thare two main types of micro-
organisms: aerobic, which only survive in zoneh ricfree oxygen, and anaerobic, which can
survive in zones where free oxygen is lackirmd]. Aerobic micro-organisms, due to their
copious presence, cause the most damage to orgaaierial, and in highly aerated
environments can result in the total destructiorofanic material in archaeological sites
(ibid). Anaerobic micro-organisms exist, for example, waterlogged sites and are not
directly detrimental to organic materidbil). Unlike aerobic micro-organisms, which require
oxygen for their respiration, anaerobic micro-oigars survive by reducing inorganic
chemicals such as carbon dioxide, sulphates, estrabanganese and iron (Cronyn 1990, 17).
This inefficient form of respiration causes the retion of organic acids, which can effect

changes in the pH of the surrounding environmignd X,

2.2.2 Anthropogenic Processes

Past and present human activities and their effectthe environment are well studied by
numerous authors (Bell and Walker 1992; Butzer 1883udie 2006; Mannion 1991; Roberts
1998; Simmons 1996; Van de Noort and Davies 1988Y, such activities can have both
positive and negative effects on the preservatioarganic material in archaeological sites.
To begin with, past anthropogenic activities arespomsible for the creation of the
archaeological record. Even prior to depositiortheypogenic activity can affect the chances
of preservation of organic material. For examgieough the cooking of seeds and grains the

charred remains have a much greater chance ofvaliivi the archaeological record than
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uncharred remains, as carbon is toxic to most rocganisms (Cronyn 1990, 2001; Evans
and O'Connor 1999). The anthropogenic processesvilthdoe discussed here, however, will
focus on post-depositional activities that affect abter the preservation environment of
archaeological sites. Comparable to natural presgesenthropogenic processes are divided

here into three main areas: physical, chemicalémidgical.

Physical processes include activities such as tdemrance and irrigation for agriculture and
pastoralism, which occur in the past and preserd afso have implications for
anthropogenically induced biological processesyiiich | shall return later. Activities that
are perhaps more prevalent today than in the pash as water abstraction/quarrying, large
scale irrigation and dam building, also affect tpeeservation of organic material in
archaeological sites (Caple and Dungworth 1997;Deinal. 2003; French 2003; Goudie
2006; Holdenet al. 2006; van Heeringept al. 2004). Water abstraction is the mechanical,
and often rapid, lowering of the natural groundwaséble by pumping the water from one
area into another in order to access materialsnfaing, such as gravels and clays (Bidwell
2005; French 2003, 12; Holdest al. 2006; Jyr-Ching Huwet al. 2006; Kamraet al. 2002;
Mkwizu 2003; Procteet al.2006; Shepherdt al.2006). This results in the rapid introduction
of oxygen into an anaerobic environment in two wdysst, the lowering of the groundwater
table exposes the anaerobic sediments and orgaxtarial to oxygen, thereby exposing any
organic material to microbial attack and immedidésiccation (Caple and Dungworth 1997,
Chapman and Cheetham 2002; Freethal. 1999; French and Taylor 1985; French 2004;
French and Heathcote 2003; Holdetnal. 2006). Second, by pumping the water out of one
area and into another area, oxygenated water cantieeluced to a previously anaerobic
environment (Bidwell 2005; Caple and Dungworth 19937; Frenchet al. 1999; French
2004; Holderet al.2006; Jyr-Ching Het al.2006; Kamreet al.2002; Mkwizu 2003; Procter
et al. 2006). Similarly, large scale irrigation causeandatic lowering of the groundwater
table, exposing any archaeological organic matéwiaixygen and eventual decay (Caple and
Dungworth 1997). Dam building effects changes il sbemistry (e.g. salinisation) and
groundwater levels (Goudie 2006, 123). The floodihg geographical area can help preserve
any remains as it has been shown that anaerobiditmms can form within days of
waterlogging (Breuning-Madseet al. 2003; Goudie 2006). The reduction of water levels
downstream from the dam can have similar effectsotganic preservation as water
abstraction, whereby oxygen is suddenly introdutedexisting anaerobic conditions,

exposing organic material to agents of destrudii@mudie 2006).
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Chemical processes that occur as a result of gmifgemic activities, such as liming and
fertilising fields, can affect organic preservatidny altering the pH of a preservation
environment (Pollarcet al. 2004). Further, excessive agricultural and paktactvity can
cause nutrient deficiency in the soil, resultingaionce fertile environment being leached of
essential soil nutrients and becoming a highly iachvironment dominated by heather and
peat development (Goudie 2006, 103). However, heaiti peat development is also
dependant on groundwater level and geology/soi,tyynd acidic soils can support other
forms of vegetation, e.g. Conifers (Eyre 1968; Gobiaal. 2004; Jenkinson 1981). The
process of liming the fields is in reaction to essige agricultural activity and is used to
increase the alkalinity of the soil to improveadtsality (Butzer 1982, 146). The impact of this
action on the preservation of organic material banpotentially destructive. For example,
pollen and some plant remains are best preservemaore acidic environments and the
survival of this data becomes critical when measame taken to alter the pH of the buried
environment (Evans and O'Connor 1999; French 2Q0&wise, the preservation of material
such as bone, molluscs and carbonised remainspéiraab in more alkaline environments
(ibid). However, the introduction of fertilisers can bkawdetrimental effects on their
preservation as an alkaline environment becomee® acidic (Goudie 2006, 109; Holden

al. 2006). The excess use of fertilisers can alsoec#us breakdown of soil quality and the
repellence of water, leading to erosion and sigaift changes in soil chemistry, all of which
have resounding impacts on the preservation ofnicgaaterial in archaeological sitabig).
Further, agricultural activities can have repermuss for the biological processes in the

buried environment.

Biological repercussions of anthropogenic activeégn result in significant changes to the
ecosystem through land clearance and the intragtucti new plant and animal species (Bell
and Walker 1992, 169). Land clearance for agricaltand pasture can be detrimental to
archaeological sites in the first instance by okeeing, resulting in soil erosion and loss of
archaeological material data (Ayala and French 2@#rpenteret al. 2001; Cooke 1981,
Evans 1997; Holdest al. 2006; Oztast al. 2003; Strunk 2003; Valentiet al. 2005; Zucca
et al. 2006); and second, total context destruction thinoploughing by modern machinery
(Bohnet al.2001; Dexter 1997; French 2003; Holostral. 2006; Saville 1990). Further, this
activity often increases the aeration of the sadisient, allowing oxygen and
micro-organisms to penetrate at greater depths dbenrsoil profile ipid). The introduction
of new species can equally cause destruction cineegmaterial in archaeological sites. For
example, the introduction of a new plant speci@s$ tequires greater quantities of water will

10
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rely on deep penetration of its roots in searctvater, thereby disturbing any archaeological
material present and allowing pathways for micrbadivity (Limbrey 1975, 286). Likewise,
the introduction of new faunal species can haveirdental effects on archaeological
preservation. For example, in Australia, the intrcitbn of the rabbit and wild pig has had
devastating results from burrowing and rootingewoftlestroying all archaeological contexts
and causing an increase in soil/sediment aerapiers@nal observation). Finally, the ultimate
biological process of archaeological destructiomoge. Although it will not be discussed
here in detalil, it is worth mentioning the issuecofrent and direct anthropogenic destruction
of archaeological sites through deliberate vandalisvar and development (Brodie and
Walker Tubb 2002; Ford 1972; Stoaeal.2001). The media (McCarthy and Kennedy 2004,
Whitehouse 2003), archaeological groups (e.g. Wdkithaeological Congress), and
individual archaeologists have, at one stage othemphighlighted these problems and have
lobbied for action to be taken to improve the awess for the need of preservation and

conservation of all archaeological material data.

2.3 FRESERVATION OF ARCHAEOLOGICAL |INORGANIC MATERIAL DATA

Although this research project focuses on orgarthaeological material data, it is important
to discuss briefly the effects of reducing-oxidginonditions (i.e. cycles of aerobic and
anaerobic conditions, usually associated with flathg groundwater tables; see section 2.6)
on inorganic archaeological material, such as methd biominerals, such as bones and
shells. The effect of these conditions on suchganic material is well documented (Edwards
1996; Fell and Williams 2004; Kaet al. 2004; Keresztest al. 2001; Madseret al. 2004;
Millard 1996; Wiedemann 1972; Wilson and Pollardd2pand the field of research in this
area continues to expand (see Kars 1998, 141).

If metal objects, such as iron, copper and leagl,barried in stable anaerobic soil/sediment
environments, then a chemical reaction betweenntb&al and the surrounding soil-water
causes soluble ions to oxidise which, in turn, foren protective layer around the object,
known as a patina (Edwards 1996). It is only whaa $tability of the burial environment

changes that this protective barrier is altereslilteng in further, destructive, corrosion of the
object (bid). For most metal objects, it is the oxidation lo¢ tmetals, in conjunction with a

moist environment, that causes the process of siompbe they iron, copper or leadid).

For example, a metal object made from iron (gehgrah alloy of iron and carbon) can be

very easily corroded, especially in the presence»gfgen and moisture; two of the key
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elements in redox processes (see section 2.6 amsk I987, 78). The most familiar and
easily identifiable corrosion product, as a resfiltedox processes, is rudifl). This causes
the iron object to deform and often causes deepksrand fissures in the object, which

ultimately destroy the stability of the object’sustture (bid).

Biominerals, such as bones and shell, are alsotaffdoy changes in their burial environment,
as mentioned in the previous section. The procaaseb/ed in the diagenesis of bone in the
burial environment are extremely complex, and as tstage, are still not completely
understood (Millard 1996) but have been investigidte many researchers (Grupe 1995; Kars
1998; Karset al. 2004; Millard 1996; Nicholson 1998; Nielsen-Marahd Hedges 2000a,
2000b; Wilson and Pollard 2004). Initial attack an aerobic burial environment is from
micro-organisms, which need oxygen to subsist ¢getion 2.4 for more detail) and it is less
likely that such attack will take place in anaewmoburial conditions (Millard 1996, 96). The
most susceptible part of the bone to be degradddrunicrobial activity is collagen, and this
can occur within daysiid). Once the collagen is removed from the bone,eitomes
physically weaker (Turner-Walker and Parry 1995) am susceptible to other chemical
reactions, which can cause the degradation ofdhmining mineral component of the bone,
especially when cycles of reducing and oxidisingditbons persist (Millard 1996, 99). In
calcareous environments, total replacement of tree by calcite can occur, and in reducing
conditions, vivianite and pyrite (iron-based migya&an form on the surface and in the walls
of the boneipid, 98). However, the mechanism for this processilisn®t understoodibid).

In addition, when an anaerobic environment becomedised, for example, through the
dewatering of a waterlogged site, the soluble jgmresent (e.g. iron) oxidise, and the physical
expansion of this process causes the bone to deading to its eventual destructiobid,
99). Continual cycles of reducing and oxidising ditions accelerate this process of

degradationibid).

2.4 FRESERVATION OF ARCHAEOLOGICAL ORGANIC MATERIAL DATA

Four main factors which affect the preservation oofjanic material within the buried
environment are oxygen, pH, moisture and tempezatdach of these factors interacts to
form either an ideal preservation environment qogentially destructive environment for
organic material. The activity of organisms is gred to the destruction of organic material in
the buried environment. Organisms are pH sensitegJire some degree of water, and will

not generally tolerate extreme temperatures (Crdr880, 15). Most organisms also require
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oxygen, although some micro-organisms can survivaniaerobic conditions (Cronyn 1990,
15).

Wetland or waterlogged environments are generdbgli for preservation, although the type
of organic material preserved depends on pH. ifeais waterlogged and therefore anaerobic,
the potential of micro-organisms surviving to degtthe organic material without oxygen is
very low. Further, if the pH of the environmenthighly acidic, those micro-organisms that
do survive in anaerobic conditions are often ret&d by acidity and temperature extremes. In
anaerobic acidic environments, most organic madtesiaexcellently preserved with the
exception of biominerals, such as bone and moljuatsch preserve well in anaerobic
alkaline environments. There is a vast body ofrditere concerning the preservation of
archaeological organic material in wetland envirenis throughout northern Europe (Caple
and Dungworth 1997; Coles 1995; Colkeisal. 1999; Coxet al. 1995; Kenward and Hall
2000; Purdy 2001; Raftery 1992; Raftery and Hickg@01l). Examples include the
preservation of bog bodies, such as Lindow Man iimaB (Turner 1999), and the Tollund
Man and Elling Woman in Denmark (Fischer 1999). dddition, the preservation of
prehistoric wooden trackways in Europe is also wielcumented, including the Neolithic
Sweet Track (Brunning 1999), the trackways in tieerfpville Bog in Ireland (Casparie 2001),
and a collection of trackways in the Norwegian b{fgsmedstad 2001). Other archaeological
sites that are currently undergoing conservatiahraonitoring are Flag Fen in Peterborough
(Pryoret al. 1992) and Sutton Common in South Yorkshire (PaRearson and Sydes 1995;
1997) (also see appendix A, table A-1).

At the other end of the spectrum are dryland emwvitents, of which arid and semi-arid
environments generally provide good preservatiomditaons for most organic remains. The
lack of moisture in arid environments prevents mmuostro-organisms from surviving, and
those micro-organisms that are present in arid itond only feed on fresh organic material
(Fairbridge and Finkl 1979, 470; Hansen 2001; Lamd& and Munz 1938; Wells 1977;
Wilkinson and Stevens 2003, 163). Therefore, oree drganic material is buried, it is
generally safe from destruction (Hansen 2001; Lemde and Munz 1938; Wells 1977;
Wilkinson and Stevens 2003, 163). The process eicdation preserves organic material,
such as plant material, and in some cases, textigegsand skin, as well as biominerals, such
as bones and shells. Examples of preservation bigadion include naturally mummified
human remains in Northern Chile (Aufderheigieal. 2005; Holden and Nufiez 1993) and
China (Linet al. 1995), and fossilised bone in Nubia (R&tel. 2005). The preservation of
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archaeobotanical and faunal remains are commoronthMmerica (Davis 1990; Diamond
2001), Mexico (Byers 1967), Egypt (van der Veen@)9%aire (Sept 1994), Spain (Carrién
1995), and occasionally elsewhere in the Medite@anHansen 2001).

Excellent preservation in wetland and dryland esrvinents have resulted in a multitude of
research projects, and the contributions to undedshg preservation environments in these
areas is unremitting (Banwart 1996; Caple and Duntgw1997; Chapman and Cheetham
2002; Corfieldet al. 1996; Davis 1990; French and Taylor 1985; Frena®42 Holdenet al.
2006; Hopkins 1996; Kenward and Hall 2000; Pollag@96; Teague 1999; Van de Noeit

al. 2001; Van de Noort and Davies 1993; van der Veg®61Ward and Larcombe 2002;
Welch and Thomas 1998). However, our knowledge wamtkrstanding of what goes on in
environments that exist outside such ideal preservaconditions remain somewhat
ambiguous. While it is assumed that this intermedipreservation zone is generally
detrimental to the preservation of organic mateneéearch into developing a gauge for the
degree of preservation, based on identifiable dwdracteristics, has not been attempted due
to the complexities involved with the preservatemvironment, such as different soil/geology
types and existing hydrological/oxidation condisowithin the buried environment. This
research project uses data from oxidation expeitisna@m soils of differing soil/geology types
and environments to assess the effects of oxidatimrorganic material. An identifiable
soil/sediment characteristic, iron oxide, is usedaauge for preservation, as iron is sensitive
to changes in oxidation levels within soils (se®. The data from these experiments form
a comparative database (CDB), which is used asedigiive tool for identifying the
preservation of organic material in archaeologisiiés within Britain. One key project
involved in long-term experiments that investiggateservation conditions of organic and
inorganic archaeological material data in a burigavironment, is the Experimental
Earthwork Project, initiated by the British Assdma for the Advancement of Science in
1958 (Bellet al. 1996).

2.5 THE EXPERIMENTAL EARTHWORK PROJECT —A REVIEW

The Experimental Earthwork Project was developethfthe realisation “that monuments are
continually being modified by nature and that enicke of weathering, denudation and silting
can be as informative as the artefacts sometimesifan them” (Ashbee and Cornwall 1961,
129). Bank and ditch systems based on, though elicating, those commonly found

throughout Britain were constructed on two sitese@n Down, Wiltshire (constructed in
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1960), which is a humic rendzina on chalk downlamdid Morden Bog, Wareham
(constructed in 1963), which is an acidic lowlaratipol (Crowtheret al. 1996; Jewell 1993;
Macphailet al.2003). The bank and ditch systems were designeexfmavation and rigorous
scientific investigation over time intervals of 0§ 2, 4, 8, 16, 32, 64 and 128 years (Rell
al. 1996; Jewell 1993). An array of organic and inorgamaterial was placed within and
beneath the earthworks to assess the rate ana mdtiive degradation (Bett al. 1996; Caple
2001; Jewell 1993). Such materials included a taoé textiles (cotton, wool, linen, leather,
goatskin and rope), human bone (fresh, crematedane dust) and faunal bone (cooked and
uncooked), charred and uncharred wood (oak and)hane Lycopodiumspores to simulate
pollen deposition; along with pottery, flint, coppand steel (Belet al. 1996, 43; Lawsoret

al. 2000, 273). Biological activity within the earthid«s, on their surfaces, and in the
surrounding environment, was studied along withopegical changes (Belet al. 1996;
Crowther et al. 1996). Initially, external (macro-scale) changestlhe earthworks were
recorded at each excavation interval (i.e. vegatathanges on, and around, the earthworks,
compaction of the bank, and silting of the ditdWpre detailed (micro-scale) analysis of the
soils from the earthworks were introduced at they@& excavation, where soil
micromorphology and geochemistry were used to labksoil compaction and structural
change, changes in soil pH, earthworm activity armaturbation, organic matter and plant
remains, and replacement of organic material by &ad iron panninglfid). Off-site samples
were taken as a representation of the original Soaiicture prior to earthwork construction
(Crowtheret al. 1996, 98; Macphaitt al. 2003, 78).

For the purpose of my research, | will focus on tesults of the sediment studies for the
Experimental Earthwork Project. For more detailestuission on other aspects of this project
please see Jewell and Dimbleby (1966) and Bell. (1996). The results and discussion
reviewed here pertain to the 32-year excavations.

The Overton Down bank comprises a central turfkstagerlain by topsoil and three layers of
chalk rubble, deposited in the order excavated fiteenditch, and the “buried materials” were
placed within and beneath the turf stack and thakchubble during initial construction
(Crowtheret al. 1996, 97). The soil analysis from the buried beiheath the turf stack, when
compared to the control profile, revealed a sigaifit decrease in soil pore space and
consequently a decrease in biological activity freoil fauna (e.g. earthwormspid, 103).
Further, there were fewaer situroots and those that were present were very pgoeserved,
and “seem to occur as ‘ghost’ features comprisiade pyellow parenchymatous and/or
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brownish epidermal remains, or as very fine fragimevithin the mineral soil”ibid, 105).
Crowtheret al. (1996) also noted a decrease in pH from a rangeéSfo 6.4 in the control
soil, down to 5.6 in the buried solil, indicatingathdecalcification and leaching were taking
place. This was unexpected as the authors had adstirat “alkaline groundwater seeping
through the chalk of the bank would have tendeddatralise this acidity”ilpid, 106). This
process of acidification is attributed to microbeatdtivity during the transition of the buried
environment from aerobic conditions to more redg@n anaerobic conditiong(d). There is
an increase in the presence of iron and mangarmekéas when compared to the control soill,
as well as replacement of organic material by ikith the combination of reduced soil pore
space from compaction and the breakdown of orgaraterial by microbial activity, the
buried soil beneath the turf stack has formed aemrbic micro-environment allowing the
mobilisation of iron and manganese through cycleseducing and oxidising conditions
(ibid). Overall, there appears to be poorer preservatiamrganic material in the upper, more
aerated zones of the turf stack and better presenvaf organic material by way of iron

replacement and ‘ghost’ features in the lower, nzov@erobic zonesb{d, 108).

However, the results for the samples taken fronbtinéed soil beneath the chalk of the bank
reveal a different story. Although there was sigaifit compaction in the buried soil when
compared with the control, the soil beneath thékchank was more aerated than that beneath
the turf stackipid). Biological (earthworm) activity was also greaterthe soil beneath the
chalk bank than the turf stack, most likely causangncrease in pH to 7.9 and an increase in
organic decompositionk(d, 109). The aerobic conditions of the soil benghéhchalk bank
has inhibited the mobilisation of iron and manganbyg way of redox processes, thereby

resulting in fewer nodules present than in the Iseileath the turf stack(d, 110).

Similar in construction to Overton Down, the Wanmghbank consists of a central turf stack
overlain by subsoil sand layers in the order theyrenexcavated from the ditch, with the
“buried materials” placed in and beneath the ttatls and sand layers prior to construction
(Bell et al. 1996, 217; Macpha#t al. 2003, 78). Compaction and reduction of soil pqrace

Is more significant in the soils beneath the twaick than the soils beneath the sand layers,
resulting in a more aerobic environment in theelattMacphail et al. 2003, 91). This
increased aeration in the soils beneath the saedsldas resulted in an increase in biological
activity (earthworms) contributing to the decompiosi of organic materiali§id). The soil
beneath the turf stack, although generally aerabisignificantly wetter than the soil beneath
the sandy layers and biological activity has beamwentimited in this damper environment
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(ibid). Macphailet al. (2003, 87) suggest that a gleyed micro-environngepbssible and that
iron replacement of organic material (roots) antenexcrement present in the soils beneath
the turf stack can be attributed to ‘secondary’ zmbdation rather than redox processes. This
iIs a somewhat confusing conclusion as podzolisat®ra long-term process and the
replacement of organic material by iron oxide isreneommonly attributed to repeated

wetting and drying cycles (Breuning-Madsen and Hb®#92; Ralston 1979, 424).

Crowtheret al. (1996) and Macphait al. (2003) compare their findings with archaeological
sites in Britain with particular emphasis on theegance of iron replacement of organic
material, nodules and panning. They attribute theawires to compaction, biological activity
and subsequent organic decomposition, anaerobicoramvironments and podzolisation
processes (Crowtheat al. 1996; Macphailet al. 2003). It is on this premise that iron oxide
deposition can be used as a sensitive indicataxifising conditions and consequently, a

gauge for organic preservation in archaeologitatsi

2.6 PROCESSES OFIRON OXIDE IN THE SOIL ENVIRONMENT

Iron is ubiquitous in the soil environment and Misés in groundwater, rocks, minerals,
soils/sediments and organic material, such as raadsleaves (Cronyn 1990, 17; Loeppert
and Inskeep 1996; Schwertmann and Cornell 20000ME¢h and Thomas 1998, 16). It is an
essential source of energy for micro-organisms @dwand Fischer 1988, 7). Iron can exist in
the soil environment in both oxidised (ferric) aedluced (ferrous) states (Lindsay 1988, 37).
The presence of ferrous and ferric iron in thessmlies on one key process that takes place
through the reduction of oxygen in the soil, thigdduction of water and/or the compaction of
soil pore space, and in some cases, the activityiofo-organisms (Limbrey 1975; Lindsay
1988; Loeppert and Inskeep 1996; Ralston 1979;kbrical. 1988; van Breemen 1988). This
process is known as redox and involves cyclesdiaig and oxidising conditions in the soil
environment ipid). The deposition of iron oxide features in soit&l @ediments is driven by
cycles of reducing and oxidising conditions (Barnwk896; Evangelou 1998; Holdest al.
2006; Olivie-Lauquetet al. 2001; Pollard 1996). The terms reducing and okidiswith
respect to soil-water chemical processes, referth@otransference of electrons between
chemical elements (e.g. Fe and Mn) where electaomglionated in oxidising conditions, and
accepted in reducing conditiongif). The ability of a chemical element, such as Féar
(see section 2.7 below for discussion on Mn), tdaengo transformations between oxidising

and reducing conditions depends on the minerabdaju(Fe and Mn can be highly soluble),
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soil-water pH (acidic conditions can promote a m@adg environment for Fe and Mn), mineral
surface chemistry, the availability or presenceatain chemical species (e.g. Fe and Mn),
the electrical conductivity of the solution, ane tholatility of chemical species (the ability for
the mineral to transform between soluble and sstiades) ipid). Redox reactions (reducing-
oxidising cycles) are affected by a number of fegtancluding pH, temperature and

microbial activity {bid).

The movement and deposition of iron through thé maifile can occur as a result of three
main processes: physical, chemical and biologi€ake physical and chemical processes
involved in the movement and deposition of irorthe soil are intertwined (Limbrey 1975;
Lindsay 1988; Loeppert and Inskeep 1996; Ralstorf1Stuckiet al. 1988; van Breemen
1988). The chemical process of the transformatibfemwic iron to ferrous iron occurs as a
result of either a reduction in pH to a highly acidnvironment or as a result of anaerobic
conditions {pbid). While reducing conditions exist, ferrous iromdaavel in the soil solution
through the capillary action of the soil or throufle natural fluctuations of the groundwater
table (bid). When the ferrous iron reaches areas that aneimioxygen, the ferrous iron will
oxidise to form ferric ironibid). In the ferric state, iron can travel through o with clay
through illuviation (see below)il(id). In addition, the chemical weathering of the pare
material as a process of soil development resulltisa release of iron, which may be found as
pure iron nodules (or relic nodules), and can ntoveugh the soil profile in the pore space or
be redistributed by bioturbation (Bulloak al. 1985; Limbrey 1975; Stoops 2003; Stueki
al. 1988).

Weathering of rocks and minerals are categoriséal two main processes: disintegration,
otherwise known as the physical breakdown of ra@ks minerals, and decomposition where
parent rocks and minerals are altered via chemigahthering (Andradeet al. 2002;
Greenland and Hayes 1978, 10). While physical vegath is often caused by differential
thermal expansion along different crystallograpies when the rock or mineral is heated,
by expansion of water in rock fissures when icéorsned or by abrasion and grinding from
moving ice and rapid water movement, chemical weraig is affected by other factors
(Chigira and Oyama 1999; Greenland and Hayes 1918 These main environmental factors
include temperature, pH, water regime, redox armdbbpical activity (Greenland and Hayes
1978; Murad and Fischer 1988, 6). The role of watet temperature in weathering are such
that the rate of weathering increases in higheperatures and is limited in the absence of
water (e.g. arid environmentgpid). Redox and biological activity are closely rethtgith
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regards to oxygen availability and relative positio the groundwater table and both can
promote weathering and the release of iron fromenails {bid). Further, high concentrations
of organic acids in soil waters can increase mimdeaomposition and the subsequent release
of iron (bid). This iron can be reduced or complexed and idye@snoved from its formation
site and carried over a considerable distairioiel)( While the source of iron in the latter
instance is from weathering of the parent matetied,transport of iron in its soluble, ferrous
form and its subsequent re-deposition away fronstteeof origin as ferric oxide is the result
of redox processes in association with groundwatevement. While redox processes are
fundamental to the design experiment for this mtoj@eathering as a direct source of iron is
not addressed here as none of the sites studiecedhdear evidence of mineral alteration via
weathering processes (see appendix F). Furtherroloeepical weathering is considered to be
a major factor in more tropical and sub-tropicalimmments than temperate climates, such
as Britain {(bid). Therefore, while the author acknowledges thatesaon oxide pedofeatures,
for example iron coatings (see below and chaptercd@8h occur as a result ah situ
weathering of minerals, there was no evidencetthatprocess occurred in the soil samples,

which were analysed using soil micromorphology (@espter 3 and appendix F).

Finally, microbial activity is responsible for thgresence of biogenic iron in the soil
environment (Fortin and Langley 2005; Rowell 1984 Breemen and Buurman 1998). The
transformation of ferrous iron to ferric iron inthcaerobic and anaerobic environments, with
pH ranging from acidic to alkaline, can occur thgbuhe consumption of organic matter and
respiration by micro-organisms (Fortin and Langi905, 4). One of the main drivers of
redox processes is microbial activity. In oxidiggmhditions aerobic micro-organisms thrive
due to the large quantities of oxygen availablgéhi@ soil environment (Bohet al. 2001,
Evangelou 1998; Gobait al. 2004; Goodman 1988; Greenland and Hayes 1978;ed @t
al. 2006; Hopkins 1996; Jenkinson 1981; Olivie-Laugeketl. 2001; Rowell 1981; Sparks
1995). However, when these oxidised conditionsflaceled with water, for example, with a
seasonally fluctuating groundwater table, the oryigedepleted as the water in-fills the soil
pore space and the anaerobic micro-organisms ledinrive {bid). These organisms first
use up the remaining oxygen available in the sa@tew and then use decaying organic
material and other ions, such as iron and mangatesebsis(ibid). As discussed above, in
aerobic conditions, oxygen is used as an electomatr in order to oxidise ions such as iron
and manganese, but in anaerobic environments,ofkggen is absent, and organic matter,
which has localised anaerobic zones produced thrphgtosynthesis, can be decomposed (or

oxidised) by the micro-organisms present, usinglised ions, such as iron and manganese,
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as electron acceptors, resulting in complete ahézi@nditions and an increase in soluble
ions (bid). Once the soil becomes waterlogged, anaerobiditons, via microbial
consumption and respiration, can take up to threeths (van Breemen and Buurman 1998,
65). Redox by microbial activity is certainly mopeolific in aerobic environments and is
responsible for much of the deterioration of orgamiterial in archaeological sites (Holden
et al. 2006; Hopkins 1996), as discussed above. In ahaeenvironments, microbial activity
Is reduced to those micro-organisms that can seruivanaerobic conditions (Fortin and
Langley 2005, 5). These micro-organisms gain enésggxidising ferrous iron and, unless
they are present in great numbers, have a limitfiedteon the degradation of organic material
in archaeological sites where anaerobic conditpmrsist (bid, 5). However, research into the
production of biogenic iron by micro-organisms rémsaa developing field and distinguishing

between abiotic (chemical) and biotic (microbiadn is proving difficult {bid, 14).

2.7 ANOTE ON M ANGANESE

Manganese (Mn) is an important component of thé exovironment and in most cases is
coupled with iron. Manganese behaves in much theesaay as iron, mirroring its behaviour
in physical, chemical and biological processes (Goet al. 1989; Gambrell 1996; Gounot
1994; Johnsort al. 1995; Limbrey 1975). As with iron, manganese c&o anove through
the soil profile either through the translocatiorf clay, otherwise known as
eluviation/illuviation processes (Cremeens 2005)ncsolution. The change from soluble Mn
to oxidised Mn and vice versa can occur as a rasutthemical changes from cycles of
anaerobic environments to aerobic environments tuehanges in groundwater levels.
Alternatively, changes in soil texture may provateimpermeable barrier and create reducing
conditions through the creation of a perched waldet (Courtyet al. 1989; Gambrell 1996;
Limbrey 1975; Marin and Giresse 2001). Manganeseatso be processed from soluble Mn
to oxidised Mn (and vice versa) through microbi@spiration and consumption activities
(Gounot 1994; Johnsoeat al. 1995). As manganese is so intrinsically linkedhwiiton, a
discussion of manganese and iron oxide in relatooxidation and preservation of organic

material will be presented during the course of thesis.

2.8 IRON OXIDE AS AN | NDICATOR OF OXIDATION

Reducing and oxidising cycles are pertinent tortttzement and deposition of iron oxide in

soils and sediments. The process by which thesexreycles take place will have direct
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effects on the type of deposition of iron oxidethe soil, which can be identified through
micromorphological analysis (Courst al. 1989, 179). Iron coatings (figure 2.1a) occur as a
result of precipitation of iron-rich clay down pileffrom an eluviated horizon to an illuviated
horizon (Gerrard 1992, 96; Stoops 2003). Eluvidtilmviation is a soil formation process
whereby “finely dispersed humus and clay particdesswell as other weathering products, can
move as colloidal suspensions from upmuyial horizons tailluvial horizons lower in the
profile, where they are redeposited” (Bridges 19385). Coatings are also related to plant
respiration and concentrated activities of micrgamisms (Courtyet al. 1989, 180). The
replacement of organic material by iron occurs oxepeated redox cycles as the iron
becomes “trapped” in the organic material presernte soil creating pseudomorphs of the
plant cells (Courtyet al. 1989, 180; Crowtheet al. 1996, 113; Ralston 1979, 424). A
pseudomorph (figure 2.1b) occurs when iron completplaces the organic material whilst
maintaining the cell structure (Bulloak al. 1985). Staining (figure 2.1c) occurs in the soil
when oxygen is introduced at a slow rate whereasforened (or diffuse) nodules (i.e.
nodules that are formed situ in the soil fabric) occur when oxygen is introddcd a fast
rate (figure 2.1d) (Gerrard 1992, 96; Ralston 19¥31). The concept of different rates of
oxidation resulting in variations in iron oxide aejtion in soils and sediments, as identified
in the literature ibid), is used in this research design to highlightynvey oxidation
conditions, and therefore, variations in the presteon state of organic material. Generally,
oxidation is rapid where there is an absence oktam or where the oxidation demand is low
(Bohn et al. 2001, 108). Therefore, if moisture is rapidly ahsted from the soil/sediment,
oxidation will occur rapidly, resulting in an in@ged amount of diffuse iron nodules, as
ferrous iron oxidises into ferric iron (Bohet al. 2001, 108; Gerrard 1992, 96; Ralston 1979,
424). Conversely, if the rate of oxidation is sldar example, in the case of a fluctuating
groundwater table, where soil/sediment is being@eally flooded with repeated cycles of
oxidising and reducing conditions, then the oxmatof iron is going to be slow. Therefore,
the slow oxidation of soil/sediment in conditionbewe moisture is variable and consistently
present will have an effect on the pattern of imade deposition and will result in iron
staining (bid). It should be noted here that the term ‘stainirag used for this research
project, is used to define iron pedofeatures at tne&ro-scale, i.e. using soil
micromorphology. In the field, iron staining as idefl here would appear as mottles in the
soil/sediment profile. Likewise, iron oxide depasit as the result of oxidation along channels
or roots (cf. Stoops 2003), will be localised ardwoil pore spaces/voids or organic material

and are not to be confused with the presence afsdifiron nodules, which are the result of

21



Processes of Preservation and Oxidation in the Buwed Environment

rapid oxidation, as discussed above. It is impdrtandentify such pedofeatures in context

within the soil fabric using soil micromorphologi@alyses (see chapter three).

Finally, numerous neo-formed (or diffuse) nodules ¢orm iron pans through coalescence
(figure 2.1e and f) (Crowtheet al. 1996, 114). There are two main theories about the
formation of iron pans in the natural environmermst, without the influence of anthropogenic
activities: that pans can form either by redox psses or by podzolisation (Breuning-Madsen
and Holst 1992, 82; 1998, 1104; Comtyal. 1996, 279; Stucket al. 1988). The formation of
iron pans by redox processes involves both veréindllateral movement, and precipitation of
iron oxides along a surface where the movementatémis inhibited, either by reduction of
soil pore space, or accumulation of organic mg#eg. root channels) (Breuning-Madsen and
Holst 1992, 82; 1998, 1104; Coury al. 1989, 180; van Breemen 1988). Podzolisation most
commonly occurs in acidic, well-drained sandy saitgler coniferous or heather vegetation in
temperate climates (Blume 1988; Breuning-Madsentaoidt 1998, 1104; Lundstromet al.
2000a). There is a plethora of literature that s@suon the different processes involved in
podzolisation (Bergelinet al. 2000; Breuning-Madsen and Holst 1992; Buurman and
Jongmans 2005; Conmt al. 1996; Egliet al. 2002; Eusterhuest al. 2005; Giesleret al.
2000; Gustafssoet al. 1995; Gustafssoet al. 2000; Illvesniemiet al. 2000; Jansemt al.
2004, 2005; Karlturet al.2000; Lundstronet al.2000a; Lundstronet al.2000b; Melkerucet

al. 2000; Mirabellaet al. 2002; Olsson and Melkerud 2000; Riiseal. 2000; Stitzer 1998,
1999; van Breemeat al. 2000; van Heest al. 2000a; van Heest al. 2000b; Wilson 2001;
Zysset and Berggren 2001). Generally, the proceégedrolisation involves the leaching of
iron-organic complexes eluviated from the topsaink illuviated further down the profile
(Blume 1988; Breuning-Madsen and Holst 1992, 82Cdainck and Righi 1983; Lundstrom
et al. 2000a; van Breemen and Buurman 1998). The orgaatiter will be precipitated in the
upper part of what is termed the spodic horizonthedron will be precipitated further down
the spodic horizonlgid).

However, there are various theories about the nmesms involved in podzolisation and the
four main theories are: the fulvate theory, thetgimogolite theory, the fulvate-bicarbonate
theory and the low molecular weight (LMW) organdatheory (Buurman and Jongmans
2005; Jansert al. 2005, 537; van Breemen and Buurman 1998, 245).flilvate theory

involves the dissolving of iron and aluminium fropnimary and secondary minerals by
unsaturated fulvic acids in the topsoil, which tren mobilised and translocated down profile

and precipitated in the B horizon upon the satomatf organic molecules through metal
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complexation (Buurman and Jongmans 2005, 71; vaerBen and Buurman 1998, 245). The
proto-imogolite theory involves the transportatmhiron and aluminium as silicate sols into
the B horizon where they precipitate as amorphdigplaane and imogolite, followed by
subsequent adsorption of mobile humilsd). The fulvate-bicarbonate theory involves two
stages of profile development: the first is thesitu formation of imogolite/allophane in the
Bs horizon by a carbonic acid weathering procdsssecond is by the precipitation of fulvic
acid on the aluminium rich precipitates in the Bsizon (Buurman and Jongmans 2005, 72).
These processes can occur sequentially or simolishe (bid). Finally, the LMW organic
acid theory is a variation upon the fulvate theang suggests that LMW organic acids are
responsible for the transport of iron and aluminiumio the B horizon and that the
precipitation of these ions is the result of thenmibial breakdown of the carrier (Buurman
and Jongmans 2005, 72; van Breemen and Buurman, P493. In addition, it has been
suggested that the reduction of iron compoundsinvitie soil can also influence its mobility
(Buurman and Jongmans 2005; Skjiemstadl. 1992).

The reason for so many theories about podzolisatidhat the horizonation of these soils
varies depending on climate and altitude (see Baarand Jongmans 2005 for a full review).
However, the consistent model that each of theseritgs contains involves mobilisation,
transportation and precipitation of minerals, sashron and aluminium, and organic matter,
namely humusilpid). Furthermore, the mobilisation, transportatiod @necipitation of these
substances can result in the formation of iron fgmeiew the albic horizon, along an interface
where aerobic and anaerobic conditions exist, @amdbe due to compaction of the soil pore
space or highly acidic conditions resulting fromatvering of minerals and the breakdown of
organic material and the subsequent release ohimrgeids (Breuning-Madsen and Holst
1992; Conryet al. 1996; Egliet al. 2002; Jansent al. 2005). In addition, iron pans can form
in podzols through the accumulated deposition oh,irorganic matter, and occasionally
manganese, as a result of the podzolisation presesstline above (Breuning-Madsen and
Holst 1992; Buurman and Jongmans 2005; Cairgl. 1996; Janseet al. 2004). Whereas
iron pans produced by redox processes can occiallyapon pans produced by podzolisation
occur over a long period of time (e.g. 300-500 gear in some cases 2500-3000 years)
(Breuning-Madsen and Holst 1992; Wilson 2001).
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Figure 2.1. Microphotographs illustrating the different types of iron oxide deposition resulting fromredox
processes. A = Iron oxide coating of void in soilbric (RL); B = Replacement of organic material byiron

oxide (pseudomorph) with cell structure still viside (RL); C = Staining of the soil fabric by iron ode
(RL); D = Neo-formed (or diffuse) iron nodule (RL); E = Iron oxide micro-pans (red arrows) (PPL); F =
Undulating iron pan (PPL). RL = reflected light; PPL = plane polarised light.

2.9 IRON PANS AND PRESERVATION

Iron pans associated with monuments and featuresrdhaeological sites are a common

phenomena in northern Europe, and several studws éxamined the formation of iron pans
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and the effect they have on the preservation ofrucgmaterial (Benac 1990; Breuning-
Madsen and Holst 1992, 1998; Breuning-Madseal. 2001; Cantiet al. 2004; Conryet al.
1996; Crowtheret al. 1996; Gebhardt and Langohr 1999; Macphail and $erd©96, 105).
Breuning-Madsen and Holst have carried out the rap&nsive work on iron pan formation
in burial mounds in Denmark. Their work includesldi investigations (Breuning-Madsen and
Holst 1992), chemical analyses (Breuning-Madsen tdoldt 1998) and experimental burial
mounds (Breuning-Madsert al. 2001). The focus of Breuning-Madsen and Holst's
investigations has been to determine the genediseafon pans found in burial mounds and
to understand the role the iron pans have in theguvation of the organic record (Breuning-
Madsen and Holst 1992, 1998; Breuning-Madséml. 2001). Breuning-Madsen and Holst
found that the iron pans present in the burial ndsuof Denmark were produced by redox
processes, and that the iron pan created an am@aenowronment within the core, which

preserved the organic recortid).

Breuning-Madsen and Holst (1992, 85) argued for tifterent stages of construction for
burial mounds in Denmark. The first stage is thastaction of a densely packed core of
poorly drained soil over well-drained subsoil inigfha log coffin is placedilfid). The soil
may be saturated during construction to obtain ¢bhenpaction required, or it may be
constructed with naturally wet soiib{d). The second stage involves a less dense mound
covering the core, which is referred to as the eaiihe mantle is created immediately after

the construction of the core from a well-draine@dsoil (bid).

These conditions are conducive to iron pan fornmatily redox processes as oxygen
remaining in the core is depleted early in the gilesaquence by micro-organismbid).
Following this, the iron present in solution theavels to areas high in oxygen, such as the
mantle and subsoil beneath the mouitad}. At these locations the iron oxidises becoming
immobile (Breuning-Madsen and Holst 1998, 1104)eriually, a build up of iron oxides
causes mobile iron to move laterally and oxidiseniag an iron pan around the edge of the
core of the mound (Breuning-Madsen and Holst 1882, At this stage the core is anaerobic
and maintains this state due to the iron pan ptewgroxygen entering the core. The
anaerobic environment then preserves any organtierialremaining within the corebd).

Another experimental analysis of iron pan formatisrthat of Crowtheet al. (1996, 114)
who found signs of panning within the chalk bankOatrton Down, but only nodules and
compound nodular formations were present in thesdwsoil. It is suggested this is due to the
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shallow well-drained soils within the earthwork atidit key factors in iron pan formation
may be the presence of clay-rich and poorly drasals (bid, 113). Also, little replacement
of organic material by iron (otherwise known asygkenorphs) was observed within the
buried soil, which suggests that the environmenhiwithe earthwork is not conducive to

rapid iron formation, but given time this may charfid, 114).

The presence of iron pans in archaeological sgesh as Silbury Hill in Wiltshire and the
Medieval Motte at Werken, Belgium, are two exampbdéshe effects of iron panning and
subsequent organic preservation (Cantl. 2004; Gebhardt and Langohr 1999). Silbury Hill
is the largest man-made monument in Europe arteisdéntre of much controversy about its
purpose and the nature of its construction (Fi€®d2}. It is thought to have been constructed
in the late Neolithic and there is evidence forvaigt on and around the monument until at
least the Early Medieval periodbid). There have been many archaeological excavations
carried out on the monument to discern its purfagdo date no clear conclusions have been
made {pbid). These excavations have left their mark on Sylddill and have contributed to
the delicate preservation state it is in today (Cainal. 2004; Field 2002). Most significant to
the detriment of Silbury Hill are the shaft excawat carried out by Colonel Drax and the
Duke of Northumberland in 1776, and the tunnel eatians to the centre of the monument
carried out by Merewether in 1849, and by Atkingoa968 (Field 2002; Harding 2004). It is
on this premise that Canéit al. (2004) investigated the preservation of Silburyl ldnd
recommended conservation action be taken to presdre monument. Iron pans are
ubiquitous at Silbury Hill in the turf stack andddiand surface but not in the upper chalky
rubble above, or the solid chalk belowid, 9). The iron pans present are due to compaction
of the weight of the hill and the change in so’ttee with the fine silt and clay of the turf
stack providing a semi-impermeable zone, which jole anaerobic conditions ideal for
organic preservation. Preservation in the turflstand the capping deposits (mixture of
topsoil and chalk), was very good with “fragmentsnsects, molluscs, moss and other plant
macroscopic remains”ilid, 10). As the pH remained alkaline, this preseoratwas
attributed to the anaerobic conditions of thesensedts and iron panning as evidence of
localised redox conditionsbfd). Likewise, at the Medieval Motte at Werken, lasatl zones

of anaerobic and aerobic conditions were observed.

The Medieval Motte at Werken is a 6m high man-mé#de hill made up of at least 8
construction phases and 9 occupation layers (Gdbhad Langohr 1999, 595). The presence
of the hill resulted in the local rising of the nedl groundwater table causing some areas to
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become anaerobic and others to remain aerdid).( The boundary between the anaerobic
and aerobic zones was demarcated by an iron-masgagven ipid, 613). In one of the
occupation layers a wooden floor was evident and be@en deposited on leached sandy
subsoil {bid). The floor was obliquely cut by the anaerobioséér boundary resulting in
differential preservationilfid). In the reduced zone, the wooden floor was vesil w
preserved, although blackened by some organic dedagreas in the oxidised zone, only
organic residue remained in the sandy sbidj. Unlike Silbury Hill, the iron pan formation
at Werken was not associated with any sedimentadgpositional layer, but was instead the
result of the rise in natural groundwater levelsuad the motte (Canat al. 2004; Gebhardt
and Langohr 1999). Gebhardt and Langohr (1999) sdfgest that an accumulation of clay
caused a change in porosity at the boundary ofjtbendwater table, which triggered cycles
of reducing and oxidising conditions, resultinghie development of the iron-manganese pan,
“trapping the percolating rainwater in the cenpratt of the motte hill, resulting in a zone of
permanently intense reducing conditions”. The MealieMotte at Werken provides a rare
insight into the differential preservation of orgamaterial between aerobic and anaerobic
conditions and highlights the importance of reseanto preservation and conservation of

organic material in archaeological sites.

The observations made by Breuning-Madsen and K@$&2; 1998), Breuning-Madsen al.
(2001), Crowtheret al. (1996), Cantiet al. (2004) and Gebhardt and Langohr (1999) have
made valuable contributions to the discussion @i ipan development and organic
preservation, but have not addressed preservaspects of an archaeological site with
reference to other types of iron deposition, siehktaining, neo-formed nodules and coatings.
The presence of iron staining, neo-formed nodutesaatings in the soil environment may
be used as an indicator of oxidation-reductioney¢Courtyet al. 1989, 180; Limbrey 1975,
73). As iron oxides provide additional oxygen facteria in an aerobic environment, where
iron is present bacterial activity persists (Limpr&975, 73). It is only in anaerobic
environments (e.g. within iron pans) that preseéovatsubsists ibid). Consequently, the
presence of iron staining, nodules and coatings Ioeaysed as an indicator that oxygen has
been introduced into an anaerobic environment.heuntore, as the presence of neo-formed
nodules and staining are the result of differemégaof oxygen being introduced into the
buried environment, these characteristics can bd ts determine the existing hydrological
environment of the site and to assess the presamvpbtential of archaeological organic
material (cf. Frenclet al. 1999; French 2004; French and Heathcote 2003; Nakpnd
Cruise 1996, 105; Welch and Thomas 1998, 16).
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The effect of iron deposition, such as stainingp-femed nodules and coatings in

soils/sediments, on the preservation of palaecoenmental and archaeological records has
not been addressed in the literature so far. Tégearch project intends to investigate how
different types of iron deposition, representeddifferent oxidation environments, can serve

as indicators of preservation conditions withineachaeological site.

2.10 RESEARCH PARAMETERS AND L IMITATIONS

In order to assess how the deposition of iron oxigie be used as an indicator of oxidation,
and, in turn, be used to predict the level of orgareservation in archaeological sites, a
comparative database is developed using data feadation experiments on four different

sites in Britain. The aim of these experimentigdentify iron oxide characteristics that are
unique to each experiment. Due to the complexityarf movement and deposition in the soil
environment, not all processes are measured. Tiuggb focuses on the physical and
chemical processes of iron oxide deposition, argtettably, the expertise to include the

effects of microbial activity remains outside tlo®ge of this research.

Further, there are various types of iron oxidess@mé in soils and sediments, including
hematite, goethite, lepidocrocite, magnetite, magteeand ferrihydrite (Schwertmann (1988)
and Schwertmann and Taylor (1989) in Loeppert arskdep (1996)). All these occur in
ferric form with the exception of magnetite, whiobcurs in both ferric and ferrous forms
(Loeppert and Inskeep 1996, 639). Of these irodexsi magnetite is predominantly found in
reduced or slightly weathered soilbid, 640), and ferrihydrite is most commonly found in
soils that undergo rapid oxidation and reducingttlations (Schwertmann and Cornell 2000,
16). In order to identify the type of iron oxideepent in the soils used for the comparative
database, more sophisticated analysis is requiwech as microprobe analysis or scanning
electron microscopy. As each of the iron oxide matehas unique crystal structures and
morphological characteristics dependant on howdigphe ferrous iron transforms into ferric
iron, these techniques could confirm the presem@eparticular type of iron oxide (Stuckt

al. 1988). Unfortunately, the use of microprobe analgs scanning electron microscopy was
not viable for this research project. It is prombsthat a combination of magnetic
susceptibility, ICP-AES, and information gleanednfr the current literature will provide
enough data to infer the type of iron present éndbils used for this project (see appendix A,

table A-2). It is reasonable to assume that theoritgjof iron oxide present in the soils from
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the comparative database is likely to be ferrihgdor lepidocrocite due to the environments

of the selected sites, as discussed in the follgwettion.

Although relative percentages for soil porositytted comparative database samples are noted
during micromorphology analyses to account for ¢gfegnin soil structure between the control
samples and the experimental samples, a more tatargi method using image analysis
would be ideal. However, due to the sheer volumeamhples collected during the research

project and the time constraints involved, thislgsia has not been carried out.

2.11 BACKGROUND TO THE COMPARATIVE DATABASE SITES

Four sites within Britain were selected for the elepment of the comparative database
(Figure 2.2). Each site has a different soil/gepldgpe, ecological and hydrological

environment, and range from acidic to alkaline ¢bowls. The background and description of

relevant properties for each site follows.

Figure 2.2. Map showing the location of sites seled for the development of the comparative database
(maps adapted fromhttp://www.globe-images.net/europe-image.htin
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2.11.1 Over

The comparative database site at Over is situatéaei alluvial floodplain of the lower Great
Ouse valley in Cambridgeshire between the villagedver and Willingham to the south, and
Bluntisham and Earith to the north (TL 390725) (fate and Heathcote 2003). The site is
approximately 800m north of a Late Bronze Age emate (which will be discussed in
chapter 5) and is part of a hydrological monitonorggramme, which has been in place since
1994 as a result of gravel extraction being caroed at the site (Frenckt al. 1999).
Groundwater abstraction made necessary in ordgh&guarry company (Hanson) to reach
the gravel beds has resulted in the dramatic logewnf the groundwater table from
approximately 1.2m to 1.5m below the ground surfawesm below the ground surface
(French 2004). The soil profile is a circum-neuativial brown earth and, in the strict sense
of the word, an alluvial brown earth is non-calcarg loamy, with a brown or reddish friable
subsurface horizon (Courtney and Trudgill 1976,)10Me site is under arable cultivation,
however, due to the depth of the peat and allwxalburden, this activity has had little effect
on the underlying solil profile. Beneath 30-80cm of peat and alluvial overburden is free-
draining, fine loamy sand overlying sandy Devengiaer gravel and Oxford Clay. Apart
from the peat and alluvium, the soil contains dtie organic material and iron mottling is
present throughout, but particularly noticeabl¢hie B horizon. The site’s proximity to a well
documented archaeological excavation (figure 2a)d its inclusion in a hydrological
monitoring program, makes it an ideal choice fois throject and includes a dominant
soil/geology type (figure 2.5) and environment (fig 2.4) found in archaeological sites in

Britain.
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Late Bronze
Age Enclosure

Figure 2.3. Satellite image of the quarry site at @er. The white star indicates the Over CDB site (irage
adapted from Google Earth).
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Figure 2.4. View of the arable cultivation field inthe background and the CDB test pit marked by an
orange peg (and white arrow) in the foreground.

Figure 2.5. Soil profile of the Over CDB test pit,with
approximately 30cm of peat and alluvial overburden
capping free-draining, fine loamy sand.
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2.11.2 Wandlebury

Similar to Over, the Wandlebury comparative dataliast pit is in close proximity to a well-
documented archaeological site, the Wandlebury Kkge ringwork (Frenchet al. 2005b).
The site is situated approximately 6.5km southe&§lambridge and is “positioned towards
the northern end of the undulating chalk ridgeh&f Gog Magog Hills overlooking the Cam
valley and the fens beyondb{d, 1). The CDB test pit is located at the south enhdarley’s
field adjacent to the ringwork (TL 4940 5343) (figu2.6). The CDB site is a pastoral
landscape (figure 2.7a) with sheep regularly gaamthe field as well as clear evidence of
mole activity (figure 2.7b). The profile is a slwll alkaline soil with a humic A horizon,
overlying a silty loam B horizon with many challclasions, on top of a chalk substrate, and
is typically known as a rendzina (figure 2.8). Adeina is defined as soils that have a dark-
coloured surface horizon, are rich in organic nmattéh a high base status, and directly
overlie a highly (>40%) calcareous rock or sedim@ridges 1997, 74). In addition to its
locality to the nearby well-documented archaeolalgsite, Wandlebury was selected for its
soil type and environment, firstly, as it is remefstive of the soils and environments of
many archaeological sites in southern England, smedndly, as rendzinas typically are not
affected by groundwater fluctuations, this site dam used to identify the effects of

precipitation as a source for redox processes pssgal to groundwater fluctuations.
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Figure 2.6. Satellite image of the Wandlebury IronAge ringwork and the CDB test pit site (white star)
Image adapted fromGoogle Earth.

Figure 2.7a and b. Photographs of the CDB test pgite at Wandlebury. On the left (A), sheep grazingn
the field and on the right (B) mole activity (blackarrow) and the test pit site (white arrow).
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Figure 2.8. Soil profile of the Wandlebury CDB tespit — a typical rendzina sequence.

2.11.3 Savernake

Savernake forest is in southwest England approeipna&5km northwest of Swindon (SU
4055 1888). Savernake is a young Oak forest (figu@), approximately 50 years old,
overlying a poorly drained acidic argillic pelosdin argillic pelosol is a slowly permeable
non-alluvial clayey soil that cracks deeply in dasons with a brown, greyish or reddish
blocky or prismatic subsurface horizon of clay analation, normally non-calcareous, and
usually slightly mottled (Courtney and Trudgill 7101). The floor of the forest includes
bramble, grass, moss and leaf litter (figure 24y the fluctuations of the groundwater table
vary from season to season. In January the teseéguiarly filled up with water, whereas in
October 2003 (after a very dry summer) the clay seabkard that the mattock bounced off the
surface! The soil profile is organic-rich silty glaverlying a dark yellowish brown silty clay
B horizon and a light olive grey clay-rich B/C rmon with iron mottles (figure 2.11a and b).
The forest is regularly visited by the locals omdatack and on foot with their dogs. Muntjac
deer are also regular visitors. This site is pdriao EU/ICP (International Co-operative
Programme) and Forestry Commission research projeich monitors the effects of
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pollution and other environmental factors on Bhtferests. All meteorological data for this

site is supplied by Forestry Services and will [seulssed at length in chapter 4.

*

Savernake Forest
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Figure 2.9. Satellite image of Savernake forest witthe CDB test pit site marked by a white star (imge
adapted from Google Earth).
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Figure 2.10. Savernake Forest in spring — the CDBest pit is in the opening between the trees (white
arrow).

Figure 2.11a and b. Soil profile at Savernake witla Kubiéna tin in place for sampling (see chapter 3pn
the left (A). Note the difference between the prdft in January (A) and the profile in October (B).
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2.11.4 Sherwood

This site has been named by the Forestry Commissidrior continuity will be referred to as
Sherwood for this research project. The site ofr8bed (SK 163 908), contrary to popular
belief, is notthe Sherwood Forest known through folk tales of RoHwod and his Merry

Men, but is actually located approximately 25kmtheest of Sheffield and is situated in the
Upper Derwent Valley National Park (figure 2.12heTtest pit is on the side of a steeply
dissected valley (figure 2.13a) with a stream &t llase of the valley that leads into the
Derwent Reservoir. It is a Scots Pine forest (fgRrl3b) overlying an acidic brown podzolic
soil. A brown podzolic soil is acidic and contaimgodzolic B horizon (which contains an
enrichment of OM, iron and aluminium) but does hate an albic E horizon (Bridges 1997,
47). The soil profile consists of an organic honz®), a humic horizon (H) followed by a

silty clay horizon with very fine rootlets (Ae), erlying a loamy clay Bst horizon and a clay
loam B/C horizon (figure 2.14). Although every effts made by Forestry Services to keep
sheep from grazing at the site, sheep were abugdargsent on more than one occasion
during sample collections. As with Savernake, Sbedvis part of an EU/ICP and Forestry
Commission environmental monitoring programme dhdhateorological data for Sherwood

is courtesy of Forestry Services.
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Figure 2.12. Satellite image of the Upper Derwent aley National Park and the Sherwood CDB site,
indicated by a white star (image adapted fronGoogle Earth).

Figure 2.13a and b. The left photograph (A) depictshe small stream at the base of the steep vallelppe
and the photo on the right (B) depicts the environrant of the Sherwood CDB test pit.
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Figure 2.14. The soil profile for the Sherwood CDRest pit — a brown podzolic soil.

2.12 SUMMARY

In order to understand the link between iron oxadd preservation, it was first necessary to
review the processes involved in site formatiote preservation, processes of oxidation and
iron oxide deposition, and how these processestdtie preservation of organic material in
archaeological sites. This chapter reviewed padtcamrent research on archaeological site
formation processes, both physical and anthropegeost-depositional processes, and how
these processes can affect the preservation ohiorgaaterial in archaeological sites. The
crucial element responsible for fluctuations betwaraerobic and aerobic conditions is redox
and the role this process plays in the variablesgiration conditions of organic material.
With influxes of oxygen into an anaerobic enviromtye¢he transformation of ferrous iron to
ferric iron, and its subsequent deposition, leavelsind distinctive patterns, which can be
related to specific hydrological conditions withime buried environment. These deposition
patterns include iron coatings, iron replacemenbfanic material (pseudomorphs), iron
staining, neo-formed (or diffuse) iron nodules anoh pans. Various research projects
investigated the benefits of iron pan formation fioe preservation of organic material in
archaeological sites by the development of locdlismaerobic conditions. They have
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illustrated just how important the role of physjadiemical and biological processes can be in
relation to iron oxide deposition, and the delicated complex issues that surround the
preservation of organic material in archaeologsgitds. In light of this, my research aims to
introduce the depositional patterns of iron oxideaavaluable indicator of oxidation in the
buried environment through experiment and the agmént of a comparative database. This
database will then be used as a tool to gauge dliel lof preservation expected for
archaeological organic material within four diffetesoil environments across Britain. The
sampling strategy, laboratory experiments and aealyfor the comparative database are

outlined in the following chapter.

41



METHOD : EXPERIMENTS WITH OXIDATION

3.1 INTRODUCTION

As we have seen in the last chapter, environméatseiist outside ideal organic preservation
conditions (i.e. waterlogged or arid environmertigle been largely ignored due to the
complexity of the preservation environment. Whiere have been attempts to investigate the
effects of oxidation on the preservation of thefadts themselves, the effects of oxidation on
the soils, and how these changes can affect theeagion environment, have not been
studied in relation to identifying a tool for gangithe preservation of organic material in
archaeological sites. By examining the changesethssls go through under different
oxidising environments, it is possible to identifhe level of preservation of organic material
that can be expected in an archaeological sitedigsissed earlier, iron oxide can be used as
an indicator of oxidation and by examining the eliéint types of iron oxide deposition in the
soils, using a combination of bulk and soil microptwlogical analyses, it is possible to
identify the type of hydrological environment fdrat site, and hence the level of preservation
that can be expected for organic archaeologicaémnadht The development of a comparative
database (CDB) based on the deposition of iron eoxid soils and how this relates to
variations in oxidising conditions, provides a foain for identifying hydrological
environments within archaeological sites. This ¢baputlines the sampling strategy for the
comparative database, the field and laboratoryopod$ used, and the statistical analyses

undertaken during the course of this research giroje
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3.2 SAMPLING STRATEGY FOR THE COMPARATIVE DATABASE (CDB)

To reiterate, the main research aims for this ptaee:
= First, to identify and characterise a range of Uezd expressed by iron oxide as a
sensitive indicator of oxidation in soils and seelnts.
= Second, to develop a comparative database (CDByghroxidation experiments on
soils of different soil/geology types within Britali
= Third, to test this database using archaeologited ®f similar soil/geology types to
the CDB, in terms of the organic material presemverklation to the patterns of iron
oxide deposition
The first aim was addressed in the previous chapadrich highlighted a range of
pedofeatures, including diffuse iron nodules, istaining, iron coatings, iron replacement
and iron pans, which are further defined in sec8ah The second is addressed in this, and
the following, chapter by designing oxidation expemts replicating different oxidising
conditions, namely rapid versus slow oxidation, ahhis explained further below and in
section 3.3. Finally, the third aim is addressechapter five where sediments from five
different archaeological sites were sampled andysed, the methodology for which is

outlined below in section 3.7.

Four sites within Britain were selected for the @aation of the CDB. Within these sites,
four different modern environments and soil/geoldgyes are represented. Savernake is an
oak forest with acidic argillic soil, Sherwood ip&me forest with acidic brown podzolic sail,
Wandlebury is a pastoral site on a calcareous meadand Over is a circum-neutral
agricultural site on an alluvial brown earth. Sagnpkcavations were carried out seasonally
in October 2003, January 2004, April 2004 and 2094 to account for seasonal variation in
the experiments. A 100cm x 60cm x 40cm test pit @asavated and backfilled at each site
in the first season in October 2003, which wasxeaeated in the following seasons, each
time cutting one wall of the pit back to exposeuawlisturbed surface for micromorphology
sampling. Each season, three sets of micromorphigogfile samples were taken along with
two groups of small bulk samples. The soil micropmmiogy samples were taken using
Kubiéna tins of two sizes, medium (9 x 6.5cm) amd$ (7.5 x 5cm), and were sampled so
as to represent the entire exposed soil profile Gk samples were taken at 5cm intervals
down the soil profile. Soil moisture readings wtaken in the field by the TDR 300 moisture
meter (see appendix B for calibration of the metegadings were taken at the surface and at

5cm intervals down through the soil profile. Inlfiesoil descriptions and sketches were also
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undertaken using Munsell charts, along with digghbtos. Meteorological and soil water
data were obtained from Forestry Services and MORETable 3.1 summarises the
sampling and laboratory methods used for this rebgaroject.

Table 3.1. Summary of the methods used for this rearch project, including sampling and laboratory
analyses. Undisturbed samples refer to samples ustt soil micromorphological analyses.

SAMPLING LABORATORY | UNDISTURBED | BULK ANALYSES

SAMPLES SAMPLES UNDISTURBED BuLK
Seasonal Three groups: SAMPLES SAMPLES
collection, four | Oven dried 72 hours at 72 hours at Soil micromorphology| ICP-AES
times a year; 40°C 40 °C using guidelines set | PSD
Undisturbed = out by Stoops (2003) | LOI
one sample from| Air dried Three months | Three months | and Bullocket al MS
each soil at room at room (1985); see section 3.4 pH
horizon; temperature | temperature EC
Bulk = sample Redox
taken every 5cm| Control Acetone N/A vwC
down the soil replacement | See section 3.3 Moisture
profile content

3.3 LABORATORY EXPERIMENTS

In order to test the effects of rapid oxidationstex slow oxidation on the deposition patterns
of iron oxide, two experiments were designed. Tiret fvas to replicate rapid oxidation and
its effects on the oxidation of iron in soils aretienents. As discussed in chapter two, the
rapid oxidation of soils and sediments results nnirecrease in diffuse iron nodules, as the
rapid removal of moisture from the soil/sedimenit sause the rapid oxidation of iron (Bohn
et al. 2001, 108; Gerrard 1992, 96). In order to maintam environment which rapidly
removes moisture from the soil while introducingygen, one group of soil samples were
placed in an oven at 40°C for a period of 72 hdatkwing the advice of Murphy (1986) for
thin section preparation. The second experimentdeagned to replicate slow oxidation with
fluctuations in moisture, and therefore, slow dothe rate of oxidation. As discussed in
chapter two, the result of slow oxidation in s@éliments is the staining of the groundmass
(see below) by iron oxide (Ralston 1979, 424; Spd®95, 159). In order to represent an
environment with slow oxidation, a second groupsoil samples were air dried for three
months in the laboratory with varying levels of hdity, maintaining fluctuations in
atmospheric moisture, thereby slowing the ratexadation (Sparks 1995, 159). This method
was chosen based on the protocol of thin secti@pagsation used by the McBurney
Geoarchaeological Laboratory at the University @nbridge. In summary, the samples
collected from the field were divided into thre@gjps for the soil micromorphology samples:
1) oven dried, 2) air dried and 3) control; and gvoups for the small bulk samples: 1) oven
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dried and 2) air dried. The control samples for th&romorphological analyses were
collected as representative of the natural, irdf@dil conditions at each of the sites without
the influence of the oxidation experiments. Thekmdmples do not include a control group
as the protocols for the bulk analyses requiresdtdment to be dry. This is further explained

below.

3.3.1 Micromorphology Samples

The control samples were treated with acetone cepiant (appendix C) before impregnation
to minimise the effects of drying out (e.g. shriggp As this method uses acetone (an
ingredient of the resin mix) to replace the moistur the soil, the blocks can be impregnated
with the resin mix and successfully processed. d¥en dried samples were dried in an oven
at 40°C over a 72 hour period in order to assessfflects of rapid oxidation on the soils. The
air dried samples were dried out on the laborastwives at room temperature for a period of

three months to assess the effects of slow oxidatothe soils.

The micromorphology samples were impregnated witbrysstic resin mixture following
Murphy (1986), at the McBurney Geoarchaeology Latmy, Department of Archaeology,
University of Cambridge (appendix C). In additidhe resin mixture was thinned to ensure
better impregnation for more clay-rich materialgapdix C). A total of 66 thin sections were
processed by the author in the McBurney Geoarchggdlaboratory (appendix C), while the

remaining 140 samples were sent to CSIRO Australia.

3.3.2 Small Bulk Samples

As each of the bulk analyses required the seditoebé dry, the moisture content of the soil
was taken prior to the drying out experiments. Thaés measured by calculating the bulk
density, using a volumetric sampler for a fixed wok of soil (5cr), and the value
(expressed as g/énwas then calculated into a percentage (%) of @sor comparisons to
moisture readings taken after the oxidation expent® (see appendix F). This measurement
assessed the quantity of moisture within the sall provided supporting evidence for the in-
field readings taken by the TDR 300 moisture mekbe oven dried samples were treated in
the same way as the micromorphology samples, as therair dried samples. Each of the
samples for bulk analyses, once dry, were grounehdasing a mortar and pestle and passed

through a 2mm sieve.
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The bulk analyses included particle size distrilmutfPSD), loss on ignition (LOI), magnetic
susceptibility (MS), hydrogen ion activity (pH),eetrical conductivity (EC), and redox
potential (Eh). | conducted each of these analysdsoth the McBurney Geoarchaeology
Laboratory, Department of Archaeology, and the Riays Geography Laboratory,

Department of Geography, University of Cambridgle Tsamples were also sent to ALS
Chemex for inductively coupled plasma — atomic emis spectroscopy (ICP-AES) for total

iron (Fe) and manganese (Mn), using an aqua regésiibon.

3.4 DIL MICROMORPHOLOGY

Soil micromorphology is a technique originally deygeed in soil science to examine naturally
occurring soil processes. It enables a systematatysis of soil/sediment structure and
specific features in the soils/sediments. It ishbatqualitative and quantitative method for
describing the relationships between such featuwreslation to soil-forming processes. Soil
micromorphology is used by archaeologists as itvides the opportunity for detailed
investigation of soils and sediments and their défgmal and post-depositional processes,
situ, and over extended timescales. Soil micromorpholbgs been applied in various
contexts including the examination of buried sadlsmestic floors and other ancient surfaces
(Boivin 2000; Gebhardt and Langohr 1999; Matthestsal. 1997), barrow mounds and
feature fills (Courtyet al. 1989; French 2003; Frendadt al. 2005a; Gebhardt and Langohr
1999). Such examinations reveal evidence of cocistrutechniques, human interaction with
the landscape, and utilisation of space. The samgl provide specific soil or sediment
characteristics, including iron oxide features awttier indicators of soil chemical and
moisture regimes (Cornwall 1953, 1958; Couwstyal. 1989; Crowtheet al. 1996; Dalrymple
1958; Frenchet al. 2005a; French 1992; French and Heathcote 2003pMsaicand Cruise
1996).

In this research project, soil micromorphology $&di to identify different types of iron oxide
deposition present, the percentage of iron oxidkvelmere the iron oxide is within the profile.
Data from micromorphology can provide informatitvattindicates how and why iron formed
in conjunction with its effect on soil structureewelopment and preservation of the site.
Following the guidelines in the pedofeature sectodnBullock et al. (1985) and Stoops

(2003), the deposition, quantity and location abniroxide in the thin sections were
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systematically described. In addition, details ofl structure, porosity, bioturbation, and

organic material and its preservation conditionenaoted.

In order to efficiently analyse each sample a dealwas set up Microsoft® Excelwhich
accommodated the following categories:

Groundmassincorporates the coarse and fine mineral compgnehtthe soil/sediment,
porosity and any other constituents of the soilicwlare not pedofeatures (Stoops 2003, 91).
There are several sub-categories including coamserétio, coarse-fine related distribution,
microstructure, nature of fine material, birefringe-fabric b-fabric), percentage of porosity

and dominant porosity type.

Coarse-fine ratio and coarse-fine related distrdoutdescribe the ratio between the coarse
mineral component (e.g. quartz grains) and the rim@eral component (e.g. clay), and how
they are related. For example, if a sample had@lesispaced porphyric related distribution
then it would have quartz grains surrounded by eatasy with little space between each of
the quartz grains, i.e. a single grain size spate/den each of the quartz grains. The ratio
limit is set prior to analyses and for my resedtah limit is set at 20um, i.e. the upper limit

for fine material is 20um.

Microstructure describes the relationship of aggteg and voids within the groundmass and
more detailed descriptions of this terminology barfound in Stoops (2003, 68ff). The nature
of fine material describes the composition of tine inaterial, for example, silty clay, or iron-
rich clay. Theb-fabric or birefringence fabric “describes the amigand the patterns of
orientation and distribution of interference coloum the micromass” or fine material, e.g.
clay (Stoops 2003, 95). Percentage of porosity dordinant type of porosity are important
parts of describing the structure of the soil/seditnand follow the terminology of Stoops
(2003, 63ff).

Iron nodulesare features within the soil that are not pathefnormal soil fabric, i.e. they are
pedofeatures, which “are more or less equidimema$ioand “are not related to natural
surfaces or voids and... do not consist of singlestatg or crystal intergrowths” (Stoops
2003, 117). For each sample | have noted the simger of nodules present and for each
nodule | have noted its shape, the strength of egnpation and the type of boundary,
following Stoops’s (2003, 117ff) categories. Usthgse categories it is possible to determine
whether the nodules were formea situ by redox processes (e.g. diffuse boundary) or
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whether they have been transported through thgesgil sharp boundary), and therefore, are

more likely to have come from a parent materiab¢ps 2003, 118).

Iron staining of the groundmass often observed in the field as rusty mottlestoeaks but

because of the difference in scale from the fieldhe thin section, | have noted it as iron
staining of the soil fabric or groundmass and disinct from iron nodules, which are more
localised impregnations of the groundmass by irédnpercentage of iron staining in each

horizon is noted for all samples.

Iron coatings and hypo-coatingse, for my research, iron-rich coatings of gransg pores;
either intrusive pedofeatures, which are in diremhtact with the edges of the grains and
pores (coatings), or matrix pedofeatures, whichreoein direct contact with the edges of

grains or pores (hypo-coatings). See Stoops (20U, for further definition.

Iron pseudomorphsor replacement of organic material by iron oxigea process by which
iron completely replaces the organic material vihmaintaining the cell structure and is most
likely the result of repeated redox (i.e. wettimglalrying) cycles. When iron is present in its
soluble form (ferrous iron) it can be an essemntigtient to plant material and some of this
iron may be used by the respiration processeseplaint, especially with the aid of fungi,
such as mycorrhizae (Carraseb al. 2006; Clark and Zeto 1996; Eyre 1968; Gobatal.
2004; Jenkinson 1981; Pande and Tarafdar 2004;giltd®77; Wood 1989). However, in
some cases, the level of soluble iron presentarstil may become toxic to the plant and the
iron becomes oxidised by bonding with the cellidaucture of the plant material, forming
pseudomorphs (Bulloclet al. 1985; Stoops 2003). This can occur when, for exemp
groundwater rich in soluble iron rises and satgrdhe soil containing plant material, and
after a period of time, recedes, giving the soluta an opportunity to oxidise and/or bond
with any organic material present (Rowell 1981)wduwer, it must be noted that as organic
material decomposes (e.g. roots), the iron heldiwithe organic material is released, giving
a reddish hue to the organic material (Babel 198iis can sometimes be confused with iron
replacement of organic material but they are twy weparate processes. The size range and
location of pseudomorphs present were noted.

Iron panscan form by either redox processes or by podzadisaprocesses (Breuning-
Madsen and Holst 1992, 82; 1998, 1104; Castrgl. 1996, 279; Stucket al. 1988). They are
often clear, strong bands of iron (and in most gasanganese), which can mask the soll
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fabric. In most cases, the iron pans are notechénfield but are sometimes presented as
micropans. Micropans are visible in thin sectiow aften encompass small pockets of the
soil fabric as a result of localised chemical chemgithin the soil. The size range, strength of

impregnation and location were noted for each aeae.

Charcoal is identified by its opaque, dull lustre underleefed light and its angular to
subangular shape. Larger pieces of charcoal mantamaicell structure. The presence of

charcoal is categorised by size: less than 100chgesater than 100um.

Amorphous Organic Materiak separated into two categories: amorphous pahotis and
amorphous organic matter. Amorphous punctuatioesdafined as “small dark or opaque
grains, about 1um” in size (Stoops 2003, 89). Arhoys organic matter is any organic

material without identifiable cell structure of asige greater than 1um.

Celled Organic Materialincludes lignified tissues, parenchymatic tissugslobaphene-
containing tissue, plectenchyma and pollen. Liguiftissues are “composed of elongated,
thick-walled originally emptied cells” (Stoops 20@®). Parenchymatic tissue “are composed
of more or less equant thin-walled cells” and phlaiftene-containing tissue has cells which
are “equant or oblate, the walls thin or thick” kvigthlobaphenes contained in the cell lumen
(Bullock et al. 1985, 78; Stoops 2003, 89). Phlobaphenes are Uptedbf oxidation and
polymerisation of tannins” and are often foundigsiies such as bark (Bulloek al. 1985,
78). Plectenchyma include fungal tissues, suchcksadia, which are identifiable by their
characteristic cellular structures (Bulloek al. 1985, 78). For each celled organic material
category, frequency, size range, location, degfepr@servation and association with iron

features were noted.

Other Pedofeaturemclude evidence of bioturbation and presencexofaments (e.g. mites)
and excretions (e.g. earthworms) for which sizegeaand location were noted (see Stoops

2003 for more information).

Each thin section sample was divided into a 3ngnid and the total number of squares for
each horizon was noted. A total of six squaresefach sample were selected for analysis
according to the spreadsheet categories. Threelssamgre randomly selected from the

upper portion of the sample and three squares m@aomly selected from the lower portion
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of the section in order to cover any variation bamge within the thin section. If there was

more than one soil horizon within a section thersgjuares were selected from each horizon.

The presence of iron nodules, coatings and hyptrgsawere analysed by point counting,
while the remaining categories were analysed bggreage frequencies. All categories were
analysed within the six randomly selected squasesdch horizon with the exception of iron
staining, iron pans and porosity, which were aredyby recording percentages from the
whole horizon for each category. The counts anduigaecies from each of the six squares
were averaged and multiplied by the total numbesgoiares in their corresponding horizon to
generate representative values for the samplesspExghere percentage frequencies were
taken from the whole horizon, all frequencies arainpcounting were noted at x100
magnification using a combination of cross polatiBght (XPL), plane polarised light (PPL)
and reflected light (RL).

3.5 BULK ANALYSES

Bulk analyses were used in conjunction with soitnmmorphology as a quantitative method
to discern how oxidation affects organic preseoratby focusing on the presence of iron
oxide, and how its (re-)deposition is associateth vineral and organic fractions of the
soils/sediments. Such analyses included ICP-AESBicfmsize distribution, loss on ignition,

magnetic susceptibility, pH, electrical conducindtind redox potential.

Inductively coupled plasma — atomic emission spsectpy (ICP-AESJirst requires the
samples to go through digestion by aqua regia. Tiwelves using a 3:1 mixture of
hydrochloric and nitric acids in order to dissothe organic material in the soils and release
the “free” elements (for this study, Fe and Mnpisblution

(http://www.alschemex.com/learnmore/learnmore-tefdhprinciples-

sampdecomposition.him

The following explanation for how ICP-AES works hlasen taken directly from the ALS

Chemex website:
In plasma emission spectroscopy, a sample solusomtroduced into the core of an inductively
coupled argon plasma (ICP) at a temperature ofceqipately 8000°C. At this temperature all elements
become thermally excited and emit light at theiaraeteristic wavelengths. This light is collected b
the spectrometer and passes through a diffractiating that serves to resolve the light into a spec
of its constituent wavelengths. Within the specteten this diffracted light is then collected by
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wavelength and amplified to yield an intensity meament that can be converted to an elemental
concentration by comparison with calibration staddaThis measurement process is a form of atomic
emission spectroscopy (AES)

(http://www.alschemex.com/learnmore/learnmore-tefohprinciples-analyticalmethodologies.htm

ICP-AES was used in my research to obtain quamviéatata from the samples for iron (Fe)
and manganese (Mn). In conjunction with other tepes the results from ICP-AES can
provide valuable information about how these elesmemove through the soil. For example,
variations in quantity of Fe and Mn present in slE®pollected at different depths can
suggest processes such as eluviation/illuviatiod eeducing-oxidising cycles. While the
author is aware that other methods of chemicabketitn exist, such as using pyrophosphate
and dithionite extraction, which enable selectix&action of different types of iron present
in the samples, including organo-iron complexes mod-mineral compounds (Borggaard
1988), near total extraction was used for thisgumbgue to the limited time available and the
sheer quantity of samples collected. With thesesttamts, an extraction method which was

‘multipurpose’ was selected, i.e. aqua regia.

Particle size distribution (PSDheasures the percentages of various sizes otlearin the
soil/sediment. In this research project, PSD, usifdalvern laser particle-sizer, was used to
determine the amount of clay present in each ok#mples: as discussed in the last chapter,
iron oxide often travels with clay through the dwoyl eluviation/illuviation processes. PSD, in
combination with ICP-AES, is used to determine hine iron is moving through the soil
profile and the process by which the iron is defeolsi The protocol used for this analysis
follows the protocol outlined by the DepartmentGéography (appendix D), in addition to

which hydrogen peroxide was used to first digestdtganic material in each of the samples.

Loss on ignition (LOI)measures the amount of moisture, organic matea#tjum carbonate
and silicate residue in soil/sediment samples basedecreasing sample weight (Nelson and
Sommers 1996). LOI provides information on the tmeaof the iron in the soil. For example,
a particularly high organic content may indicatattthe iron is concentrated in the organic
component of the soil (Courtgt al. 1989, 180/1; Gerrard 1992, 96/7), however, a high
calcium carbonate content may result in reducedl$ewf iron in the soil (Crowther 1996,
108; Limbrey 1975, 73). By determining the percgetaf moisture, organic material,
calcium carbonate and silica in each of the samplespossible to infer where the iron oxide
may have formed and, combined with other techniguesntify iron oxide deposition
processes. It is important to note that LOI wasiedrout after the drying out experiments so

that the percentage of water in each of the samgplasmeasure of difference between oven
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drying and air drying. Further, references mad&®M from LOI throughout this thesis are
not actual percentages of organic matter presestead, these values are considered to be
proxies for organic matter as determined by LOle TIOI protocol is presented in appendix
D.

Magnetic susceptibility (M3neasures the response of soil to a magnetic (lielgidus 1990,
336). Iron oxide (and manganese oxide) has a stroagnetism that dominates other
magnetic minerals and can be measured in soil WdiagAitken 1969, 681; Longworth and
Tite 1977, 3). MS can identify minerals in thelssith magnetic qualities and provide a
reading of the amount of these minerals in eachpgrwhich are converted into universally
accepted measurement units, Sl units per unit ifi2essring 1999). This technique does not
measure all forms of iron in the soil but measumes that has a higher magnetic
susceptibility (Clark 1996; Loeppert and Inskeep@)9 MS is used here as a complementary
technique to ICP-AES for quantitative measurementsiron and manganese in the
soils/sediments. The protocol used for MS can bedan appendix D.

Hydrogen ion activity (pHprovides information on the degree of acidity/&tkty, element
mobility, phosphorus availability and microbial i@y (Goudie 1990, 146). pH was used to
measure the level of acidity/alkalinity in the smildetermine what effect this could have on
the preservation of the site. Relative to my regeahe concentration of iron in its solution
phase can also be affected by pH levels. The samyee measured using a 1:5 dilution and

the protocol can be found in appendix E.

Electrical Conductivity (ECmeasures the ability of the soil solution to cartdeiectricity
and is used to determine the quantity of solublis $& the soil (Courtney and Trudgill 1976,
62; Rhoades 1996, 417). EC can be used as antmdafgprocesses, such as leaching within
the soil profile, which can occur as a result afme processes. Further, EC is influenced by
soil moisture, particle size and organic matter Qdrroll and Oliver 2005). As with pH, the

samples were measured using a 1:5 dilution angdrtitecol can be found in appendix E.

Redox potential (Ehineasures the reducing and oxidising potentiahefsoils/sediments. If
the value is positive then the sample has oxidipwigntial, if negative, then it has reducing
potential (Patriclet al. 1996, 1255). Redox potential can be affected bgrofractions of the
soil/sediment such as iron, manganese, organicri@atmoisture content and pH (Dragun
and Baker 1979, 132). The redox measurements fakehis research project were not taken
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in the field but were taken after the oxidation essments were carried out. While this was
done for consistency in method, the readings arérne measurements of the redox potential
for each of the samples. As a result, redox is usdélis study as a complementary technique
to a variety of bulk analyses that were carriedrare. As with pH and EC, the samples were

measured using a 1:5 dilution and the protocolmafound in appendix E.

3.6 SATISTICAL ANALYSIS

The data collected from the various bulk and sadramorphological analyses were collated
and run through a number of statistical analysé&sguSPSS13.0, Psimpoll and Microsoft®
Excel The first step was to confirm that all the datrevnormally distributed by using a one
sample Kolmogorov-Smirnov test (K-S test) (Field2) If the result was greater than 0.05
(p>.05) then the data were normally distributdadd). For the bulk analyses data, means and
standard errors were used to assess the variatitmebn seasonal data collections. Each
experiment group and each site were analysed separ€@orrelations were run on all the
data: for those that were normally distributed,rBe@'s correlation was used, and for those

that were not normally distributed, Spearman’sa&ation was usedi(id).

For the soil micromorphology data, a different aygwh was taken as the database for the
description was set up to reveal patterns of véitialand similarity between each category.
For the most part frequencies were recorded ingp¢age form for each category but where
actual numbers present were recorded, for examigle,iron nodules and coatings,
percentages were calculated so as to compare likelike. Means and standard errors were
then used to assess seasonal variation betweenesampd each experiment group and site
were analysed separately. Tables and graphs wea@ tas demonstrate the relationship

between the different categories recorded.

3.7 THE ARCHAEOLOGICAL SITES

Five archaeological sites, of similar soil/geoldgge to the CDB sites, were also sampled in
order to test the effectiveness of using iron oxde sensitive indicator of oxidation in soils,
and how this oxidation affects the preservatiommfanic material. Micromorphological and

bulk samples for bulk analyses were collected fresch site from various archaeological
features and buried soils. The sites include the Baonze Age enclosure at Over, which is

on an alluvial brown earth, the Iron Age ringwotk/dandlebury on a rendzina, the Romano-
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British site at Marcham-Frilford on an argillic va soil, the Iron Age Enclosures at Sutton
Common on a podzolic soil, and the Bronze Age figydtems at Shovel Down, also a
podzolic soll.

The micromorphological samples were brought badkéoMcBurney Laboratory for acetone
replacement, impregnation and processing by thieocaufll the archaeological samples for
micromorphological analyses were acetone replaceasgo reduce the effects of additional
oxidation of the sediments, such as shrinkage dddianal iron oxidation. The bulk samples
for bulk analyses were air dried as the samplegregjpn and analyses required the sediment
to be dry; moisture content was measured priorrying the samples. The analyses carried
out on both the micromorphology and bulk samplesevigentical to those carried out on the
samples from the CDB sites, including the categoriglentified for the saill
micromorphological analyses. Six 5mmquares were randomly selected from each of the
units identified in the thin sections and analysetording to the categories outlined in
section 3.4 above.

The data for the bulk analyses are displayed itetiiymat for each site, as are the organic
material, iron coatings, iron pans and iron reptaeet of organic material identified by soil
micromorphological analysis. The results for irooattngs and iron nodules have been
transformed from total counts to percentages stoamake them comparable to the other
types of iron deposition. Iron nodules and ironirstey have been identified as highly
informative for the effects of oxidation in soilsnd the data are presented as bar graphs in
chapter five.

3.8 SUMMARY

This chapter described the sampling strategy, @éxeetal framework and the laboratory
methods applied to the non-archaeological sampddected in order to compile the CDB.
Four different non-archaeological sites were setbédr experimental analysis. Each site was
chosen for its soil type, environment and availgbib meteorological data. Over is a circum-
neutral alluvial brown earth in an agricultural gomment, Wandlebury is a calcareous
rendzina in a pastoral environment, Savernake ecatc argillic soil under an oak forest and

Sherwood is an acidic podzolic soil under a pirrest
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Three sets of profile samples were collected fromehesite on a seasonal basis (four
collections over a one year cycle) for micromorplgidal analysis. Additionally, two groups
of loose samples were collected at 5cm intervalgndprofile for bulk analyses. Oxidation
experiments were conducted replicating the effetwifferent rates of oxidising conditions.
The samples were then analysed using a soil miaq@motogical database and bulk analyses,
which included ICP-AES, particle size distributifdSD), loss on ignition (LOI), magnetic
susceptibility (MS), pH, electrical conductivity & and redox potential (Eh). The resulting
data were then run through a number of statispoagirams to compile the CDB, the results

of which will be presented in chapter four.

Five archaeological sites of similar soil/geologpé to the CDB sites were chosen to test the
applicability of the CDB and were analysed througitk and micromorphological analyses.
These analyses followed the same format as thelsarfifom the CDB, although were not
run through the same statistical analyses as tin@lsa collected are not comparable to each
other. The results for the micromorphological antklanalyses for the archaeology sites are

displayed in tables and graphs and are presentediscussed in chapter five.
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RESULTS PART |I: THE COMPARATIVE DATABASE (CDB)

4.1 INTRODUCTION

The development of an effective tool for gaugingservation of archaeological material,
which would otherwise be under threat, is essefritialthe provision of future curatorial

advice for archaeologists in Britain. It is firsteaessary to understand the existing
hydrological/oxidation conditions of the site inder to make informed decisions for its
conservation, i.e. recording through excavatiorsygin situ preservation. Further, issues of
conservation and preservation of archaeologicalssiemain in the spotlight as the public
become more responsive to a past they can seatmdat with as opposed to reading about.
The development of the CDB provides a tool for gagdghe preservation of one category of

archaeological material data, that of organic remai

The previous chapter outlined the sampling strasagy methods used to collect the data for
the comparative database. In this chapter, | wédkpnt the results for the CDB on a site by
site basis beginning with Over, followed by Wandigband Savernake, and finishing with
Sherwood. First, | will look at the population disution for each analysis and present the
results for each experiment group to examine sedispmfluences. These analyses include
ICP-AES for total iron (Fe) and total manganese XMarticle size distribution (PSD) for
%Clay, loss on ignition (LOI) for %Water after tlxidation experiments and %Organic
Matter (%0OM), magnetic susceptibility (MS), pH, @lécal conductivity (EC), redox
potential, moisture content (%) measured in theratory, and volumetric water content
(VWC) from the in-field moisture readings takenthg TDR Moisture Meter. Second, | will
present the correlation coefficients for each ddtaend experiment group, which will
highlight the significant relationships betweenteatthe variables, allowing inferences to be
made regarding the processes taking place in il& so
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Third, | will present a summary of the micromorpbgy analyses for each experiment group
with specific reference to porosity, iron oxide dspion and organic material, the details of
which can be viewed in appendix F. Finally, | wvabmbine the data from the bulk and soil
micromorphological analyses in order to make coispas between experiment groups for
each site, and to highlight the most important abtaristics of the CDB as a tool for gauging
organic preservation on archaeological sites, um foajor geology/soil types.

4.2 OVER

Over is a circum-neutral alluvial brown earth undeable cultivation and as discussed in
chapter two, is in close proximity to water absfi@tand gravel extraction. The results of the
bulk and soil micromorphological analyses follow &ach experiment group: oven dried, air

dried and for soil micromorphology only, control.

4.2.1 Bulk Analyses Data

As outlined in the previous chapter, a suite okkanalyses including ICP-AES for iron (Fe)
and manganese (Mn), particle size distribution (P&ID %Clay, loss on ignition (LOI) for
%Water and %Organic Matter (%OM), magnetic susbépyi (MS), pH, electrical
conductivity (EC) and redox potential were conddob& the oven dried and air dried bulk
samples. Moisture content (%) and volumetric watartent (VWC) were recorded prior to
the oxidation experiments, and meteorological and water data was collected from
MORECS. The results for each analysis for the alréed group are presented here, followed

by the results for the air dried group.

4.2.1.1 The Normal Curve and Seasonal Variation

The data for each analysis were tested for normstilaltion by using a one-sampled K-S test
(Field 2005). If the result ig>.05, then the data are deemed normally distributbad results
of this test for all the bulk analyses (oven drggdup followed by air dried group) are

presented in tables 4.1 and 4.2.
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Table 4.1. Results of the normal distribution testfor the oven dried group across all seasons. The wohighlighted in yellow indicates that this group § normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Over Oven Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Redox Bulk Density Water

Fe (ppm) | Mn (ppm) (SI Units) % Clay (PSD) [ % Water (LOI) | Matter (LOI) | pH Value uS) Potential (mV) (%) Content (%)

N 24 24 24 24 24 24 24 24 24 24 24
Normal Parameters2b  Mean 22429.17 83.50 121 4.82 .69 1.29 6.78 23.26 167.15 15.00 9.97
Std. Deviation 1779.47 12.48 .60 2.61 21 .49 .16 10.43 13.83 7.29 8.95

Most Extreme Absolute 12 .24 .23 .19 17 .23 13 .18 .10 .10 .19
Differences Positive 12 .24 .23 .19 17 .23 13 .18 .07 .07 A7
Negative -.06 -.16 -.15 -14 -.09 -.10 -.09 -11 -.10 -.10 -.19

Kolmogorov-Smirnov Z .57 1.15 1.15 .92 .85 1.13 .65 .89 .50 .50 91
Asymp. Sig. (2-tailed) .90 14 14 .37 46 .16 .79 41 .96 .96 .37

a. Test distribution is Normal.
b. Calculated from data.
Table 4.2. Results of the normal distribution tesfor the air dried group across all seasons. Notd¢ row highlighted in yellow.
One-Sample Kolmogorov-Smirnov Test for Over Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibilty % Organic Conductivity Redox Bulk Density Water

Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (US) Potential (mV) (%) Content (%)
N 24 24 24 24 24 24 24 24 24 24 24
Normal Parameters 2b  Mean 23391.67 85.71 1.07 5.47 .69 1.27 6.78 28.04 167.35 15.00 9.97
Std. Deviation 1826.59 7.48 42 2.30 .18 .32 A1 8.82 9.93 7.29 8.95
Most Extreme Absolute .08 .16 .14 11 .14 .10 A1 .10 .18 .10 .19
Differences Positive .08 .16 .14 A1 .14 .10 .10 .10 A1 .07 17
Negative -.08 -11 -.08 -.07 -.09 -.05 -11 -.09 -.18 -.10 -.19
Kolmogorov-Smirnov Z A1 .80 .70 .53 .67 .49 .54 .51 .89 .50 91
Asymp. Sig. (2-tailed) 1.00 .55 72 .94 .76 .97 .93 .96 41 .96 .37

a. Test distribution is Normal.
b. Calculated from data.
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Data from both experimental groups for Over aramaily distributed as is evident from the

row highlighted in yellow (tables 4.1 and 4.2). All these values are greater than .05. In
order to assess seasonal variability at Over, tb@nsand standard errors were calculated for
each bulk analysis and experiment group. The esult presented using bar graphs with

error bars, as in figures 4.1 to 4.11 below.

Figures 4.1 to 4.9 present the results of eacthefulk analyses for the oven dried and air
dried experiment groups. These figures show thefittle seasonal variation, as represented
by the error bars, and overall, there appears idtleedifference between experiment groups.
This result is expected as physical propertiesh &c%Clay, MS, pH, EC, redox and %0OM,

in the soil are expected to remain constant andadaiffected by the oxidation experiments.
The results for Fe (figure 4.1) and Mn (figure 4&f also expected as the oxidation
experiments are not going to increase or decrdasarnount of total iron and manganese
present in the soils, but will affect the depositiof these minerals in their oxidised states.
The results for %Water in the soils after the ot@aexperiments show some small variation
between experiment groups but nothing that coulddmmed statistically significant (figure

4.3). Therefore, given the leaching of finer samhgponents (clay and organic matter) from
the soil at Over (evident in the bulk and soil mmorphological analyses), the predominantly

sandy, free-draining soil is less likely to holdistare under oxidising conditions.
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Total Fe (ICP-AES) for Over Experiment Groups

Sample Depth (cm)

25-30cm

\ \
0 5000 10000 15000 20000 25000 30000
Fe (ppm)

‘ Oven Dried(d Air Dried ‘

Figure 4.1. Mean and standard error for total Fe (CP-AES) to determine seasonal variation for both ta
oven dried and air dried experiment groups.

Total Mn (ICP-AES) for Over Experiment Groups

10-15cm

15-20cm

Sample Depth (cm)

20-25cm

90 100

Mn (ppm)

‘ Oven Dried[@ Air Dried ‘

Figure 4.2. Mean and standard error for total Mn (ICP-AES) to determine seasonal variation for both ta
oven dried and air dried experiment groups.
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% Water (LOI) for Over Experiment Groups

Sample Depth (cm)

25-30cm

0 0.2 0.4 0.6 0.8 1 1.2
% Water (LOI)

‘ Oven DriedEl Air Dried ‘

Figure 4.3. Mean and standard error for %Water (LOI) to determine seasonal variation for both the oven
dried and air dried experiment groups.

% Organic Matter (LOI) for Over Experiment Groups

10-15cm

15-20cm

Sample Depth (cm)

20-25cm

0 0.5 1 1.5 2 25
% Organic Matter (LOI)

‘ Oven Dried[ Air Dried ‘

Figure 4.4. Mean and standard error for %Organic Matter (LOI) to determine seasonal variation for both
the oven dried and air dried experiment groups.
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% Clay (PSD) for Over Experiment Groups

Sample Depth (cm)

25-30cm

% Clay (PSD)

‘ Oven Dried Air Dried ‘

Figure 4.5. Mean and standard error for %Clay (PSD)to determine seasonal variation for both the oven
dried and air dried experiment groups.

Magnetic Susceptibility for Over Experiment Groups

Sample Depth (cm)

20-25cm

25-30cm

0 0.5 1 15 2 2.5
Sl Units (SI x 108 (m%kg))

‘ Oven Dried[ Air Dried ‘

Figure 4.6. Mean and standard error for magnetic ssceptibility to determine seasonal variation for bth
the oven dried and air dried experiment groups.
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pH for Over Experiment Groups

Sample Depth (cm)

25-30cm

pH Value

‘ Oven Dried Air Dried ‘

Figure 4.7. Mean and standard error for pH to detemine seasonal variation for both the oven dried and
air dried experiment groups.

Electrical Conductivity for Over Experiment Groups

10-15cm }

15-20cm f

Sample Depth (cm)

20-25cm

0 5 10 15 20 25 30 35 40 45
Electrical Conductivity (US)

‘ Oven DriedEl Air Dried ‘

Figure 4.8. Mean and standard error for electricalconductivity to determine seasonal variation for bth
the oven dried and air dried experiment groups.
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Redox Potential for Over Experiment Groups

Sample Depth (cm)

25-30cm

0 20 40 60 80 100 120 140 160 180
Redox (mV)

‘ Oven Dried Air Dried ‘

Figure 4.9. Mean and standard error for redox potetial to determine seasonal variation for both the wen
dried and air dried experiment groups.

Over Moisture Content (%)
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5-10cm |—|—n
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15-20cm [ I

Sample Depth (cm)

20-25¢m |—|—.

25-30cm |—|—1
\

0 5 10 15 20 25
Moisture Content (%)

Figure 4.10. Mean and standard error to determine @asonal variation for the moisture content taken
prior to the oxidation experiments.
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Over TDR Moisture Meter - VWC (%)
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Figure 4.11. Mean and standard error to determine @asonal variation in soil moisture content for than-
field measurements taken prior to sampling.

Over Meteorological Data 2003-2004
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Autumn Winter

Seasons

\ Rainfall EZZ3 Actual Evaporation —— Soil Moisture Deficit\

Figure 4.12. Rainfall, actual evaporation and soimoisture deficit for Over from autumn 2003 to summe
2004 (October 2003, January, April and July, 2004)This data is based on a wheat crop (data suppliday
MORECS).
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The results from the moisture content (figure 4.%djich is the percentage of moisture in the
soil prior to the oxidation experiments, and VWOnr the in-field TDR moisture meter
readings (figure 4.11) show more variation betwsessons than the other bulk analyses data.
This is expected as variation in rainfall and evapon records for the collection seasons
show great variability with particularly dry season autumn 2003 (which followed one of
the driest summers on record in the UK) and sunffé# (figure 4.12). The meteorological
data and soil water conditions presented for Overbased on a wheat crop. The crops are

rotated between wheat and rape seed; 2 years aft\vidilowed by 1 year of rape seed.

4.2.1.2 Correlation Coefficients and Relationships between Variables

As the data for both experiment groups at Ovemarenally distributed (tables 4.1 and 4.2),
Pearson’s correlation coefficient was used to Iggptl relationships between the different
analytical variables (Field 2005). Although relasbips between variables were expected, the
direction of the relationships was not predictdutréfore, a two-tailed significance test was

used ibid). These results are presented in tables 4.3 dnloedow.
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Table 4.3. Pearson correlation for all bulk analyse results for the Over oven experiment group. Sigficant correlations are highlighted.

Correlations for Over Oven Dried Experiment Group

Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Redox Bulk Density Water
Fe (ppm) | Mn (ppm) (Sl Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Potential (mV) (%) Content (%)
Fe (ppm) Pearson Correlation 1 A457* 151 -121 -.237 -.185 -.092 -.226 .021 -.187 -.013
Sig. (2-tailed) .025 481 574 .264 .388 .668 .289 .922 .380 .950
N 24 24 24 24 24 24 24 24 24 24 24
Mn (ppm) Pearson Correlation 457* 1 -.261 -.033 .290 .188 297 .561* -.597*4 274 AT78*
Sig. (2-tailed) .025 219 .879 169 .378 159 .004 .002 194 .018
N 24 24 24 24 24 24 24 24 24 24 24
Magnetic Susceptibility ~Pearson Correlation 151 -.261 1 -.031 -271 -.223 -.218 -.347 275 .036 -.054
(S Units) Sig. (2-tailed) 481 219 .887 201 295 .307 .096 194 867 .804
N 24 24 24 24 24 24 24 24 24 24 24
% Clay (PSD) Pearson Correlation -121 -.033 -.031 1 .598*4 724 -.066 .505* .077 -.078 -.379
Sig. (2-tailed) 574 .879 .887 .002 .000 .759 .012 721 .716 .068
N 24 24 24 24 24 24 24 24 24 24 24
% Water (LOI) Pearson Correlation -.237 .290 -271 .598*4 1 .940*4 -123 874*4 -.039 .302 225
Sig. (2-tailed) .264 .169 .201 .002 .000 .568 .000 .855 152 291
N 24 24 24 24 24 24 24 24 24 24 24
% Organic Matter (LOI) Pearson Correlation -.185 .188 -.223 .724%4 .940*4 1 -.222 787* .094 244 .098
Sig. (2-tailed) .388 .378 .295 .000 .000 297 .000 .663 251 .650
N 24 24 24 24 24 24 24 24 24 24 24
pH Value Pearson Correlation -.092 297 -.218 -.066 -.123 -.222 1 .186 -.744*4 -.165 -.189
Sig. (2-tailed) .668 .159 .307 .759 .568 .297 .385 .000 440 .376
N 24 24 24 24 24 24 24 24 24 24 24
Electrical Conductivity ~ Pearson Correlation -.226 .561*4 -.347 .505* .874* 787* .186 1 -.409*% .396 .336
(nS) Sig. (2-tailed) 289 .004 .096 012 .000 .000 385 047 .055 .109
N 24 24 24 24 24 24 24 24 24 24 24
Redox Potential (mV) Pearson Correlation .021 -.597* 275 .077 -.039 .094 - 744 -.409* 1 -251 -.333
Sig. (2-tailed) 922 .002 194 721 .855 .663 .000 .047 237 112
N 24 24 24 24 24 24 24 24 24 24 24
Bulk Density (%) Pearson Correlation -.187 274 .036 -.078 .302 244 -.165 .396 -.251 1 .755*4
Sig. (2-tailed) .380 194 .867 716 152 251 440 .055 237 .000
N 24 24 24 24 24 24 24 24 24 24 24
Volumetric Water Pearson Correlation -.013 478* -.054 -.379 225 .098 -.189 .336 -.333 755" 1
Content (%) Sig. (2-tailed) .950 018 804 .068 291 650 376 .109 112 .000
N 24 24 24 24 24 24 24 24 24 24 24

*. Correlation is significant at the 0.05 level (2-tailed).

**. Correlation is significant at the 0.01 level (2-tailed).
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Correlations with significance levels p&.05 andp<.01 are marked by asterisks in each of
the correlation tables. | will first discuss theredations for the oven dried experiment group,
followed by the air dried experiment group for Qver

In the oven dried experiment group (table 4.3)dheme significant relationships between Fe
and Mn (r = .457p<.05), Mn and EC (r = .56<.01), Mn and redox (r = -.59p<.01), and
Mn and VWC (r = .478p<.05). The correlation between Mn and Fe is expkete these
minerals are often found together and behave inlaimvays in the soil environment
(Limbrey 1975; Sparks 1996). In light of this, datenship between Mn and redox is also
likely as redox processes affect the chemistry @epabsition of Mn. A relationship between
Mn and VWC could be used to argue for the movermémn with water in the soil profile.
With correlations between Mn and Fe, redox and VW& could argue these relationships
fit in with the movement of Mn, and in an indiregay, the movement of Fe in solution via

redox processes. The relationship between Mn anteEf@ins unclear at this stage.

There are significant relationships between %Clay @Water (r = .598<.01), %Clay and
%O0OM (r = .724,p<.0001), and %Clay and EC (r = .5(0%5.05). The relationship between
%Clay and %Water is reasonable with Over beingea tiraining soil; the small amount of
clay that is present is likely to hold moisture @hdsiation of clay via water movement in the
soil profile is possible, and is confirmed by thécromorphological analyses below. The
correlation between %Clay and %OM suggests thatQM present in the soil may be
associated with clay, which is confirmed by thesprece of fine organic punctuations
identified in the micromorphological analyses. Hyathe relationship between %Clay and
EC is expected as EC is known to be influencedaytype (Carroll and Oliver 2005) and as
clay holds moisture better than sand, and EC messswmluble salts, it is likely that any
soluble salts within the soil will be held in thes§ permeable part of the soil fabric, i.e. clay.
%Water and %0OM also have significant relationshith EC, r = .874,p<.0001 and r =
.787,p<.0001, respectively, suggesting that along witlh ¢kay component of the soil, the
OM holds any remaining moisture (Carroll and OIli2€05). Further, figures 4.3, 4.4 and 4.5
show there is less than 2% water, less than 3% @dMess than 9% clay, respectively, in the
soil at Over. Correspondingly, the EC readingsvergy low (figure 4.8), suggesting the soill
profile has undergone leaching, which may have les@cerbated by water abstraction taking

place in the vicinity of the site (see section 21).1

68



There are significant relationships between pH getbx (r = -.744p<.0001)and EC and
redox (r = -.409,p<.05). The correlation between pH and redox has lsedied in the
literature and pH is known to influence redox catiodis in the soil (Patriclet al. 1996). The
negative correlation suggests that the lower thegHhe more acidic the soil is, the higher
the potential for redox processes to take placepraelation which is supported by the
literature (Patriclet al. 1996; Trolard and Bourrié 1999). The relationdtdween redox and
EC is unclear but may reflect the role of redoxcesses in the leaching of the available
soluble salts in the soil, which are measured by H@t is, the negative relationship suggests
that the higher the potential for redox procestes]ower the EC will be due to leaching via
redox processes. As redox processes can be tle misalt of a fluctuating groundwater table
and groundwater is known to have high EC, the répickring of the groundwater table at
Over (via water abstraction) would result in thes@f soluble salts, and thus low EC values
(Caple and Dungworth 1997; Welch and Thomas 1998).

In the Over air dried experiment group (table 4hvre are significant relationships between
Fe and Mn (r = .655)<.001), Fe and %Water (r = -.482.05), Fe and %OM (r = -.643,
p<.001), and Fe and EC (r = -.45@.05). The coupling of Fe and Mn is expected as
discussed above. The negative correlations betweemd %Water and Fe and %OM suggest
that the iron measured is present in ferric forstheere is little water present for the iron to be
in its soluble ferrous form, and the OM componentimlikely to be a contributing factor to
the total Fe measured due to the low quantity of @®kent. Again, the low proportions of
OM (figure 4.4) and water (figure 4.3) in the salative to the high amounts of Fe (figure
4.1) are a reflection on the hydrological environingf the site, which represents the leaching
of soil nutrients with the rapid lowering of theogndwater table. This is also evident in the
micromorphological analyses. The relationship betwEe and EC remains unclear, although
the negative correlation reflects the quantitieorded for each variable, i.e. high quantity of
Fe (figure 4.1) and low EC values (figure 4.8). Tt EC values support the loss of soluble

salts in the soil as a result of leaching via watestraction in the vicinity of the site.

EC and %OM (r = .600p<.01) are correlated along with %OM and %Water (1967,

p<.0001), and %OM and %Clay (r = .44d<.05). Similar to the oven dried experiment
group, the relationships between EC and %OM and #ék\and %OM suggest that the water
that is present in the air dried experiment graimost likely trapped in the OM in the soil.
The relationship between %OM and %Clay is simitathte oven dried experiment group and

suggests an association of OM with clay, which anfcmed by the presence of fine
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Table 4.4. Pearson correlation for all bulk analyse results for the Over air dried experiment group.Significant correlations are highlighted.

Correlations for Over Air Dried Experiment Group

Magnetic Electrical Volumetric
Susceptibilty % Organic Conductivity Redox Bulk Density Water
Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Potential (mV) (%) Content (%)
Fe (ppm) Pearson Correlation 1 .655*4 .233 -.191 -.482* -.643*4 -.029 -.457* .049 -.062 .154
Sig. (2-tailed) .001 272 371 .017 .001 .894 .025 .821 772 472
N 24 24 24 24 24 24 24 24 24 24 24
Mn (ppm) Pearson Correlation .655*4 1 -.132 -.250 -.060 -.200 .070 -.068 .019 .199 .388
Sig. (2-tailed) .001 .538 .240 .780 .349 747 752 931 .352 .061
N 24 24 24 24 24 24 24 24 24 24 24
Magnetic Susceptibilty =~ Pearson Correlation .233 -132 1 .109 -.304 -.301 -.103 =321 -.043 -.240 -.227
(S Units) Sig. (2-tailed) 272 538 611 148 153 633 126 842 .259 .287
N 24 24 24 24 24 24 24 24 24 24 24
% Clay (PSD) Pearson Correlation -.191 -.250 .109 1 .286 444* -.315 .085 -.145 217 -.063
Sig. (2-tailed) 371 .240 611 176 .030 134 .691 498 .309 .770
N 24 24 24 24 24 24 24 24 24 24 24
% Water (LOI) Pearson Correlation -.482*% -.060 -.304 .286 1 907 -.422*% 377 .236 .529* .368
Sig. (2-tailed) .017 .780 .148 176 .000 .040 .069 .267 .008 .077
N 24 24 24 24 24 24 24 24 24 24 24
% Organic Matter (LOI) Pearson Correlation -.643*4 -.200 -.301 A44* .907*4 1 -.247 .600*4 -.044 .360 .188
Sig. (2-tailed) .001 .349 .153 .030 .000 .245 .002 .839 .084 .379
N 24 24 24 24 24 24 24 24 24 24 24
pH Value Pearson Correlation -.029 .070 -.103 -.315 -.422*% -.247 1 127 -.695*4 -.626™ -.491*
Sig. (2-tailed) .894 747 .633 134 .040 .245 .555 .000 .001 .015
N 24 24 24 24 24 24 24 24 24 24 24
Electrical Conductivity ~ Pearson Correlation -457* -.068 -.321 .085 377 .600*4 127 1 -.260 -.024 .045
(uS) Sig. (2-tailed) .025 752 126 691 .069 .002 555 .220 912 .835
N 24 24 24 24 24 24 24 24 24 24 24
Redox Potential (mV) Pearson Correlation .049 .019 -.043 -.145 .236 -.044 -.695*4 -.260 1 .342 .200
Sig. (2-tailed) .821 931 .842 .498 .267 .839 .000 .220 .102 .348
N 24 24 24 24 24 24 24 24 24 24 24
Bulk Density (%) Pearson Correlation -.062 .199 -.240 217 .529*4 .360 -.626™4 -.024 .342 1 .755*4
Sig. (2-tailed) 772 .352 .259 .309 .008 .084 .001 912 102 .000
N 24 24 24 24 24 24 24 24 24 24 24
Volumetric Water Pearson Correlation .154 .388 -.227 -.063 .368 .188 -.491* .045 .200 755"} 1
Content (%) Sig. (2-tailed) AT2 061 287 770 077 379 015 .835 .348 .000
N 24 24 24 24 24 24 24 24 24 24 24

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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amorphous organic matter and punctuations idedtffien the micromorphological analyses.
Further similarities with the oven dried group #re low quantities of clay (figure 4.5), OM
(figure 4.4) and water (figure 4.3) in the air driexperiment group, along with the low EC

readings (figure 4.8); suggesting leaching hasrtgdtace in the soil profile.

There are several correlations with pH, includittygnd redox (r = -.695<.0001), pH and
%Water (r = -.422p<.05), pH and moisture content (r = -.62&.001), and pH and VWC
(r = -.491,p<.05). The relationship between pH and redox isaaly established as a causal
one. The negative correlations between pH and %a\Waittand moisture content and pH and
VWC reflect the physical environment at Over witmaan pH of 6.8, a watertable that is at
least 5m below the ground surface and highly pebheesandy soils, which are inefficient at

retaining moisture.

The positive correlation between %Water and magstantent (r = .529<.01) suggests that
the air dried experiment group retained more mastn the soil than the oven dried
experiment group, which showed no correlation betwthese two variables. However, the
distribution of moisture retained in the soils frahe air dried group could simply resemble
more closely the pattern of distribution for morstwontent than the oven dried experiment
group (figures 4.3 and 4.10).

Finally, the correlation between moisture conterd & WC (r = .755p<.0001) is present in
tables 4.3 and 4.4. The correlations in these sadnle identical as they were taken as a control
for the moisture in the soil prior to the dryingt@xperiments. The strong positive correlation
between these variables confirms the accuracy tf imm@thods: moisture content is a measure
of soil moisture before drying out, and is as clasén-field moisture levels as possible in a
laboratory environment, and VWC is a direct indiekading of the soil moisture content at
Over.

Only one variable, MS, has no correlations for bibih oven dried experiment group and the
air dried experiment group. Due to the high quegibf Fe and Mn present in the soil at
Over, an equally high reading for MS is expectedwkver, the MS readings for Over are
extremely low (figure 4.6), which suggests that slod at Over has naturally low magnetic
susceptibility. Further, due to the low quantity afanic material in the soil at Over, the

nutrients often associated with organic materiddiclv may have magnetic properties, are not
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present in significant quantities (appendix G, éa@-1) (Courtney and Trudgill 1976, 63;
Trudgill 1977, 25).

4.2.2 Soil Micromorphology

Soil micromorphological analyses were carried autfach experiment group: oven dried, air
dried and control, with particular focus on micrasture, relative porosity, iron oxide
deposition, and organic material (appendix F). @bscriptions follow Bulloclet al. (1985)
and Stoops (2003) and the coarse-fine limit for gsbigs at Over is set at 20um. | will first
provide a brief description of the soil microsturet and porosity, followed by more detail on

iron oxide deposition and organic material.

4.2.2.1 Microstructure and Porosity

The soil at Over is a fine sandy soil with a pellés to bridged grain microstructure, which is
dominantly sand-sized grains with most grains abatefine material such as clay, and with
some iron-rich silty clay bridged between the sgrains. This is further demonstrated by its
chitonic to concave gefuric related distributiordatoarse-fine ratio of 5:1. The little fine
material present in the soil is in the form ofysittay coatings of grains and in some cases, of
packing voids with zones of randomly oriented sdlgty striations. The soil porosity shows
little seasonal variation or variation between ekpent groups, which is expected given the

dominant sandy component of the soil (figure 4.13).
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Porosity for Each Experiment Group at Over
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Figure 4.13. Mean porosity (%) and seasonal variadin (error bars) for the soils at Over for all experment
groups.

4.2.2.2 Iron Oxide Deposition

The different types of iron oxide deposition prdasenthe soils at Over include nodules,
staining, coatings, replacement and micro-pans.ifdmemicro-pans were present in only the
autumn sample collection: two in the oven dried gas and three in the control group
(appendix F). These micro-pans are likely to harenéd around roots and rootlets within the
soil and are the result of decaying organic mdtefiaere are two cases of iron replacement
of organic material in the October samples, whiah a@ssociated with the iron micro-pans.
There is also some iron replacement in the sprimgirol samples. The presence of iron
replacement in the samples at Over is expectedigprocess is the result of repeated redox
cycles, which occur during fluctuations of the grdwater table. Although the groundwater
table is presently 5m below the ground surfaceyrgo water abstraction the watertable was
recorded to be about 1.2m to 1.5m below the surface therefore, seasonal fluctuations of

this higher level of groundwater resulted in tfanireplacement of organic material.

Iron coatings were also recorded at Over, and laerdsult of illuviation of iron-rich clay
down through the soil profile. There is some vasiabetween experiment groups, more so in
the lower horizons (figure 4.14). However, the @tidn experiments are unlikely to affect
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the process by which coatings occur, i.e. illuaatiand this variation is more likely to be
representative of the natural variation within thal at Over. There also appears to be
substantial seasonal variation, which may be afieth to the variable rainfall at Over as the
clay is illuviated through the soil profile via mipitation, colloidal suspension, and the

subsequent capillary action of the soil.

Iron Coatings of Grains and Voids for All Experiment Groups at Over

Soil Horizon
us)

B/C

Percent

‘ Oven Dried& Air Dried [ Control‘

Figure 4.14. Mean percentage of coatings and seasbwariation (error bars) for all experiment groups at
Over.

Two types of iron oxide deposition that are likedybe affected by the oxidation experiments
are iron staining and iron nodules; the former réegult of slow oxidation (air dried group)
and the latter the result of rapid oxidation (owied group). The graphs in figures 4.15 to

4.17 reflect this pattern of iron oxide deposition.
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Iron Nodules Vs Iron Staining for Over Oven Dried Experiment Group
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Figure 4.15. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the oven dried experiment group at Over.

Iron Nodules Vs Iron Staining for Over Air Dried Ex periment Group
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Figure 4.16. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the air dried experiment group at Over.
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Iron Nodules Vs Iron Staining for Over Control Group
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Figure 4.17. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the control group at Over.

For both the oven dried experiment group and tmedaed experiment group, seasonal
variation is minimal and the distributions betwaem nodules and iron staining suggest that
the sensitivity of iron, its transformation fronrfeus to ferric iron, and its deposition pattern
are affected by the rate of oxidation. The resiatshe control group show that iron staining
dominates the upper and lower horizons with moeesaeal variability than the oxidation
groups. This increase in staining and in seasoaghhility may be an artefact of sample
processing. Although acetone replacement was wseddure that the samples remained as
close to theirin situ condition as possible with regard to oxidationrinly the course of
processing other thin sections under similar camatt it has been noticed that some degree
of oxidation does occur. For example, whilst deltidg a sample from anaerobic conditions
using acetone replacement prior to impregnationtaimdsectioning, at some point during the
process, the sample was exposed to oxygen ancttwu$ iron within the sample oxidised

leaving a red-brown streak through the sectionctvinas not there prior to impregnation.

4.2.2.3 Organic Material

Table 4.5 presents the percentage frequencies rasdrpation state for the organic material

identified through soil micromorphological analysis addition to the frequencies and the
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state of preservation of the organic material size range for celled material, and whether or

not the organic material is associated with irordexis also noted (appendix F).

There is very little organic material in the sdil@ver, with the majority of organics in the
form of fine organic punctuations (<1um) and amorghorganic material (>1um). There are
a few instances of celled material present, of Wwhibe majority are in a state of
decomposition. This is noted by their numericaliealwhich corresponds to the colour of the
organic material: 1 being the least decomposedbaneing the most decomposed. This range
of decomposition in relation to colour has beerdig by Babel (1981), who suggests that
the process of blackening of organic material tidative of its progressive decomposition.
The charcoal is predominantly less than 100um @)1@ith less than 2% charcoal being
greater than 100um. Overall, there is little seakoariation with the exception of autumn,
which has celled organic material present in thenodried and control groups. This also
corresponds with the presence of iron micro-panthé@se samples, which provide a barrier
against the leaching of the organic material fromgoil.

While it is obvious that the preservation of orgamaterial is poor in each experiment group,
the minor differences that are present cannot dently be associated with the effects of the
oxidation experiments. It is more likely that tlagid lowering of the groundwater table ahead
of gravel extraction in the vicinity of the site shaaused the significant loss of organic
material within the natural soil profile. This watgbstraction has caused the nutrients present
in the solil to be leached out (and is evident fitbin bulk analyses discussed above). Where
some organic material remains, it is associatetl watn micro-pans, which have created an

impermeable barrier preventing the leaching of thigerial from the soil.
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Table 4.5. Percentage of organic material for Oveidentified through micromorphological analysis.

Sample Soil Amorphous Charcoal Celled PlectenchymalPollen
Number Horizon |Punctuations| Matter <100um| >100un] Lignified | Parenchynatic|Phlobaphene |(Fungi)
1.1 |A EEE T T m 5
1.2 |B T T m 4 m 3
é’ 1.3 [B/IC = u u u
Q [21 |a T T ]
g 22 |B T T
£ [23 [BIC L N u
O |31 |A NN [ 1] [ | u LI m 15 m 35
32 [B EEE T u n m 45
3.3 |BIC (] ] [ ] | m 35 m 34
1.1 |A EEE T ]
1.2 |B T TT] T
S |13 |BIC EEE T ]
S 21 |a T [T n m 45
§ 22 B 1T [T n
2 |23 |BIC EEE ]
S 31 |a EEEE T 1] n
32 B EEE T T ]
3.3 |[B/IC T TT] ]
1.1 |A NN [ ] ] ]
1.2 |B TT] T ]
- 1.3 |B/C TT] T ]
S |21 |A EEE T T ]
N 22 [B (T [T]
B [23 [BIC T T ]
< 31 |A TT] T ]
32 B EEE T T ]
3.3 |[B/IC TT] T ]
1.1 |A (1] [ ] ] [ ]
1.2 |B L) ] ] |
- 1.3 |B/C T T ]
S |21 |A EEE T T ]
‘; 22 |B T TT] ]
3 (2.3 [BIC L Ll u
31 |A TT] T ]
3.2 B (1] [ ] ] [ ]
3.3 [B/IC T T ]
Key: W <2%, HE 2-5%, HEE 5-10%, ENEN 10-20%, ENEEE 20-30%, INEEEN 30-40%, ASEEEENENE 40-50%, iSNNENEEN 50-60%, INNEEEEEE 60-70%
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4.2.3 CDB for an Alluvial Brown Earth

The bulk and micromorphological data for Over rdéeddittle variation either seasonally or
between experiment groups, with the exceptionaf staining and iron nodules as identified
through soil micromorphology. The data showed it soils at Over have undergone
significant loss of organic material and other switrients. This is most likely the result of the

rapid lowering of the groundwater table ahead ai/gl extraction in the vicinity of the site.

Bringing together the bulk and soil micromorphotadi data for the experiment groups at
Over, in a way that is functional and clear asfaresce guide to gauging preservation, has
resulted in the formation of the comparative daseb@DB). This database is represented by
two graphs (figures 4.18 and 4.19), which highligie variables that are most likely to

provide the best representation of the oxidationrenment within the soil.

Given the lack of significant seasonal variationdach of the bulk and micromorphological
analyses, the means for each variable have beentagermulate the graphs in figures 4.18
and 4.19 in reference to their soil depth and lsoilzon. For each figure, a sedimentological
key is provided to represent the soil profile & Hite, and the corresponding bulk and soll
micromorphological results are mapped out in acwocd with their context in the soil
profile. Two variables from the soil micromorphoicgl analyses have been used for these
graphs: iron nodules and iron staining, as theseahlas prove the most informative for
determining the oxidation and/or hydrological eowiment for an alluvial brown earth such

as Over.
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Over Oven Dried Experiment Group
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Figure 4.18. The comparative database (CDB) for th®ver oven dried experiment group.
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Over Air Dried Experiment Group
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Figure 4.19. The comparative database (CDB) for th®ver air dried experiment group.
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While the results for the bulk analyses for botl tven dried and the air dried experiment
group are very similar and do not provide any digant differences, the two
micromorphological variables differ quite signifitly. In the oven dried experiment group
iron nodules dominate over iron staining, which correspondshe effects of therapid
oxidation of the soil. Conversely, in the air driedperiment group iromstaining is more
predominant than iron nodules, which correspondbéceffects oslow oxidation of the soil.
The significance of these differences and theiraggntations of the oxidation environment
for the soils provide valuable information for debéning the effects these processes have on
the preservation of organic material. Unfortunatélys difficult to ascertain the direct effects
the oxidation experiments had on the organic medtatiOver due to the hydrological changes
that have occurred at the site prior to this redeafrhe rapid reduction of the groundwater
table at Over ahead of gravel extraction has aftebioth the quantity and quality of organic
preservation. As a result, the control group usedHis research is only representative of the
soil profile in its present, altered state, andnist representative of the natural soil
environment prior to abstraction. As discussed iavipus chapters, the introduction of
oxygen into an anaerobic environment is highlyidetntal to all organic material. However,
the rate in which oxygen is introduced can haveabde effects on this deterioration; rapid
oxidation proves immediately detrimental to orgamiaterial, while slow oxidation provides
a delay in organic deterioration (cf. Welch and milas 1998), and in the case of replacement
aids in the preservation of plant cellular matertabwever, the caveat to this scenario is
repeated cycles of aerobic and anaerobic conditigpisal of redox processes, which in the

long term can be equally detrimental to organicenak as rapid oxidation (cibid).
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4.3 \WANDLEBURY

Wandlebury is a typical calcareous rendzina, on halkc substrate, under a pastoral
environment. The results of the bulk and soil meoophological analyses (see table 3.1 in

section 3.2) follow for each experiment group.

4.3.1 Bulk Analyses Data

A suite of bulk analyses were conducted on the alrged and air dried bulk samples (see
table 3.1 in section 3.2). Moisture content and VWere recorded prior to the oxidation
experiments and meteorological and soil water aetee collected from MORECS. The
results for each analysis for the oven dried gratgpresented here, followed by the results

for the air dried group.

4.3.1.1 The Normal Curve and Seasonal Variation

The data for each analysis were tested for normstilaltion by using a one-sampled K-S test
(Field 2005). If the result ip>.05, then the data is deemed normally distribuida: results
of this test for all the bulk analyses (oven drggdup followed by air dried group) are

presented in tables 4.6 and 4.7.
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Table 4.6. Results of the normal distribution testfor the oven dried group across all seasons. The wohighlighted

in yellow indicates that this group § normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Wandlebury Oven Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) [ Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

N 24 24 24 24 24 24 24 24 24 24 24
Normal ParametersaP  Mean 19050.00 655.13 13.08 11.83 2.25 9.31 8.13 209.61 125.89 19.91 19.75
Std. Deviation 1453.93 34.04 1.42 2.80 .24 1.22 .21 64.68 8.77 5.57 6.86

Most Extreme Absolute .20 .20 .16 .15 .18 .15 A1 .19 .08 17 .19
Differences Positive 12 18 12 15 A1 13 A1 19 .07 .10 19
Negative -.20 -.20 -.16 -.14 -.18 -15 -.10 -.09 -.08 -17 -13

Kolmogorov-Smirnov Z .96 1.00 .78 .72 .87 .76 .54 .95 41 .82 .92
Asymp. Sig. (2-tailed) 31 .27 .58 .68 44 .62 .94 .33 1.00 .51 .37

a. Test distribution is Normal.

b. Calculated from data.

Table 4.7. Results of the normal distribution tesfor the air dried group across all seasons. The va¢ highlighted in bright blue indicates that this goup is not normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Wandlebury Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) [ Mn (ppm) (Sl Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

N 24 24 24 24 24 24 24 24 24 24 24
Normal Parametersab ~ Mean 16983.33 598.42 12.86 12.52 2.72 9.05 8.18 174.88 130.01 19.91 19.75
Std. Deviation 1988.81 52.91 1.70 2.87 .39 1.37 17 28.54 10.10 5.57 6.86

Most Extreme Absolute .32 .26 17 .19 .16 17 A1 .14 .16 17 .19
Differences Positive 18 21 .07 19 .09 .10 A1 14 .16 .10 19
Negative -.32 -.26 -17 -.19 -.16 -.17 =11 -.08 =11 -.17 -.13

Kolmogorov-Smirnov Z 1.56 1.29 .82 .93 .78 .83 .52 .66 .80 .82 .92
Asymp. Sig. (2-tailed) .02 .07 51 .36 57 49 .95 77 55 51 .37

a. Test distribution is Normal.

b. calculated from data.
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Data from the oven dried and air dried experimemupg for Wandlebury are normally

distributed as is evident from the rows highlightedsellow, with the exception of total Fe

(ICP-AES) in the air dried experiment group. In @rdo assess seasonal variability at
Wandlebury, the means and standard errors werailasdd for each bulk analysis and
experiment group. The results are presented usangytaphs with error bars, as in figures
4.20 to 4.30 below.

Figures 4.20 to 4.28 present the results of eatheobulk analyses for the oven dried and the
air dried experiment groups. These figures showethe little seasonal variation, as
represented by the error bars, and overall, thepears to be little difference between
experiment groups. This result is expected as phlyproperties, such as MS, pH, EC, redox
and %OM, in the soil are unlikely to be affected thg oxidation experiments. However,
there is significant seasonal variability in theuks for %Clay but this is more likely to be a
result of sample contamination by the parent maténan a reflection of seasonal influences
(figure 4.24). PSD measures the distribution ofedént particle sizes and the %Clay content
refers to clay-sized particles and is not a direéeérence to clay minerals. Given that the
greatest variability is in the 25-30cm sampless ipossible that the variability is caused by
the inclusion of fine-grained chalky material ireteample. The results of the LOI analyses
for %CaCQ (calcium carbonate) confirm this variability withnges from 26% to 61% in the

samples collected at a depth of 25-30cm (appendix F

The results for Fe (figure 4.20) and Mn (figure ¥.2are expected as the oxidation
experiments are not going to increase or decrdasarmnount of total iron and manganese
content of the soils but will affect the depositiohthese minerals in their oxidised states.
Again, there is some variation in the samples ct#le from 25-30cm but this is likely to be

the result of varying quantities of %Cagfeing included in the samples at collection. The
results for EC in the soils after the oxidation esment show some variation between
experiment groups, in particular the 0-5cm sampbenfthe oven dried experiment group
(figure 4.27). This could be the result of orgamaterial retaining moisture in the Ah

horizon, thereby trapping more soluble salts tim@nather horizons.
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Total Fe (ICP-AES) for Wandlebury Experiment Groups

Sample Depth (cm)

25-30cm

0 5000 10000 15000 20000 25000
Fe (ppm)
‘ Oven Dried(d Air Dried ‘

Figure 4.20. Mean and standard error for total Fe [CP-AES) to determine seasonal variation for both e
oven dried and air dried experiment groups.

Total Mn (ICP-AES) for Wandlebury Experiment Groups

G

10-15cm

15-20cm

Sample Depth (cm)

20-25cm

0 100 200 300 400 500 600 700 800
Mn (ppm)
‘ Oven Dried[@ Air Dried ‘

Figure 4.21. Mean and standard error for total Mn (CP-AES) to determine seasonal variation for both
the oven dried and air dried experiment groups.
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% Water (LOI) for Wandlebury Experiment Groups

Sample Depth (cm)

25-30cm

0 0.5 1 1.5 2 25 3 35
%Water (LOI)

‘ Oven DriedEl Air Dried ‘

Figure 4.22. Mean and standard error for %Water (LOI) to determine seasonal variation for both the
oven dried and air dried experiment groups.

% Organic Matter (LOI) for Wandlebury Experiment Gr oups

10-15cm

15-20cm

Sample Depth (cm)

20-25cm

0 2 4 6 8 10 12
% Organic Matter (LOI)

‘ Oven DriedEl Air Dried ‘

Figure 4.23. Mean and standard error for %Organic Matter (LOI) to determine seasonal variation for
both the oven dried and air dried experiment groups
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% Clay (PSD) for Wandlebury Experiment Groups

T

Sample Depth (cm)

25-30cm

18
% Clay (PSD)

‘ Oven DriedEl Air Dried ‘

Figure 4.24. Mean and standard error for %Clay (PSD to determine seasonal variation for both the oven
dried and air dried experiment groups.

Magnetic Susceptibility for Wandlebury Experiment Groups

Sample Depth (cm)

20-25cm

25-30cm

0 2 4 6 8 10 12 14 16|
Magnetic Susceptibility (SI x 108 (m*/kg))

‘ Oven DriedEl Air Dried ‘

Figure 4.25. Mean and standard error for magnetic gsceptibility to determine seasonal variation for oth
the oven dried and air dried experiment groups.
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pH for Wandlebury Experiment Groups

Sample Depth (cm)

25-30cm

pH Value
‘ Oven DriedEl Air Dried ‘

Figure 4.26. Mean and standard error for pH to detemine seasonal variation for both the oven dried ad
air dried experiment groups.

Electrical Conductivity for Wandlebury Experiment G roups

10-15¢cm f

15-20cm

Sample Depth (cm)

20-25cm

0 50 100 150 200 250 300 350
Electrical Conductivity (US)

‘ Oven Dried[@ Air Dried ‘

Figure 4.27. Mean and standard error for electricalconductivity to determine seasonal variation for bth
the oven dried and air dried experiment groups.
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Redox Potential for Wandlebury Experiment Groups

Sample Depth (cm)

25-30cm £

140 160

Redox (mV)

‘ Oven Dried Air Dried ‘

Figure 4.28. Mean and standard error for redox potatial to determine seasonal variation for both the
oven dried and air dried experiment groups.

Wandlebury Moisture Content (%)

| | |
0-5cm ,_|_|

5-10cm

15-20cm

,_|_.
10-15cm ,_|_‘
=

Sample Depth (cm)

20-25¢cm ._|_.

25-30cm |—|—4
\ \

0 5 10 15 20 25 30
Moisture Content (%)

Figure 4.29. Mean and standard error to determine sasonal variation for the moisture content, taken
prior to the oxidation experiments.
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Wandlebury TDR Moisture Meter - VWC (%)

\ \ \ \
0-5cm ,_|_.

5-10cm ,_|_.

10-15cm |—|—n
15-20cm |—|—1
20-25¢m |—|—1

25-30cm |—|——|
\ \

0 5 10 15 20 25 30

Sample Depth (cm)

Volumetric Water Content (%)

Figure 4.30. Mean and standard error to determine @asonal variation in soil moisture content for than-
field measurements taken prior to sampling.

Wandlebury Meteorological Data

120.0

100.0

Millimetres

Winter Spring Summer
Season

\ Rainfall E=3 Actual Evaporation —#— Soil Moisture Deficit |

Figure 4.31. Rainfall, actual evaporation and soimoisture deficit for Wandlebury from autumn 2003 to
summer 2004 (October 2003, January, April and July2004). This data was supplied by MORECS.
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The results from the moisture content (figure 4.28)ich is the percentage of moisture in the
soil prior to the oxidation experiments, and the &\Wom the in-field TDR moisture meter
readings (figure 4.30) show more variation betweessons than the data from the other bulk
analyses. This is expected as variation in rairgiatl evaporation will have a direct influence
on the moisture readings for the soil. The raindaltl evaporation records for the collection
seasons show great variability with particularly deasons in autumn 2003 (which followed
one of the driest summers on record in the UK)aumdmer 2004 (figure 4.31).

4.3.1.2 Correlation Coefficients and Relationships

As the data for the Wandlebury oven dried experinggaup are normally distributed (table
4.6), Pearson’s correlation coefficient was usedhighlight relationships between the
different analytical variables (Field 2005). Howevthe Wandlebury air dried experiment
group were not normally distributed (table 4.7)tee Spearman’s rho correlation was used
(ibid). Although relationships between variables wergeeked, the direction of the
relationships was not predicted; therefore, a taed significance test was usebiiq). These

results are presented in tables 4.8 and 4.9 below.
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Table 4.8. Pearson correlation for all bulk analyse results for the Wandlebury oven dried experimengroup. Significant correlations are highlighted.

Correlations for Wandlebury Oven Dried Experiment Group

Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water
Fe (ppm) | Mn (ppm) (SI Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (US) Redox (mV) (%) Content (%)
Fe (ppm) Pearson Correlation 1 L917* .687* - 772 .639*4 .460* -.522*4 .313 .270 717 .180
Sig. (2-tailed) .000 .000 .000 .001 .024 .009 .136 .202 .000 .399
N 24 24 24 24 24 24 24 24 24 24 24
Mn (ppm) Pearson Correlation .917%4 1 .570%4 -. 723" .570* .418* -.460* .289 .310 .663*} 125
Sig. (2-tailed) .000 .004 .000 .004 .042 .024 171 .140 .000 .562
N 24 24 24 24 24 24 24 24 24 24 24
Magnetic Susceptibility Pearson Correlation .B87* .570% 1 -.697*4 .604*4 .501* -.551*4 .281 .080 .584*4 -.040
(SI Units) Sig. (2-tailed) .000 .004 .000 .002 .013 .005 .184 .709 .003 .854
N 24 24 24 24 24 24 24 24 24 24 24
% Clay (PSD) Pearson Correlation - 772 -. 723" -.697*4 1 -.592*4 -.507* 379 -.248 -.352 -.652*4 -.224
Sig. (2-tailed) .000 .000 .000 .002 .011 .067 .243 .091 .001 292
N 24 24 24 24 24 24 24 24 24 24 24
% Water (LOI) Pearson Correlation .639% .570%4 .604*4 -.592*4 1 779% -.821*4 .718*4 .367 .806*} .388
Sig. (2-tailed) .001 .004 .002 .002 .000 .000 .000 .078 .000 .061
N 24 24 24 24 24 24 24 24 24 24 24
% Organic Matter (LOI) Pearson Correlation .460* .418* .501* -.507* 7794 1 -.560*4 .512* .589*4 .506* .060
Sig. (2-tailed) .024 .042 .013 .011 .000 .004 .010 .002 .012 .781
N 24 24 24 24 24 24 24 24 24 24 24
pH Value Pearson Correlation -.522*4 -.460* -.551*4 379 -.821% -.560*4 1 -.904*4 -.458* -.789% -.323
Sig. (2-tailed) .009 .024 .005 .067 .000 .004 .000 .024 .000 124
N 24 24 24 24 24 24 24 24 24 24 24
Electrical Conductivity =~ Pearson Correlation .313 .289 .281 -.248 .718*4 .512* -.904*4 1 617+ .708*4 444*
(1S) Sig. (2-tailed) 136 171 184 243 .000 .010 .000 .001 .000 .030
N 24 24 24 24 24 24 24 24 24 24 24
Redox (mV) Pearson Correlation .270 .310 .080 -.352 .367 .589*4 -.458* 617 1 461* .217
Sig. (2-tailed) .202 .140 .709 .091 .078 .002 .024 .001 .023 .308
N 24 24 24 24 24 24 24 24 24 24 24
Bulk Density (%) Pearson Correlation 717 .663*Y .584* -.652*4 .806*1 .506* -.789*4 .708*4 .461* 1 .534*4
Sig. (2-tailed) .000 .000 .003 .001 .000 .012 .000 .000 .023 .007
N 24 24 24 24 24 24 24 24 24 24 24
Volumetric Water Pearson Correlation .180 125 -.040 -.224 .388 .060 -.323 444* 217 .534*) 1
Content (%) Sig. (2-tailed) .399 562 854 292 .061 781 124 .030 .308 .007
N 24 24 24 24 24 24 24 24 24 24 24

**. Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).
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Correlations with significance levels p&.05 andp<.01 are marked by asterisks in each of
the correlation tables. | will first discuss theredations for the oven dried experiment group,
followed by the air dried experiment group for Whafdiry.

In the oven dried experiment group (table 4.8)dreme a number of significant relationships
between Fe and other variables, including Fe and(Mn .917,p<.0001), Fe and MS (r =
.687,p<.0001), Fe and %Clay (r = -.77%2.0001), Fe and %Water (r = .63%;.001), Fe and
%OM (r = .460,p<.05), Fe and pH (r = -.52p<.01), and Fe and moisture content (r = .717,
p<.0001). The relationships between Fe and Mn andngeMS are expected for Wandlebury
and suggest that the type of iron present in tllehes magnetic properties. Further, there is
evidence of variable land use at the site inclugogsible burning, which accounts for the
extremely high MS readings (figure 4.39) (Frenehal. 2005b). Mn and MS are also
correlated (r = .57(0y<.01), which suggests that in addition to the lasd history at the site,
the elevated quantity of Mn (figure 4.21) in thel st Wandlebury could account for the
unusually high MS readings. The negative corretati@tween Fe and %Clay is actually
representing the percentage of clay-sized GaG® discussed earlier, and therefore, this
relationship is expected as the higher the calaarbonate value, the lower the amount of Fe
in the soil, as calcium carbonate is not alwaysdacive to an iron-rich environment (cf.
Stucki et al. 1988). The negative relationship between Fe andspékpected as Fe is more
common in acidic environments than alkaline enviments, i.e. the higher the pH, the lower
the quantity of Feilpid). The positive correlations between Fe and %Water Fe and %OM
suggest that the Fe that is present in the séWandlebury is likely to be originating in the
organic fraction of the soil and that the moistpresent in the soil, after the oxidation
experiments, is trapped within the organic matefiaiis is confirmed by the strong positive
correlation between %Water and %OM (r = .7§8.0001). The micromorphological
analyses below also reflect this relationship witle presence of iron replaced organic
material and the generally organic-rich naturehef $oils. Similar results are apparent for the
relationship between moisture content and Fe, alitly moisture content and %Water (r =
.806,p<.0001), and moisture content and %OM (r = .58605), suggesting that the Fe and
moisture content of the soil is held in the OM fra of the soll.

Mn is correlated with the same variables as Fechvis expected as these minerals behave
similarly in the soil environment: Mn and %Clay<r-.723,p<.0001), Mn and %Water (r =
.570,p<.01), Mn and %OM (r = .41§<.05), Mn and pH (r = -.46(y<.05), and Mn and
moisture content (r = .668<.0001). In addition, MS is correlated with the savariables as
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Fe and Mn (%Clay: r = -.69P<.0001; %Water: r = .604<.01; %OM: r = .501p<.05; pH:

r = -.551,p<.01; moisture content: r = .58@<.01), which confirms that the MS readings are
most likely the result of the high amount of Mn &rda magnetic form of Fe present in the
soil environment. Further, the correlation betwdd8 and %OM suggests that the plant
nutrients present in the organic fraction of th#é sontain magnetic properties and could be

contributing to the high MS values (appendix Gladb-2).

As %Clay is in reference to clay-sized particled ant actually clay as a mineral component
of the soil, %Clay represents the amount of clagdiCaCQ@ particles, and the negative
correlations between this variable and Fe (r =2,p%.0001), Mn (r = -.723, p<.0001) and
MS (r = -.697,p<.0001) are expected as calcium carbonate is matumive to high quantities
of Fe and Mn, nor is it likely to have magnetic pedies. The negative correlations between
%Clay and %Water (r = -.59p<.01), %Clay and %OM (r = -.50Pp<.05), and %Clay and
moisture content (r = -.65<.001) suggest that calcium carbonate is neithgaroc-rich,
nor does it hold moisture very well. Further, tregative correlations between %Water and
pH (r = -.821p<.0001) and moisture content and pH (r = -.4890001) suggest that relative
to the alkaline environment, the amount of moistarthe soil is low. Not surprisingly, there
are positive correlations between %Water and E€ .{#18,p<.0001), moisture content and
EC (r = .708,p<.0001), and VWC and EC (r = .44@<.05), and the high readings for EC
(figure 4.27) suggest that the moisture that islalke in the soil is high in soluble salts.

The negative correlation between %OM and pH (580, p<.01) is expected in an alkaline
environment, such as Wandlebury, as an increa@dircan cause an increase in acidity, and
therefore, a decrease in pH. The relationship batweC and %0OM (r = .519<.05) is also
expected: as discussed above, the majority of #iierveontaining the soluble salts is likely to
have been trapped in the OM of the soil. The retetip between %OM and redox (r = .589,
p<.01) could be a reflection of the breaking dowroafanic material in the soil by microbial

activity, reflecting localised redox conditions,discussed in chapter two.

The relationship between pH and EC (r = -.904,0001) remains unclear, except that it
reflects the relationship of pH with %Water and stwie content and given that EC is also
correlated with these variables, this negativeatation may be reflecting these patterns for
pH. The negative correlation between pH and redox {458,p<.05) makes sense in that
more acidic environments are generally more condutd redox processes than alkaline
environments (Loeppert and Inskeep 1996).
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Table 4.9. Spearman’s rho correlation was used fothe Wandlebury air dried experiment group as the déa are not normally distributed. Significant correlations are

highlighted.
Correlations for Wandlebury Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (US) Redox (mV) (%) Content (%)

Spearman's rho  Fe (ppm) Correlation Coefficient 1.000 739% .140 .001 .202 .170 -.199 .043 .030 -.021 .090
Sig. (2-tailed) . .000 .513 .995 .344 .428 .352 .843 .888 .923 .675

N 24 24 24 24 24 24 24 24 24 24 24

Mn (ppm) Correlation Coefficient .739*4 1.000 172 .198 .148 .084 -.163 -.003 .069 -.178 -.089
Sig. (2-tailed) .000 . 422 .353 .490 .696 447 .989 748 .407 .678

N 24 24 24 24 24 24 24 24 24 24 24

Magnetic Susceptibility ~ Correlation Coefficient .140 172 1.000 -.427* .318 .338 -.210 -.231 -115 117 -.098
(S Units) Sig. (2-tailed) 513 422 .037 1130 .106 .325 277 593 .585 649
N 24 24 24 24 24 24 24 24 24 24 24

% Clay (PSD) Correlation Coefficient .001 .198 -.427* 1.000 -.375 -.303 .100 -.017 271 -.304 -.274
Sig. (2-tailed) .995 .353 .037 . .071 .149 .643 .939 .201 .148 .194

N 24 24 24 24 24 24 24 24 24 24 24

% Water (LOI) Correlation Coefficient .202 .148 .318 -.375 1.000 7454 -.305 .292 .128 417 5574

Sig. (2-tailed) .344 .490 .130 .071 . .000 .147 .166 .551 .042 .005

N 24 24 24 24 24 24 24 24 24 24 24

% Organic Matter (LOI) Correlation Coefficient .170 .084 .338 -.303 745 1.000 -.347 464> -.241 .328 .357
Sig. (2-tailed) 428 .696 .106 .149 .000 . .096 .022 .256 .118 .087

N 24 24 24 24 24 24 24 24 24 24 24

pH Value Correlation Coefficient -.199 -.163 -.210 .100 -.305 -.347 1.000 -.693*1 -.228 -.513* -121
Sig. (2-tailed) .352 447 .325 .643 .147 .096 . .000 .285 .010 574

N 24 24 24 24 24 24 24 24 24 24 24

Electrical Conductivity ~ Correlation Coefficient .043 -.003 -.231 -.017 292 .464* -.693*4 1.000 .093 ATT* .382
(HS) Sig. (2-tailed) .843 .989 277 .939 .166 .022 .000 . .665 .019 .065
N 24 24 24 24 24 24 24 24 24 24 24

Redox (mV) Correlation Coefficient .030 .069 -.115 271 .128 -.241 -.228 .093 1.000 .314 .054
Sig. (2-tailed) .888 .748 .593 .201 .551 .256 .285 .665 . 135 .803

N 24 24 24 24 24 24 24 24 24 24 24
Bulk Density (%) Correlation Coefficient -.021 -.178 117 -.304 A17* .328 -.513* ATT* .314 1.000 A87*
Sig. (2-tailed) .923 .407 .585 .148 .042 118 .010 .019 135 . .016

N 24 24 24 24 24 24 24 24 24 24 24

Volumetric Water Correlation Coefficient .090 -.089 -.098 -.274 .557*4 .357 -121 .382 .054 .487* 1.000
Content (%) Sig. (2-tailed) 675 678 649 194 .005 .087 574 .065 .803 .016 .
N 24 24 24 24 24 24 24 24 24 24 24

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Finally, the positive correlations between redoxl &C (r = .617,p<.001) and redox and
moisture content (r = .46p<.05) suggest a relationship between redox prosessé soil
water content, which is expected, and along withdbarrelations of redox with OM and OM
with moisture content, suggest that the majoritytred moisture in the soil is in the OM.
However, as the groundwater table is well belowrttaeern soil and upper chalk substrate,
the redox processes are more likely to be thetre$idiological activity, which is evident in
the presence of mite and earthworm excrementsifigehby the soil micromorphological

analyses (appendix F).

In the air dried experiment group (table 4.9) thiera positive correlation between Fe and Mn
(rs = .739,p<.0001), which is expected as these minerals arallysassociated and behave in
similar ways in the soil environment. Similar teetbven dried experiment group, there is a
negative correlation between %Clay and MS=(r.427,p<.05) in the air dried experiment
group, which suggests that the %Clay is represgniCaCQ and is not magnetically
susceptible. The correlation between %0OM and %waer .745,p<.0001) in the air dried
experiment group suggests that the available mreistuthe soil is being held in the OM.
Further, the correlations between %Water and m@stantent ¢= .417,p<.05) and %Water
and VWC (= .557, p<.01) suggest that this moisture is retained befomd after the
oxidation experiment, albeit in smaller quantitest oxidation (figures 4.22, 4.29 and 4.30).

The negative correlations between pH and EC=(r.693,p<.0001) and between pH and
moisture content {= -.513,p<.05), and the positive correlation between moesttontent and
EC (5 = .477,p<.05) reflect the results for the oven dried expent group, where pH, EC
and moisture are all intimately connected. In addjtthe positive correlation between EC
and %O0M (¢ = .464, p<.05) reflects the results for the oven dried ekpent group,
suggesting that the available moisture in the sl its soluble salts, are held within the

organic component of the soil.

Finally, the correlation between moisture contemd & WC ( = .534,p<.01) is present in
tables 4.8 and 4.9. The correlations in these sadnle identical as they were taken as a control
for the moisture in the soil prior to the dryingt@xperiments. The strong positive correlation
between these variables confirms the accuracy tf im@thods: moisture content is a measure
of soil moisture before drying out, and is as clasé-field moisture levels as possible in a
laboratory environment, and VWC is a direct indiekading of the soil moisture content at

Wandlebury.
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4.3.2 Soil Micromorphology

Soil micromorphological analyses were carried autdfach experiment group: oven dried, air
dried and control, with particular focus on micrasture, relative porosity, iron oxide
deposition, and organic material (appendix F). dascriptions follow Bulloclet al. (1985)
and Stoops (2003) and the coarse-fine limit fordbids at Wandlebury is set at 20pum. | will
first provide a brief description of the soil mistaucture and porosity, followed by more

detail on iron oxide deposition and organic materia

4.3.2.1 Microstructure and Porosity

The fine fraction of the soil at Wandlebury is aoni and calcite rich silty clay with a
subrounded blocky to crumby structure. The coarse-distribution is single spaced
porphyric with a ratio of 2:3, suggesting that theil is dominated by its fine fabric
component. While predominantly crystallitic, thesesome stipple speckling indicating the
presence of unoriented clay. Given the chalky satestof this soil, there are some chalk
inclusions in the B horizon. The areas where crustiucture is dominant indicate
bioturbation, most likely from earthworms, as cajigic earthworm granules were common
throughout the soil profile. The presence of chamo&s also suggests some root activity

along with natural soil development.
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Porosity for Each Experiment Group at Wandlebury

Soil Horizon

35

Percentage

‘ Oven Driedd Air Dried Control‘

Figure 4.32. Mean porosity (%) and seasonal variadh (error bars) for the soils at Wandlebury for all
experiment groups.

The porosity of the soil is dominated by both chesrmand vughs and the mean percentage of
porosity does illustrate some variation both sealbpand between experiment groups (figure
4.32). Although it is tempting to suggest that thariability is the direct result of the
oxidation experiments, the results observed forcthr@rol group suggest that this is unlikely.
Instead, the variation in porosity is more likehetresult of earthworm activity in the soil
profile, which aerates the soil and ultimately sases the amount of oxygen in the soll

environment, and therefore, the porosity of thé soi

4.3.2.2 Iron Oxide Deposition

The iron oxide deposition present at Wandleburyuithes staining, nodules, coatings and
replacement of organic material (pseudomorphs)réfaee no pans present at this site. There
is some variation in the presence of iron coatiofjgrains and voids between experiment
groups at Wandlebury, more so in the upper horid@igare 4.33). The distribution of the
coatings down profile suggests that illuviationnigt a prevalent process at Wandlebury,
although the voluminous presence of calcite inféiic masks much of the lower horizons.
There is also some seasonal variation, which magttsduted to the seasonal variation in

rainfall. Coatings result from illuviation process&hereby iron-rich clay moves through the
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soil profile by the capillary action of the soilcathrough movement down profile in colloidal

suspension with rainwater (Limbrey 1975).

Iron Coatings of Grains and Voids for All Experiment Groups at Wandlebury

Ah

Soil Horizon
vs)

3 35 4 4.5

Percent

‘ Oven Dried Air Dried E3 Control‘

Figure 4.33. Mean percentage of coatings and seasbwariation (error bars) for all experiment groups at
Wandlebury.

There appears to be a significant amount of orgagpacement present in the soils at
Wandlebury (table 4.10). In the absence of a flatitig groundwater table, some other
variable must be the cause of redox processedar ¢or the pseudomorphs to occur. In this
instance it is likely that reducing-oxidising cyglare the result of micro-organisms present in
the soil. As organic material is a good sourceaf,iit makes sense that in the decomposition
of the organic material iron is released makireyiilable for consumption and respiration for

available micro-organisms (Limbrey 1975; Stuekal.1988).
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Table 4.10. Results for the percentage of iron reatement of organic matter, as
identified through soil micromorphological analysis

Sample |[Saoll Replacement
Number |Horizon|Frequency | Minimum (um) [Maximum (um)
1.1 |Ah u 233 333
1.2 |B m 400 40(
§ 1.3 |C u 50 35(
« (2.1 |Ah T 110 316
g [22]B n 100 13(
£ |23 |C m 83 117
O (3.1 |Ah T 100 243
3.2 |B EEE 88 45(
3.3 |[C u 50 275
1.1 |Ah u 115 30(
1.2 |B u 80 280
g (1.3 |C u 175 268
R [2.1 [an T 128 325
2 22 |B T 57 271
2 (2.3 |C u 94 324
S [31 [an T T 75 220
3.2 [B = 80 100
3.3 |C
1.1 |Ah m 100 217
1.2 |B = 100 40(
< |13 [C m 260 26(
S [2.1 |Ah T 120 33(
N 122 [B T 150 30(
:% 2.3 [C
3.1 [Ah T 90 35(
3.2 (B m 83 30(
3.3 |C = 100 40(
1.1 |Ah u 80 25(
1.2 |B u 57 163
< |13 ]C u 517 583
S (2.1 [Ah T 108 424
<[22 |B L 220 39¢
3 23 ]c u 150 15(
3.1 |Ah u 125 40(
3.2 |B u 80 260
3.3 |[C u 50 360
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Iron coatings and replacement of organic material @ot likely to be affected by the
oxidation experiments but do tell us something &bihe soil environment present at
Wandlebury. Iron nodules and staining, on the olfzgrd, are more susceptible to changes in
the level of oxygen introduced into the soil enmiment. Figures 4.34 to 4.36 show how these

changes in oxidation rates affect the presencenfriodules and iron staining.

Iron Nodules Vs Iron Staining for Wandlebury Oven Dried Experiment Group

Ah

Soil Horizon
)

0 5 10 15 20 25 30 35 40 45
Percent

‘El Iron Nodules Iron Stainind

Figure 4.34. Mean percentage of iron nodules andadn staining, and the seasonal variation (error barns
for the oven dried experiment group at Wandlebury.

Figure 4.34 shows that iron nodules are more peewahan iron staining in the oven dried
experiment group, which confirms that iron nodufean in reaction to rapid oxidation.
Conversely, figure 4.35 shows that iron stainingi@e prevalent than iron nodules in the air
dried experiment group, which confirms that iroaising forms in reaction to slow oxidation.
The results for the control group (figure 4.36)whbat iron staining is more prevalent than
iron nodules. As the control group were sampledaasn situ representation of the soil
environment at Wandlebury, this result could rdfline land use history of the area, which
includes not only pastoral use but also agricultactivities, and it is likely that some burning
has taken place on this landscape. Finally, thepears to be some seasonal variation in the
percentage of iron nodules for each experimentgrdhis may be the result of variation in
the amount of soil moisture within the soil, andréfore, variable amounts of ferrous iron to

oxidise into nodular ferric iron.
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Iron Nodules Vs Iron Staining for Wandlebury Air Dr ied Experiment Group
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Figure 4.35. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the air dried experiment group at Wandlebury.

Iron Nodules Vs Iron Staining for Wandlebury Control Group
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Figure 4.36. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the control group at Wandlebury.
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4.3.2.3 Organic Material

Table 4.11 presents the percentage frequencieprasdrvation state for the organic material
identified through soil micromorphological analysia addition to the frequencies and the
state of preservation of the organic material size range for celled material, and whether or

not the organic material is associated with irordexis also noted (appendix F).

The soils at Wandlebury are rich in organic mateaiad are dominated by fine organic
punctuations and amorphous organic matter. Thigast likely the result of both the general
oxidising conditions of the soil and the faunaliatt within the soil, evident through
crystallitic earthworm excretions. There does mpgear to be great variation either seasonally
or between oxidation experiments. Charcoal is alddent throughout the profile in ranges
both above and below 100um, which can be attribtmepast land use at the site. Celled
organic material is also present in various stagedecomposition, although the pattern of
distribution suggests that no clear link can be enb@tween the organic material and
oxidation experiments. As discussed earlier, thmagosition of the celled plant material is
ranked by number, 1 being the least decayed andeibgbthe most decayed. The
predominance of organic material in the red-browvage would indicate that iron is being
released from the organic material at this staggesbmposition (Babel 1981). This process
may be attributed to microbial activity, along witie aeration of the soil via bioturbation.
While the level of preservation of the organic mialeat Wandlebury cannot be directly
linked to the effects of the oxidation experimeittgloes provide valuable information about

the processes occurring within the natural soiiremvwnent.
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Table 4.11. Percentage of organic material for Warldbury identified through micromorphological analysis.

Sample (Sail Amorphous Charcoal Celled PlectenchymalPollen
Number |Horizon |Punctuations |Matter <100um | >100um | Lignified Parenchynatic [Phlobaphene |(Fungi)
1.1 |Ah EEEEEEE |EEEEE |[EEE u " 13 m 13 m 45
1.2 |B EEEEEEE |EEEEE |[EEEE T " 13 " 1 " 13
3813 |c EEEEEEE |EEEEE |[EEE T m 13 m 5 " 13 u
& 21 |an EEEEEEE |EEEE EEEE T " 12 " 12 " 12
g 22 [B EEEEEEE |EEEE 1T T m 15 m 35
g |23 |c EEEEEEE |EEEE EEEE u " 12 m 35 u
O [3.1 |Ah EEEEEENE (EEEEE |[EEEE T m 12 m 13 m 3 m 35
3.2 |B EEEEEEE |EEEE 1T T m 12 m 23 " 3
3.3 |C EEEEEEE |EEEE 1T T m 14 m 12 n
1.1 |Ah EEEEEEE |EEEE 1T u mm 1-3 m 13 m 45 ]
1.2 |B EEEEEEE |EEEE 1T u ] m 13 n
S 13 |c EEEEEEE (EEEE 1T u
Q& [21 |an EEEEEEE |EEEE 1T T m 13 n
% 22 [B EEEEEEE |EEEE MTTT] 1T m 23 u
2 [2.3 |C EEEEEEE |EEEE 1T T " 12 n
S [31 [an EEEEEEE |EEEEE |[EEE ] um 12 m 12 m 35 ]
3.2 |B EEEEEEE |EEEE 1T T EE 25 " 3 m 35 u
3.3 |[C EEEEEEE |EEEE 1T T m 12 EEE 3 m 35 n
1.1 |Ah EEEEEEE |EEEE 1T T mm 1-3 " 13 " 3 m 35
1.2 |B EEEEEEE |EEEE 1T T m 13 m 35 ™
< 1.3 |C EEEEEE EEEE 1T u m 23 u
8 (2.1 [Ah EEEEEEE [EEEEE |[EEE u m 45 m 14 n
N[22 |B EEEEEEE |EEEE 1T u m 25 m 35 m 3 u
g 23 |C EEEEEEE |EEEE 1T u
3.1 |Ah EEEEEEE |EEEEE |[EEE T EEE 13 |mEm 1-2 " 3
3.2 |B EEEEEEE |EEEE 1T u mm 1-3 m 23 mm 3 m 35 u
3.3 |C EEEEEEE (EEEE EEEE T um 23 m 12 " 3 m 35 ]
1.1 |Ah EEEEEEE |EEEEE |[EEE u m 23 " 3 u
1.2 |B EEEEEEE |EEEE 1T T m 3 n
< 1.3 |C EEEEEEE |EEEE 1T T m 35 ]
S [2.1 |Ah EEEEEEE [EEEEE |[EEE T m 13 m 13 n
‘; 22 [B EEEEEEE |EEEE 1T T 1 u
3 [23 [C EEEEEEE |EEEE 1T u " 13 m 45 n
3.1 |Ah EEEEEEE |EEEEE |[EEE T mm 1-3 m 23 m 3 m 35 ]
3.2 |B EEEEEEE |EEEE 1T u mm 2-3 m 35 " 3 n
3.3 |C EEEEEEE (EEEE 1T ] m 23 m 35 " 3 m 35 ]
Key: M <2%, HE 2-5%, NEE 5-10%, ENEE 10-20%, ENEEE 20-30%, ENEEEE 30-40%, ENEEEEE 40-50%, INEEEEEE 50-60%, ANEEEEEEE 60-70%
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4.3.3 CDB for a Rendzina

The bulk and micromorphological data for Wandlebuveyeal little seasonal variation or

variation between experiment groups. The most notigay feature of the soils at Wandlebury
is the high magnetic susceptibility in conjunctieith high quantities of iron and manganese.
As highlighted earlier, this is likely to be a ditaesult of past land use at Wandlebury. In
addition, the iron and manganese present at Wamglemmost likely originates from the

organic component of the soil, as is supportedheyliulk analyses data correlations, and
evidence of biotic redox processes and organicrdposition present in the more organic-

rich horizons of the soil profile.

The comparative database (CDB), as representetebiwio graphs below (figures 4.37 and
4.38), was formed by combining the bulk and soilcnainorphological data for the
experiment groups at Wandlebury. These graphsiglgithe variables that are most likely to
provide the best representation of the oxidatiomirenment within the soil, in a way that is

functional and clear as a reference guide to gaugiaservation.

Given the lack of significant seasonal variation déach of the bulk and micromorphological
analyses, the means for each variable have beentagermulate the graphs in figures 4.37
and 4.38 in reference to their soil depth and lsoflzon. For each figure, a sedimentological
key is provided to represent the soil profile & Hite, and the corresponding bulk and soll
micromorphological results are mapped out in acwocd with their context in the soil
profile. Two variables from the soil micromorphoicgl analyses have been used for these
graphs: iron nodules and iron staining, as theseahlas prove the most informative for
determining the oxidation and/or hydrological eowiment for a typical rendzina such as

Wandlebury.
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Wandlebury Oven Dried Experiment Group
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Figure 4.37. The comparative database (CDB) for thé&/andlebury oven dried experiment group.
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Wandlebury Air Dried Experiment Group
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Figure 4.38. The comparative database (CDB) for th&/andlebury air dried experiment group.
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The bulk analyses results for both the oven drigdeement group and the air dried
experiment group are very similar with no significadifferences. However, the two
micromorphological variables, iron nodules and istaining, have inverse relationships for
each of the experiment groups. That is, the oveésddexperiment group, representing the
rapid introduction of oxygen into the soil environmehis a higher proportion of iron
nodules to iron staining. However, the air dried experimgnoup, representing th&low
introduction of oxygen into the soil environmen&sha higher proportion of irastaining to
iron nodules. Therefore, iron staining and iron uled, as identified through soil
micromorphology, are the most informative variadi@sidentifying the oxidation processes
within the soil environment. Although it is not aleif the decomposition of organic material
was directly affected by the oxidation experimeatt&Vandlebury, | propose that given time
these effects will be more clearly demarcated. H@awethere is another factor which will
affect the organic material at this site, and thdhe respiration and consumption activities of
micro-organisms, particularly in reference to redprocesses, as is evident from the
prevalence of iron replacement. The depositionepadt of iron oxide in soils/sediments via
microbial activity are ambiguous (cf. Fortin andnigéey 2005). It is, therefore, difficult to
know how this activity will influence the effectimess of the CDB for deposits where
microbial activity is present. In light of this,ghnferences made from the application of the
CDB for rendzinas must be considered with care,thacefore, some reservations.
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4.4 SA\VERNAKE

Savernake is an acidic argillic pelosol under ak fmest environment with a seasonally
fluctuating groundwater table. The results of tlhiklkand soil micromorphological analyses

(see table 3.1 in section 3.2) follow for each eixpent group.

4.4.1 Bulk Analyses Data

A suite of bulk analyses were conducted on the alreed and air dried bulk samples (see
table 3.1 in section 3.2). Moisture content and VWere recorded prior to the oxidation
experiments and rainfall data was collected frommeBiwy Services. The results for each

analysis for the oven dried group are presented, tielowed by the results for the air dried

group.

4.4.1.1 The Normal Curve and Seasonal Variation

The data for each analysis were tested for normstilaltion by using a one-sampled K-S test
(Field 2005). If the result ip>.05, then the data are deemed normally distributbad results
of this test for all the bulk analyses (oven drggdup followed by air dried group) are

presented in tables 4.12 and 4.13.
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Table 4.12. Results of the normal distribution tesfor the oven dried group across all seasons. Thalue highlighted in bright blue indicates that thisgroup is not normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Savernake Oven Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) [ Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

N 24 24 24 24 24 24 24 24 24 24 24
Normal Parametersab  Mean 35250.00 351.29 2.44 15.78 2.05 8.85 4.09 97.31 327.39 19.87 35.39
Std. Deviation 7987.93 146.15 1.03 4.00 .51 5.36 .22 55.93 20.18 9.63 26.34

Most Extreme Absolute .26 .14 13 A1 .23 .25 12 .29 13 13 .21
Differences Positive 26 14 13 A1 23 25 .10 29 13 .07 21
Negative -.16 -.10 -.07 -11 -13 -.18 -12 -.23 -.10 -13 -.16

Kolmogorov-Smirnov Z 1.26 .68 .64 .53 1.14 1.24 .60 1.43 .63 .62 1.02
Asymp. Sig. (2-tailed) .08 75 .80 .94 .15 .09 .87 .03 .83 .83 .24

a. Test distribution is Normal.

b. Calculated from data.

Table 4.13. Results of the normal distribution tesfor the air dried group across all seasons. The U highlighted in bright blue indicates that thisgroup is not normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Savernake Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

N 24 24 24 24 24 24 24 24 24 24 24
Normal ParametersaP  Mean 41350.00 343.88 2.39 17.70 2.58 8.99 4.10 85.61 334.53 19.87 35.39
Std. Deviation 9359.86 115.04 .83 3.70 .83 7.04 .14 35.52 17.97 9.63 26.34

Most Extreme Absolute .15 .16 17 .20 27 .29 .16 .26 .19 .13 .21
Differences Positive 15 16 17 .09 27 29 .08 26 19 .07 21
Negative -.10 -.06 -11 -.20 -17 -22 -.16 -.20 -.16 -13 -.16

Kolmogorov-Smirnov Z .74 .76 .85 .96 1.32 1.41 .76 1.27 91 .62 1.02
Asymp. Sig. (2-tailed) .65 .60 46 .32 .06 .04 61 .08 .38 .83 24

a. Test distribution is Normal.
b. Calculated from data.
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Data from the oven dried experiment group for Saake are normally distributed except for
the EC data. The data from the air dried experinggoup for Savernake are normally
distributed with the exception of %OM (LOI). In @dto assess seasonal variability at
Savernake, the means and standard errors werelatatufor each bulk analysis and
experiment group. The results are presented usangytaphs with error bars, as in figures
4.39 to 4.49 below.

Figures 4.39 to 4.47 represent seasonal variaboredch of the bulk analyses for both the
oven dried and the air dried experiment groupss@wal variation for Savernake is more
apparent than the other sites, largely becauskeoimpermeable nature of the soils and the
seasonally fluctuating groundwater table. Therelaee variables that remain constant across
seasons and oxidation experiment groups: %Clagxredtential and pH (figures 4.43, 4.47
and 4.45). While there is seasonal variation for Me, MS and EC, there is no significant
variation between experiment groups (figures 44380, 4.44 and 4.46). This is expected as
physical properties, such as these, are not liteelye affected by the oxidation experiments.
Similarly, there does not appear to be any sigaific/ariability between experiment groups
for %Water or %OM, with the exception of the 0-5samples in both cases (figures 4.41 and
4.42). These variables are slightly increased Herdir dried experiment group (more so for
%Water than %OM), which suggests that the clay@Ntare holding more moisture in this
group. As this material is more susceptible to mgdn moisture than other more freely
draining soils, the air dried samples may have rdesbatmospheric moisture. Whereas the
oven dried samples were not exposed to atmospbenditions, the air dried samples were
exposed over a three month period in varying sedsmnditions. The variability of %OM
between experiment groups and seasonal variakilityin experiment groups is smaller than
%Water, and although every effort was made to ensareful collection of the samples, the
inclusion of some of the decomposing leaf littesome of the samples may be the cause for
the variability in %OM.

Seasonal variation for Fe and Mn is likely to be tbsult of the fluctuating groundwater table
and subsequent redox processes. During periodglognoundwater table, the Fe and Mn are
reduced and carried away in solution, while in @&si of low groundwater table the Fe and
Mn remain oxidised, and therefore, immobile. In itdd, there appears to be greater
variation in the upper, organic-rich horizon, whatuld be the result of decomposing organic
material and the subsequent release of plant ntdriencluding Fe and Mn. Further, there is a
similar pattern of seasonal variation for MS (figut.44) and these results appear to reflect
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more directly the patterns of Mn (figure 4.40) tHam (figure 4.39), which suggests that the
MS readings are more a reflection of Mn than Fggesting that the Fe present at Savernake
Is not highly magnetic. This appears to be confdrbg the negative correlation between Fe

and MS, as discussed further below.

The seasonal variation for %Water (figure 4.41path experiment groups is likely to be a
result of the ability for clays to hold water: iretter periods the soil will hold more water
than in drier periods (see figures 2.11a and keatien 2.11.3). This pattern is also reflected
in the results for moisture content (figure 4.48)YC (figure 4.49), and EC (figure 4.46). As

discussed in the previous chapter, EC is affecteddd type, moisture and organic material
(Carroll and Oliver 2005). Clay-rich soils are maikesly to hold moisture than sandy soils
and the water holding capacity of organic mateaiab affects the availability of soluble salts
(ibid). Therefore, the similarities in patterns betw&# %Water and %OM are reasonable.
Further, the lower EC values and decrease in vityabowards the bottom of the profile

could reflect the effects of the fluctuating growader table, carrying away the soluble salts

in solution, effectively leaching the soil of thesarients.
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Total Fe (ICP-AES) for Savernake Experiment Groups
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Figure 4.39. Mean and standard error for total Fe [CP-AES) to determine seasonal variation for both e
oven dried and air dried experiment groups.

Total Mn (ICP-AES) for Savernake Experiment Groups
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Figure 4.40. Mean and standard error for total Mn (CP-AES) to determine seasonal variation for both
the oven dried and air dried experiment groups.
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% Water (LOI) for Savernake Experiment Groups

Sample Depth (cm)

25-30cm
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Figure 4.41. Mean and standard error for %Water (LOI) to determine seasonal variation for both the
oven dried and air dried experiment groups.

% Organic Matter (LOI) for Savernake Experiment Gro ups
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Figure 4.42. Mean and standard error for %Organic Matter (LOI) to determine seasonal variation for
both the oven dried and air dried experiment groups
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% Clay (PSD) for Savernake Experiment Groups

Sample Depth (cm)
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Figure 4.43. Mean and standard error for %Clay (PSD to determine seasonal variation for both the oven
dried and air dried experiment groups.

Magnetic Susceptibility for Savernake Experiment Gbups
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Figure 4.44. Mean and standard error for magnetic gsceptibility to determine seasonal variation for loth
the oven dried and air dried experiment groups.
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pH for Savernake Experiment Groups
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Figure 4.45. Mean and standard error for pH to detemine seasonal variation for both the oven dried ad
air dried experiment groups.

Electrical Conductivity for Savernake Experiment Groups
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Figure 4.46. Mean and standard error for electricalconductivity to determine seasonal variation for bth
the oven dried and air dried experiment groups.

117



Redox Potential for Savernake Experiment Groups

Sample Depth (cm)
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Figure 4.47. Mean and standard error for redox potatial to determine seasonal variation for both the
oven dried and air dried experiment groups.

Savernake Moisture Content (%)
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Figure 4.48. Mean and standard error to determine sasonal variation for the moisture content, taken
prior to the oxidation experiments.
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Savernake TDR Moisture Meter - VWC (%)
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Figure 4.49. Mean and standard error to determine @asonal variation in soil moisture for the in-field
measurements taken prior to sampling.

The results from the moisture content (figure 4.48)ich is the percentage of moisture in the
soil prior to the oxidation experiments, and the &\Wom the in-field TDR moisture meter
readings (figure 4.49) show more variation betwsessons than the other bulk analyses data.
This is expected as variation in rainfall will haaelirect influence on the moisture readings
for the soil. The rainfall records for the collexti seasons show great variability with
particularly dry seasons in autumn 2003 (whicholekd one of the driest summers on record
in the UK) and summer 2004 (figure 4.50). Unfortieéhyg due to unforseen circumstances,
the collection of rainfall data for Savernake otrex spring of 2004 was not carried out (Tom

Buchanan, Forestry Services, pers. comm.).
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Average Monthly Rainfall for Savernake Forest

35

Rainfall (mm)
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Season

Figure 4.50. Total rainfall for Savernake from autumn 2003 to summer 2004 (October 2003, January,
April and July, 2004). Unfortunately no data was ctlected for spring 2004 (data supplied by Forestry
Services).

More curious for the moisture content and VWC rissig the distinct difference between

levels of moisture recorded from in-field readirayed laboratory readings. This is possibly
the result of the clay-rich, impermeable naturéhef soils at Savernake. It is likely that in the
field, the soils create pockets of water, which &apped within the structure of the

impermeable clay, and the probes from the moistueter may have measured the moisture
levels in these pockets. The moisture content nggdivere taken from samples collected in
the field and the disturbance of the soil from tdlection would have released any excess

moisture trapped within the clay.

4.4.1.2 Correlation Coefficients and Relationships

As the data for both the oven dried experiment grand air dried experiment group for
Savernake are not normally distributed (tables 44@ 4.13), Spearman’s rho correlation
coefficient was used to highlight relationshipsizxtn the different analytical variables (Field
2005). Although relationships between variables ewexxpected, the direction of the
relationships was not predicted; therefore, a tared significance test was usebiiq). These

results are presented in tables 4.14 and 4.15 below
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Table 4.14. Spearman’s rho correlation was used fdhe Savernake oven dried experiment group as theath are not normally distributed. Significant correlations are

highlighted.
Correlations for Savernake Oven Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)
Spearman's rho ~ Fe (ppm) Correlation Coefficient 1.000 428 -.468* .668*4 -.508* -.719% 429* -.599*1 .630*4 .007 .085
Sig. (2-tailed) . .037 .021 .000 .011 .000 .037 .002 .001 .976 .693
N 24 24 24 24 24 24 24 24 24 24 24
Mn (ppm) Correlation Coefficient .428* 1.000 .164 .207 -.027 .088 -.042 .049 .316 .229 -.063
Sig. (2-tailed) .037 . 444 331 .900 .682 .846 .820 .133 .282 771
N 24 24 24 24 24 24 24 24 24 24 24

Magnetic Susceptibility ~ Correlation Coefficient -.468* .164 1.000 -.291 414 776 -.169 404 -.539*4 -.140 -.542*4
(SI Units) Sig. (2-tailed) .021 444 167 .044 .000 431 .050 .007 514 .006
N 24 24 24 24 24 24 24 24 24 24 24
% Clay (PSD) Correlation Coefficient .668** .207 -.291 1.000 -.341 -.430% 170 -.376 .285 -.061 -.035
Sig. (2-tailed) .000 331 167 . .103 .036 428 .070 177 778 .872
N 24 24 24 24 24 24 24 24 24 24 24
% Water (LOI) Correlation Coefficient -.508* -.027 414* -.341 1.000 . 754*4 -.367 .704*4 -.302 -.195 -.130
Sig. (2-tailed) .011 .900 .044 .103 . .000 .078 .000 .152 .362 .545
N 24 24 24 24 24 24 24 24 24 24 24
% Organic Matter (LOI) Correlation Coefficient - 719%4 .088 776% -.430* 754% 1.000 -.503* .769*Y -.545*4 -.072 -.292
Sig. (2-tailed) .000 .682 .000 .036 .000 . .012 .000 .006 .738 .166
N 24 24 24 24 24 24 24 24 24 24 24

pH Value Correlation Coefficient 429* -.042 -.169 .170 -.367 -.503* 1.000 -.690* -117 -.579% -.532*4
Sig. (2-tailed) .037 .846 431 428 .078 .012 . .000 .585 .003 .007
N 24 24 24 24 24 24 24 24 24 24 24
Electrical Conductivity ~ Correlation Coefficient -.599*4 .049 404 -.376 704 .769*Y -.690*4 1.000 -.209 274 .187
(HS) Sig. (2-tailed) .002 .820 .050 .070 .000 .000 .000 . .327 195 383
N 24 24 24 24 24 24 24 24 24 24 24

Redox (mV) Correlation Coefficient .630*4 .316 -.539%4 .285 -.302 -.545*4 -.117 -.209 1.000 .410* .553*
Sig. (2-tailed) .001 133 .007 77 .152 .006 .585 .327 . .047 .005
N 24 24 24 24 24 24 24 24 24 24 24

Bulk Density (%) Correlation Coefficient .007 .229 -.140 -.061 -.195 -.072 -.579*4 274 .410* 1.000 .694*4
Sig. (2-tailed) 976 .282 .514 778 .362 .738 .003 .195 .047 . .000
N 24 24 24 24 24 24 24 24 24 24 24
Volumetric Water Correlation Coefficient .085 -.063 -.542%4 -.035 -.130 -.292 -.532*4 .187 .553*4 6944 1.000
Content (%) Sig. (2-tailed) .693 771 .006 .872 .545 .166 .007 .383 .005 .000 .
N 24 24 24 24 24 24 24 24 24 24 24

*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).
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Correlations with significance levels p&.05 andp<.01 are marked by asterisks in each of
the correlation tables. | will first discuss theredations for the oven dried experiment group,
followed by the air dried experiment group for Sanadke.

In the oven dried experiment group (table 4.14)dlee several correlations between Fe and
other variables, including Mn (= .428,p<.05), MS (¢ = -.468,p<.05), %Clay (¢ = .668,
p<.0001), %Water {r= -.508,p<.05), %OM (g = -.719,p<.0001), pH (¢ = .429,p<.05),
redox (g =.630,p<.001), and EC {r= -.599,p<.01). The positive correlation between Fe and
Mn is expected as these minerals are often asedcigith each other and behave in similar
ways. The negative correlation between Fe and Miates that the Fe present in the soils at
Savernake does not necessarily have magnetic piexpdt is possible that the MS readings
are influenced by other magnetically susceptiblearals, such as Mn (Coey 1988). However,
there is no significant correlation between Mn an8, which suggests that other minerals
may be contributing to the readings, such as coppdrcobalt, which are associated with
plant material (appendix G, table G-3). The relalup between Fe and %Clay is expected as
Fe often combines with clay and can travel throtighsoil profile via illuviation processes.
This is supported by the presence of iron-rich dagtings of grains and voids increasing
down profile, as identified by the soil micromorpbgical analyses below. The negative
correlation between Fe and %Water may be the redufedox processes with Fe being
carried away with the fluctuating groundwater tallenversely, with lower levels of water
present in the solil, the iron oxidises and becommesobile, thereby resulting in higher levels
of Fe and a lower percentage of water. The negatoreelation between %OM and Fe
suggests a small quantity of Fe in the solil isinating from the decomposition of OM,
which supports the high quantities of OM present the 0-5cm samples and the
proportionately low quantity of OM in the lower bkdiorizons. This pattern is further

supported by the soil micromorphological analyselsw.

The negative correlation between Fe and EC refteetselationship between %Water and Fe,
suggesting that a large portion of soluble saltseing leached from the soil with the natural
fluctuations of the groundwater table. Further, plagtern of distribution for EC reflects this
with a decrease in EC down profile. Likewise, tlosipve correlation between redox and Fe
suggests that the deposition of Fe is largely deégeinon redox processes and the associated
fluctuations of the groundwater table, which arspansible for the iron oxidation at

Savernake. The final correlation with Fe is pH, agldtive to the range of pH (3.6-4.6), the
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positive correlation between these variables isetqu, as acidic conditions are conducive to
high quantities of Fe in the soil (Loeppert andkbep 1996).

The positive correlation between MS and %OWHr.776,p<.0001) suggests that the source
of the MS readings is more likely to be the decosipmn of OM in the soil than other
minerals, such as Fe and Mn, indicating that othmagnetic plant minerals may be
contributing to the MS of the soils at Savernakewiver, the positive correlation between
MS and %Water (r= .414,p<.05) remains unclear, and is perhaps more a tifteof the
similarities in the distribution pattern down thal rofile for the two variables. The negative
correlation between MS and redox £r-.539,p<.01) supports the idea that the MS readings
are not associated with deposition of Fe and Mretx processes. The negative correlation
between MS and VWC {r= -.542,p<.01) remains unclear, and similar to %Water, this
correlation is most likely a representation of th&ttern of distribution for each of the

variables.

The negative correlation between %Clay and %OM: (+.430,p<.05) reflects the idea that
there is a larger quantity of clay present in tbié than OM, which supports that the majority
of Fe and Mn present in the soil is originatingnfréhe clay component of the soil and the
associated redox processes, as opposed to the plesition of OM. The positive correlations
between %Water and %OMs @& .754,p<.0001) and %Water and EC & .704,p<.0001)
suggest that the OM is retaining some of the muasaifter the oxidation experiment, and the
relationship between %Water and EC is expectedamgssoluble salts available will be
retained in the moisture content of the soil. Thsifive correlation between EC and %OM
(rs= .769,p<.0001) further supports the inference that moestartrapped within the organic
component of the soil. There is a negative colmabetween pH and %OM, which is
expected as the decomposition of OM and the sulksegalease of natural acids causes an
increase in the acidity of the soil, i.e. the higtiee organic content, the lower the pH. The
strong negative correlation between redox and %@M: (-.545,p<.01) suggests that the
more oxidised the environment, the lower the qiardaf OM. As the redox potential for
Savernake shows highly oxidised conditions, thiati@ship is expected as oxygen is a key
factor in the decomposition of OM.

The negative correlations between pH and moistargent (¢ = -.579,p<.01) and between

pH and VWC (¢ = -.532,p<.01) reflect the acidity of the soil and the higkiels of moisture
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Table 4.15. Spearman’s rho correlation was

used fathe Savernake air dried experiment group as the da are not normally distributed. Significant correlations are

highlighted.
Correlations for Savernake Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) [ Mn (ppm) (SI Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)
Spearman's rho  Fe (ppm) Correlation Coefficient 1.000 -.295 -.622*4 .808*+ -.290 -.517* 6274 -.432* .363 -.122 .042
Sig. (2-tailed) . 162 .001 .000 .169 .010 .001 .035 .081 .569 .844
N 24 24 24 24 24 24 24 24 24 24 24
Mn (ppm) Correlation Coefficient -.295 1.000 277 -.346 118 .165 -.368 .053 -.038 -.013 -.088
Sig. (2-tailed) 162 . .189 .098 .582 440 .077 .804 .859 .952 .682
N 24 24 24 24 24 24 24 24 24 24 24
Magnetic Susceptibility ~ Correlation Coefficient -.622*4 277 1.000 -.564*4 .260 .435* -.320 122 -.495* -.031 -.343
(Sl Units) Sig. (2-tailed) .001 .189 .004 220 .034 128 569 .014 .885 101
N 24 24 24 24 24 24 24 24 24 24 24
% Clay (PSD) Correlation Coefficient .808* -.346 -.564*4 1.000 -.286 -.611*4 .699*4 -.528*4 412 .029 113
Sig. (2-tailed) .000 .098 .004 . 175 .002 .000 .008 .045 .894 .600
N 24 24 24 24 24 24 24 24 24 24 24
% Water (LOI) Correlation Coefficient -.290 118 .260 -.286 1.000 7574 -.594*4 .546*4 -.312 -.319 -.187
Sig. (2-tailed) .169 .582 .220 175 . .000 .002 .006 .138 129 .381
N 24 24 24 24 24 24 24 24 24 24 24
% Organic Matter (LOI) Correlation Coefficient -.517*4 .165 .435* -.611*4 7574 1.000 -.839*4 .718*4 -.641*4 -.077 -.155
Sig. (2-tailed) .010 .440 .034 .002 .000 . .000 .000 .001 722 469
N 24 24 24 24 24 24 24 24 24 24 24
pH Value Correlation Coefficient .627*4 -.368 -.320 .699*4 -.594*4 -.839*4 1.000 -.871*4 .433* =177 -.094
Sig. (2-tailed) .001 .077 .128 .000 .002 .000 . .000 .034 .408 .662
N 24 24 24 24 24 24 24 24 24 24 24
Electrical Conductivity ~ Correlation Coefficient -.432% .053 122 -.528*4 .546* .718* -.871*4 1.000 -271 .223 191
(us) Sig. (2-tailed) .035 .804 569 .008 .006 .000 .000 . .199 .296 372
N 24 24 24 24 24 24 24 24 24 24 24

Redox (mV) Correlation Coefficient .363 -.038 -.495* 412* -.312 -.641*4 .433* =271 1.000 .246 .507*
Sig. (2-tailed) .081 .859 .014 .045 .138 .001 .034 .199 . .246 .012
N 24 24 24 24 24 24 24 24 24 24 24

Bulk Density (%) Correlation Coefficient -.122 -.013 -.031 .029 -.319 -.077 -177 .223 .246 1.000 .694*4
Sig. (2-tailed) .569 .952 .885 .894 129 722 .408 .296 .246 . .000
N 24 24 24 24 24 24 24 24 24 24 24
Volumetric Water Correlation Coefficient .042 -.088 -.343 113 -.187 -.155 -.094 191 .507* .694*4 1.000
Content (%) Sig. (2-tailed) 844 682 .101 .600 381 469 662 372 .012 .000 .
N 24 24 24 24 24 24 24 24 24 24 24

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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in the soils prior to the oxidation experimentalidition, the relationship between EC and pH
(rs = -.690,p<.0001) reflects the acidity of the soil and thaikability of soluble salts through
the high moisture levels in the soil. Finally, tpesitive correlations between redox and
moisture content {r= .410,p<.05) and redox and VWCs(¥ .553,p<.01) suggest that redox
processes in the soils at Savernake are diredtlyeimced by water content, supporting cycles
of reducing and oxidising conditions in relation the seasonal fluctuations of the

groundwater table.

The correlations of Fe with other variables in #ivredried experiment group (table 4.15) are
similar to the correlations in the oven dried expent group. These include Fe and MSHr
-.622,p<.001), Fe and %Clay«rF .808,p<.0001), Fe and %OM (F -.517,p<.01), Fe and
pH (rs = .627,p<.001), and Fe and ECs(r -.432, p<.05). Similar to the oven dried
experiment group, the negative correlation betweerand MS for the air dried experiment
group indicates that there is no magnetically spisioie Fe present in the soils at Savernake
(see appendix G, table G-3 for other contributorthe MS readings). Also, the relationship
between Fe and %Clay is expected as Fe often ceswith clay and can travel through the
soil profile via illuviation processes, which isrfiser supported by the increasing presence of
iron-rich clay coatings of voids and grains downofpe, as identified by the soil
micromorphological analyses below. Further, theatigg correlation between %OM and Fe
suggests a small quantity of Fe in the soil isinating from the decomposition of OM,
which supports the high quantities of OM present the 0-5cm samples and the
proportionately low quantity of OM in the lower kdiorizons. The positive correlation
between Fe and pH is expected, as relative toathger of pH (3.6-4.6), the acidic conditions
are conducive to high quantities of Fe in the Sidile negative correlation between Fe and EC
remains unclear, as unlike the oven dried experirgesup, there is no relationship between
Fe and %Water or any other measure of soil moistdmvever, the correlation between
%Water and %OM {r= .757,p<.0001) suggests that the available water is healdinvthe
organic component of the soil, and given the catieh of Fe with %OM, it is possible that

the correlation of Fe with EC is reflecting thisatenship.

The negative correlation between MS and %Clay @:564,p<.01) supports the idea that the
magnetically susceptible minerals are not partefdlay component of the soil but are more
likely to be originating from the breakdown of ONhan from redox processes via the
fluctuating groundwater table. This is further donkd by the positive correlation of MS
with %0OM (r; = .435,p<.05). In addition, the negative correlation betwd&S and redox
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(rs= -.495,p<.05) reflects the relationship between Fe and MS3hat redox processes are
responsible for the deposition of Fe in the soibavernake but that this Fe deposition is not

magnetically susceptible.

There are several correlations between %Clay amer eariables, such as %OM & -.611,
p<.01), pH (¢ = .699,p<.0001), EC (¢ = -.528,p<.01) and redox {r= .412,p<.05). The
negative correlation between %Clay and %OM refldutsidea that there is a larger quantity
of clay present in the soil than OM, which is iregment with the oven dried experiment
group, and suggests that the majority of Fe andokésent in the soil is originating from the
clay component of the soil and the associated replmcesses, rather than from the
decomposition of OM. Relative to the acidic rangeSavernake, the positive correlation
between pH and %Clay is expected as Savernakehsioh in clay and acidity. The positive
correlation between %Clay and EC suggests that soaoisture is being retained within the
clay fabric of the soil, thereby trapping availabtduble salts. This result is expected as clays
are known to be more conducive to such conditibags imore sandy soils (Carroll and Oliver
2005). This further suggests that the air dried@asnare retaining more moisture in the clay
component of the soil than the oven dried sampaled,is supported in the variations in soil
porosity in the soil micromorphological analysedole The positive relationship between
%Clay and redox suggests that clay plays an importde in redox processes, i.e. clays are
conducive to reducing and oxidising cycles andirés soluble form, bonds well with clay
when oxidised (Limbrey 1975; Loeppert and Inske@p6).

The negative relationship between %Water and pH {1594,p<.01) is expected as the site is
acidic and the impermeable nature of the soil isdagive to water retention, even under
oxidising conditions. Further, the variation in agpheric moisture during the air drying of
the soils could have affected the moisture cométite soils more so than for the oven dried
experiment group. The positive correlation betwégwWater and EC {r= .546,p<.01) is
expected as EC is a measure of the available sokdits, which are retained in the water
content of the soil. In addition, the negative etation between EC and pHs & -.871,
p<.0001) reflects that of %Water and pH and EC aNdeier, suggesting free availability of
soluble salts and the acidity of the soil environtne

The negative correlation between %0OM and pH:(+.839,p<.0001) is expected as the site is
acidic and an increase in OM can, in turn, incrdaseacidity of the soil environment. The
relationship between %OM and EG & .718,p<.0001) is expected as moisture can be
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retained within the organic component of the sod &C is known to be affected by the soil
OM content (Carroll and Oliver 2005). Similar toetloven dried experiment group, the
negative correlation between %OM and redex=(r.641,p<.001) supports the relationship
between Fe and %OM and suggests that the role offGNe redox processes at Savernake is
minimal, and that the redox processes that areronguare more likely to be the result of the
fluctuating groundwater table. The positive relasbip between pH and redox & .433,
p<.05) suggests that relative to the pH range ofsites the soils at Savernake are conducive
to redox processes. Further, the positive cormabetween redox and VWC(x .507,
p<.05) lends support to the occurrence of reducimg @xidising conditions in relation to

fluctuating groundwater levels.

The correlation between moisture content and VWG (1694,p<.0001) is present in tables
4.14 and 4.15. The correlations in these tablesdargical as they were taken as a control for
the moisture in the soil prior to the drying oufpperments. The strong positive correlation
between these variables confirms the accuracy thf tnethods: moisture content is a measure
of soil moisture before drying out, and is as clasé-field moisture levels as possible in a
laboratory environment, and VWC is a direct indiekading of the soil moisture content at

Savernake.

Finally, the lack of correlation of Mn with any @hvariables in the air dried experiment
group, and with only one correlation with Fe in theen dried experiment group, suggests
that Mn plays a minor role in the soil formationopesses at Savernake, in spite of its
presence in large quantities, especially with rédarthe seasonally fluctuating groundwater

levels and consequent redox processes.

4.4.2 Soil Micromorphology

Soil micromorphological analyses were carried autdfach experiment group: oven dried, air
dried and control, with particular focus on micrasture, relative porosity, iron oxide
deposition, and organic material (appendix F). dascriptions follow Bulloclet al. (1985)
and Stoops (2003) and the coarse-fine limit fordbis at Savernake is set at 20um. | will
first provide a brief description of the soil mistaucture and porosity, followed by more

detail on iron oxide deposition and organic materia
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4.4.2.1 Microstructure and Porosity

The fine fraction of the soils at Savernake is 4rmh silty clay with an organic-rich A
horizon. The granular to crumb structure of theokizon suggests that some bioturbation and
organic decomposition is occurring, which is suppdrby the presence of mite excrement
(appendix F). The dominance of channel voids inldiaer horizons suggests the presence of
roots and rootlets, and the subrounded blocky ttreds the result of shrink-swell activity,

common in clays with a fluctuating groundwater ¢abl

The dominance of the fine material, such as clayGavernake is supported by the single
spaced porphyric distribution and coarse-fine rafi@:3. The fine material in the A horizon
is predominantly stipple speckled with some areask®ad by humic material. The B horizon
is generally stipple speckled with oriented clagtatgs of grains and voids and occasionally
some randomly striated clay zones. The B/C horisashominated by randomly striated clay
zones and oriented clay coatings of grains andsvaithese clay coatings are the result of
illuviation, suggesting that clay is moving fromethpper horizon and being deposited in the

lower B and B/C horizons, a process which is exgueat such a clay-rich soil environment.

Porosity for Each Experiment Group at Savernake

Soil Horizon

B/IC

25

Percent

‘ Oven DriedH Air Dried Control‘

Figure 4.51. Mean porosity (%) and seasonal variath (error bars) for the soils at Savernake for all
experiment groups.

Figure 4.51 presents the mean porosity for eaclkerexpnt group for Savernake, along with

the seasonal variation. The first interesting remulthe distinct differences in porosity for
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each of the experiment groups. The control groepresentative ah situ conditions for the
soil environment at Savernake, has the least pexgerof soil porosity. There is significant
seasonal variation, which is expected due to thetwan in both rainfall and the natural
fluctuations of the groundwater table. The air direxperiment group lies midway between
the control and oven dried experiment, again wighiicant seasonal variation, reflecting the
level of moisture retained in the clay-rich soildaving the oxidation experiment. Finally, the
oven dried experiment group has the greatest pggrasih similar seasonal variation to the
other two groups. Consequently, it seems thatapel roxidation experiment has had the most
significant effect on the porosity of the soil aav@rnake. Further, the slow oxidation
experiment has increased soil porosity, althoughvtriation for this group lies more clearly
within the percentages for the control group, whsrie oven dried experiment group is not
as closely related to the control group. Therefbmjggest that rapid oxidation has a greater

effect on the soil environment than slow oxidation.

4.4.2.2 Iron Oxide Deposition

The iron oxide deposition present at Savernakeud®d nodules, staining, replacement of
organic material and coatings of grains and voidegere are no pans present in the soil at
Savernake. Figure 4.52 shows there is some variatiothe percentage of iron coatings
between the different experiment groups, in additio seasonal variation. Iron-rich clay
coatings are the result of illuviation processes are affected by variations in rainfall, and in
the case of Savernake, fluctuations in the groutelwtable. Further, the distribution of
coatings down the soil profile suggests that illiivn is an active process at Savernake with a

definite increase in coatings in the lower horizohthe soil profile.
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Iron Coaings of Grains and Voids for All Experiment Groups at Savernake

Soil Horizon

B/IC

Percent

‘ Oven Dried& Air Dried Control‘

Figure 4.52. Mean percentage of coatings and seasbwariation (error bars) for all experiment groups at
Savernake.

The replacement of organic material by iron oxideprevalent in the soil environment at
Savernake (table 4.16) and predominant in the ABsil horizons. The presence of iron
replacement in the A horizon could be the resultmaérobial activity causing reducing-
oxidising cycles, while the iron replacement in Beand B/C horizons is more likely the
result of redox processes by way of the fluctuagngundwater table. There does not appear
to be any significant differences between the drpamt groups or seasons, although there is
a slight increase in replacement during winter sgpighg when the groundwater table is at its

highest.
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Table 4.16. Results for the percentage of iron reptement of organic matter, as
identified through soil micromorphological analysis

Sample Soill Replacement
Number Horizon |Frequency Minimum (um) [Maximum (um)
1.1 |Ah EEEE 110 784
1.2 |Bt EEE 94 290
3 |1.3 |B/IC m 100 287
& [21 [ah n 200 307
g [22 [Bt T 105 258
£ |23 _|BIC m 175 45(
O |31 |(Ah ] 95 343
3.2 |Bt m 173 377
3.3 |BIC m 450 45(
1.1 |Ah T 83 45Q
1.2 |Bt =T 90 210
S (1.3 |BIC T 83 467
Q& [21 [an 1T 97 327
2 22 [Bt EEEE 103 702
2 [2.3 |B/IC T T 126 437
S [31 |ah =TT 106 69/
3.2 Bt EEE 108 41(
3.3 |BIC m 150 377
1.1 |Ah T 1] 124 546
1.2 |Bt m 83 243
< |13 [BIC m 193 30(
S [2.1 |Ah EEE 183 797
N 2.2 |Bt EEE 125 517
g 2.3 |BIC u 175 263
3.1 |Ah T 228 42(
3.2 |Bt T 120 35(
3.3 |BIC (T T 184 414
1.1 |Ah EEE 76 680
1.2 |Bt T 130 45§
< |13 [BIC m 233 50(
S [2.1 |Ah (T T 110 45/
< [2.2_|Bt L 220 490
3 (2.3 |BIC m 200 20(
3.1 |Ah (T T 144 394
3.2 |Bt T 140 24(
3.3 |BIC m 140 533
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While iron coatings and replacement of organic matdy iron oxide are not likely to be
affected by the oxidation experiments, but areemdtindicators of the soil environment at
Savernake, iron nodules and iron staining are tejodition types that are expected to be

altered by the experiments.

Iron Nodules Vs Iron Staining for Savernake Oven Died Experiment Group
HH
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Figure 4.53. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the oven dried experiment group at Savernake.

The results of the oven dried experiment group stiwat iron nodules dominate over iron
staining, which reflects the effects of rapid oxida (figure 4.53). There is little seasonal
variability in either the percentage of iron nodute iron staining. Conversely, the results for
the air dried experiment group show that iron stgjrdominates over iron nodules reflecting
the effects of slow oxidation (figure 4.54). Agathere is little seasonal variation for both
nodules and staining. Finally, the control group haigher proportion of staining to nodules,
which is representative of the hydrological enviremt at Savernake (figure 4.55). The slow
oxidation resulting from natural groundwater fluafions has resulted in prevalent iron
staining. There is slightly more seasonal variafimnthe control group, which reflects the

seasonal fluctuation of the groundwater table aeBwke.
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Iron Nodules Vs Iron Staining for Savernake Air Dried Experiment Group
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Figure 4.54. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the air dried experiment group at Savernake.

Iron Nodules Vs Iron Staining for Savernake ControlGroup
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Figure 4.55. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the control group at Savernake.
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4.4.2.3 Organic Material

Table 4.17 presents the percentage frequencieprasdrvation state for the organic material
identified through soil micromorphological analysia addition to the frequencies and the
state of preservation of the organic material dize range for celled material, and whether or
not the organic material is associated with irordexis also noted (appendix F).

Fine organic punctuations and amorphous organiemaatdominate the organic fraction of
the soil at Savernake. There does not appear tmpenain differences between experiment
groups or seasons for these two types of organiermabhand there is a greater amount in the
A horizon, which is not surprising. The celled mietle on the other hand, reveals a different
picture with higher quantities in the control grailgan in the oven and air dried experiment
groups, and again with much of this concentratethA horizon. The preservation of the
celled material varies mainly between yellow to bedwn (with a few smatterings of fresh
and black material), which would suggest that thganic material is in the early stages of
decomposition. Charcoal is present in greater amsomnthe <100um size range than in the
>100um size range, which suggests a presence isothelhere is a significant quantity of
pollen present, which is not surprising given tlogdi@ nature of the soil environment at
Savernake. Plectenchymae (fungi), namely sclerat@present in the soil at Savernake with
a slight increase in quantity in the control grodpwever, according to Bullooét al. (1985,
78), sclerotia are better preserved in soils treaetone replaced than in soils that have been
subjected to other methods, such as air drying.

Given the differences between the experiment grdopshe celled organic material, the
oxidation experiments appear to have affected thsgpovation of plant material at Savernake.
However, the uniform patterns present for the aigunctuations and organic matter
suggest that such conclusions should be drawn vatte. | believe that with time the
oxidation conditions would indeed have a much greaffect on the preservation of organic
material at this site but unfortunately, given ttime constraints for this project, such

inferences cannot be empirically supported here.
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Table 4.17. Percentage of organic material for Saugake identified through micromorphological analysis.

Sample |Sall Amorphous Charcoal Celled PlectenchymaPollen
Number |Horizon |Punctuations | Matter <100um | >100um | Lignified Parenchynatic|Phlobaphene |(Fungi)
1.1 |Ah EEEEEEEE |(EEEEEEE [EE T EE 13 Em 13 Em 3 m 35 T
o 2Bt EEEEEE EEEEN TT] T mm 23 m 35 ™
g |13 |BIC EEEEE TT] [T
N (2.1 |Ah EEEEEEE EEEEEE [T ] m 13 m 23 m 3 m 3 1T
2 22 1Bt EEEEEE EEEEE [TT] [ m 13 m 12 3-5 [T
2 23[BiC  [mmmmm mnm [T = m 23 T
O [31]An EEEEEEE EEEEEE TT] n EEE 23 m 23 m 3 m 35 T
3.2 [Bt EEEEEE EEEEE [TT] [T m 23 2 m 3 m 3 T
3.3 [B/IC EEEE 1T [T u m 23 m 35 1T
1.1 |Ah EEEEEEE EEEEEE [TT] u m 13 Em 13 m 3 m 3 T
1.2 |Bt EEEEE EEEE TT] u m 45 m 25 m 3 T
S [1.3 [BIC EEEN [ 11 (1] [ T
& [21 |an EEEEEEE EEEEEE [TT] u m 23 mm 23 m 3 T
2 [2.2 [Bt EEEEE EEEE TT] u m 3 m 3 T T
2 [2.3 [BIC EEEE [T 1] ] m 23 m 25 m 35 EEE
S [31 [An EEEEEEE EEEEEE 1T n EEEE 23 [EE 23 mm 3 EE 35 T
3.2 [Bt EEEEEE EEEEE [TT] [T m 23 m 23 m 35 T
3.3 [B/IC EEEEE 1T TT] ] m 23 m 35 T
1.1 |Ah EEEEEEE EEEEEE TT] n EE 23 m 23 m 3 1T
1.2 |Bt EEEEEE EEEEE [TT] [T m 35 m 25 m 3 m 35 EEE
< |L3BIC EEEEE TT] [T n m 23 m 35 T T
g [2.1 [Ah EEEEEEE EEEEEE [TT] u EE 23 EE 23 EE 3 T
N 2.2 |Bt EEEEEE EEEEN 1T u mm 23 m 23 m 3 m 35 1T
S—:L 2.3 |BIC EEEEE TT] (TT] [TT] m 5 EEE
3.1 |Ah EEEEEEE EEEEEE EEE u EEEE 23 EEEN 23 |mEEm 3 |[m 35 T
3.2 [Bt EEEEEE EEEEN TT] u m 23 EE 23 m 35 1T
3.3 [BIC EEEEE EEEE [T [ m 23 m 23 m 35 EEE
1.1 |Ah EEEEEEE EEEEEE TT] u m 23 mm 23 m 3 1T
1.2 |Bt EEEEE EEEE (TT] [ 2 m 23 m 35 EEE
< |L3|BIC EEEEE EEEE [T u m 23 m 35 "TT
S |2.1 |Ah EEEEEEE EEEEE TT] T m 23 m 23 m 35 EEE
< [2.2 [Bt EEEEEE EEEEE [TT u m 35 EEE
3 |23 [B/C EEEE TT] [T u m 35 1T
3.1 |An EEEEEEE EEEEEE [TT] u EEE 23 EEE 23 EEE 3 m 35 EEEE
3.2 [Bt EEEEE EEEE [T ] m 23 EEEE
3.3 [BIC EEEEE TT] [T ] 2 m 23 m 35 EEE
Key: H<2%, HE 2-5%, HEE 5-10%, ENENE 10-20%, I NEEE 20-30%, SNEEEN 30-40%, AINEEEEN 40-50%, INEENENENE 50-60%, AnNNEEEEEE 60-70%
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4.4.3 CDB for an Argillic Pelosol

Although the soils at Savernake are more susceptitbteasonal variation than the other sites
examined during the course of this research, thigakility has a minimal impact on the
overall results for the bulk and the soil micromurjmgical data. While it is important to note
that argillic pelosols, such as Savernake, areiémited by the seasonal fluctuations of the
groundwater table, the impermeable nature of tisesls, and the reducing-oxidising cycles
that occur in this environment, provide an idegbanunity to study the effects of different
rates of oxidation. As was noted earlier, the ioxide deposition patterns for the control
group are simulated in the air dried experimentugroconfirming the effects of slow
oxidation caused by natural fluctuations in theugidwater table.

The comparative database (CDB), as representetebiwio graphs below (figures 4.56 and
4.57), was formed by combining the bulk and soilcnaiorphological data for the
experiment groups at Savernake. These graphs ¢ingtithe variables that are most likely to
provide the best representation of the oxidatiovirenment within the soil, in a way that is

functional and clear as a reference guide to gaugiaservation.

The means for each bulk and selected micromorpheabgariable have been used to

formulate the graphs in figures 4.56 and 4.57 faresce to their soil depth and soil horizon.
For each figure, a sedimentological key is provittetepresent the soil profile at the site, and
the corresponding bulk and soil micromorphologicdults are mapped out in accordance
with their context in the soil profile. Two varias from the soil micromorphological analyses
have been used for these graphs: iron nodulesrandsiaining, as these variables prove the
most informative for determining the oxidation amdhydrological environment for an

argillic pelosol such as Savernake.
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Savemnake Oven Dried Experiment Group
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Figure 4.56. The comparative database (CDB) for thBavernake oven dried experiment group.
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Savemnake Air Dried Experiment Group

Ciepth

O 80180 0 40 B0 02468 0 4080 0 408D 0 4 B 12 02468 0 16 0 40 B0 O 40 80 0 40 80 O 40 80 0 40 8O

*1Fppm = 10ppm % h Fa Sl Units pH ¥ 10psS =x10mV % %% b b
=T . o EEH . : Epi .
- | Ah Horizon: organic rich silty clay 0 Bt Horizon: sifty clay koizioiz BIC Horizon: mottled clay

Figure 4.57. The comparative database (CDB) for thBavernake air dried experiment group.
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The bulk analyses results for Savernake show rer eiariation between experiment groups,
however, the micromorphological data reveal distaitferences between the percentages of
iron staining and iron nodules for both the overediand air dried experiment groups. The
oven dried experiment group, representiagid oxidation of the soil, has a higher proportion
of iron nodulesto iron staining, whereas the air dried experinmgnoiup, representinglow
oxidation of the soil, has a higher proportion mhistaining to iron nodules. These results
suggest that iron staining and iron nodules, astified through soil micromorphology, are
the most informative variables for identifying tlexidation processes within the soil
environment. Further, the effects that differenidsing conditions have on the organic
material present in the soil are indicated by tleeothposition and disintegration of the
organic material, identified in thin section, ftretexperiment groups and the control group.
The control group has a higher proportion of cetheglanic material present in the soils than
either of the experiment groups. Although thereeapp to be no distinct differences in
organic preservation between the experiment grodipsiould suggest that over time
significant differences could be identified witthegher proportion of organic decomposition
resulting from rapid oxidation than from slow oxiida (cf. Welch and Thomas 1998). This is
supported through the results of the control gragpSavernake is currently subjected to slow

oxidation through the natural seasonal fluctuatwinhe groundwater table.
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45 SHERWOOD

Sherwood is an acidic brown podzolic soil undecat$ Pine forest environment on a steeply
dissected valley slope. The results of the bulksmdmicromorphological analyses (see table

3.1 in section 3.2) follow for each experiment grou

4.5.1 Bulk Analyses Data

A suite of bulk analyses were conducted on the alreed and air dried bulk samples (see
table 3.1 in section 3.2). Moisture content and VWere recorded prior to the oxidation
experiments and rainfall data was collected frommeBiwy Services. The results for each

analysis for the oven dried group are presented, tielowed by the results for the air dried

group.

45.1.1 The Normal Curve and Seasonal Variation

The data for each analysis were tested for normstilaltion by using a one-sampled K-S test
(Field 2005). If the result ip>.05, then the data are deemed normally distributbad results
of this test for all the bulk analyses (oven drggdup followed by air dried group) are

presented in tables 4.18 and 4.19.
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Table 4.18. Results of the normal distribution tesfor the air dried group across all seasons. The W highlighted in bright blue indicates that thisgroup is not normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Sherwood Oven Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water
Fe (ppm) | Mn (ppm) (Sl Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)
N 24 24 24 24 24 24 24 24 24 24 24
Normal Parametersa®  Mean 29562.50 210.38 3.62 12.20 2.26 8.70 4.18 63.63 320.76 23.91 23.26
Std. Deviation 3664.26 55.27 2.35 2.72 47 4.26 .22 28.70 13.07 9.02 13.59
Most Extreme Absolute 14 .15 12 .15 14 .28 11 A1 13 13 .16
Differences Positive .08 12 A1 12 .14 .28 A1 A1 .09 A1 .16
Negative -.14 -.15 -.12 -.15 -.06 -.24 -.10 -.09 -.13 -.13 -11
Kolmogorov-Smirnov Z .67 .75 .60 .72 .69 1.36 .55 .52 .66 .64 a7
Asymp. Sig. (2-tailed) .76 .63 .86 .67 .73 .05 .93 .95 .78 .81 .59

a. Test distribution is Normal.

b. Calculated from data.

Table 4.19. Results of the normal distribution tesfor the air dried group across all seasons. The W highlighted in bright blue indicates that thisgroup is not normally

distributed.
One-Sample Kolmogorov-Smirnov Test for Sherwood Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) | Mn (ppm) (Sl Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

N 24 24 24 24 24 24 24 24 24 24 24
Normal ParametersaP  Mean 30600.00 212.04 3.39 13.15 2.89 8.94 4.24 64.40 318.40 23.91 23.26
Std. Deviation 4565.18 50.00 2.27 2.76 71 4.95 .24 35.21 16.95 9.02 13.59

Most Extreme Absolute .14 17 .15 .13 .26 .33 A1 .19 12 .13 .16
Differences Positive 14 A2 15 13 26 33 .07 19 .07 11 16
Negative -12 -.17 -12 -.06 -.20 -.25 =11 -.16 -12 -.13 =11

Kolmogorov-Smirnov Z .67 .83 .76 .65 1.25 1.59 .53 .95 .60 .64 77
Asymp. Sig. (2-tailed) .76 .50 .62 79 .09 .01 .94 33 .86 81 59

a. Test distribution is Normal.
b. Calculated from data.
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Data from the oven dried experiment group for Sloeavare normally distributed except for
the %OM (LOI) data. This variable is on the cusp at.05 but ag is not greater than .05 it
is treated as being significantly different frormarmal distribution. The data from the air
dried experiment group for Sherwood are normalltridiuted with the exception of %OM
(LOI). In order to assess seasonal variabilitytegr&ood, the means and standard errors were
calculated for each bulk analysis and experimeatgyr The results are presented using bar

graphs with error bars, as in figures 4.58 to £é@w.

Figures 4.58 to 4.66 represent seasonal variaboredch of the bulk analyses for both the
oven dried experiment group and the air dried erpart group. Generally, the bulk analyses
results for Sherwood show little variation betwesiperiment groups but for some variables,
seasonal variation is apparent. Fe (figure 4.58Jpx (figure 4.66), pH (figure 4.64), and
%Clay (figure 4.62) show little to no seasonal atoin and although %Clay is more variable
than expected, this variability is not significafAt discussed above, these results are expected
as the oxidation experiments are not going to tiydafluence these variables. Similarly,
%0M has little seasonal variation with the exceaptiof the 0-5cm samples for both
experiment groups (figure 4.61). As the upper lwriz of the Sherwood soil profile are
organic-rich (O and H horizons), some variatiorexpected here and the seasonal variation
could have been influenced by sampling, or by thation in OM decomposition. There is
also some seasonal variation for Mn (figure 4.%3pecially in the upper, organic-rich
horizons, which may also reflect the variation iM @ecomposition with the release of plant
nutrients, including Mn. This result is also reflst in the seasonal variation evident for the
MS results (figure 4.63), with greater seasonalatian in the upper, organic-rich horizons,
which represent the plant minerals released dudegomposition that are magnetically

susceptible.

Finally, there is significant variation for both %afér and EC within the 0-5cm samples,
which suggests that water is being held in thegaroc-rich horizons even after oxidation.

However, this seasonal variation is more eviderh@éair dried experiment group than in the
oven dried experiment group, which suggests thaathdried group were more susceptible to
variation in atmospheric moisture during the drytng process than the oven dried group.
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Total Fe (ICP-AES) for Sherwood Experiment Groups

Sample Depth (cm)

25-30cm

0 5000 10000 15000 20000 25000 30000 35000 40000
Fe (ppm)
‘ Oven Dried(d Air Dried ‘

Figure 4.58. Mean and standard error for total Fe [CP-AES) to determine seasonal variation for both e
oven dried and air dried experiment groups.

Total Mn (ICP-AES) for Sherwood Experiment Groups

10-15cm

15-20cm

Sample Depth (cm)

20-25cm

0 50 100 150 200 250 300
Mn (ppm)
‘ Oven Dried[@ Air Dried ‘

Figure 4.59. Mean and standard error for total Mn (CP-AES) to determine seasonal variation for both
the oven dried and air dried experiment groups.
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% Water (LOI) for Sherwood Experiment Groups

Sample Depth (cm)

25-30cm

25 3 35 4 45
% Water (LOI)

‘ Oven DriedEl Air Dried ‘

Figure 4.60. Mean and standard error for %Water (LOI) to determine seasonal variation for both the
oven dried and air dried experiment groups.

% Organic Matter (LOI) for Sherwood Experiment Grou ps

10-15cm

15-20cm

Sample Depth (cm)

20-25cm

0 2 4 6 8 10 12 14 16 18 20 22
% Organic Matter (LOI)

‘ Oven DriedEl Air Dried ‘

Figure 4.61. Mean and standard error for %Organic Matter (LOI) to determine seasonal variation for
both the oven dried and air dried experiment groups
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% Clay (PSD) for Sherwood Experiment Groups

Sample Depth (cm)

25-30cm

12 14 16 18

% Clay (PSD)

‘ Oven DriedEl Air Dried ‘

Figure 4.62. Mean and standard error for %Clay (PSD to determine seasonal variation for both the oven
dried and air dried experiment groups.

Magnetic Susceptibility for Sherwood Experiment Graps

Sample Depth (cm)

20-25cm

25-30cm

0 1 2 3 4 5 6 7 8 9

Magnetic Susceptibility (SI x 108 (m%kg))

‘ Oven Driedi Air Dried ‘

Figure 4.63. Mean and standard error for magnetic gsceptibility to determine seasonal variation for oth
the oven dried and air dried experiment groups.
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pH for Sherwood Experiment Groups

Sample Depth (cm)

25-30cm £

0 0.5 1 1.5 2 25 3 35 4 45 5
pH Value

‘ Oven DriedEl Air Dried ‘

Figure 4.64. Mean and standard error for pH to detemine seasonal variation for both the oven dried ad
air dried experiment groups.

Electrical Conductivity for Sherwood Experiment Groups

10-15¢cm f

15-20cm

Sample Depth (cm)

20-25cm

0 20 40 60 80 100 120 14Q
Electrical Conductivity (US)

‘ Oven Dried[@ Air Dried ‘

Figure 4.65. Mean and standard error for electricalconductivity to determine seasonal variation for bth
the oven dried and air dried experiment groups.
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Redox Potential for Sherwood Experiment Groups

Sample Depth (cm)

25-30cm £

0 50 100 150 200 250 300 350
Redox (mV)

‘ Oven Dried Air Dried ‘

Figure 4.66. Mean and standard error for redox potatial to determine seasonal variation for both the
oven dried and air dried experiment groups.

Sherwood Moisture Content (%)

0-5cm

5-10cm

10-15cm

Sample Depth (cm)

20-25cm

|
——
=i
=
=1

25-30cm

Moisture Content (%)

Figure 4.67. Mean and standard error to determine sasonal variation for the moisture content, taken
prior to the oxidation experiments.
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Sherwood TDR Moisture Meter - VWC (%)

0-5cm [ I

5-10cm |—|——|

10-15cm | |

15-20cm |—|—4

Sample Depth (cm)

20-25cm

25-30cm |—|——|
\

0 5 10 15 20 25 30 35 40
Volumetric Water Content (%)

Figure 4.68. Mean and standard error to determine @asonal variation in soil moisture for the in-field
measurements taken prior to sampling.

Average Monthly Rainfall for Sherwood Forest

IN
|

w

Rainfall (mm)

Autumn Winter Spring Summer

Season

Figure 4.69. Total rainfall for Sherwood from auturm 2003 to summer 2004 (October 2003, January,
April and July, 2004). This data was supplied by Festry Services.
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The results from the moisture content (figure 4.8)ich is the percentage of moisture in the
soil prior to the oxidation experiments, and the &\Wom the in-field TDR moisture meter
readings (figure 4.68) show more variation betwsessons than the other bulk analyses data.
This is expected as variation in rainfall will haaealirect influence on the moisture readings
for the soil. The rainfall records for the collesti seasons show great variability, with a
particularly wet period over the winter season dnidr episodes in the autumn and summer
(figure 4.69). As Sherwood is a brown podzolic seiuviation and illuviation processes are
dominant with the movement of fine material (organand clay) down profile in colloidal
suspension with rainwater (which is also evidemimfrthe micromorphological analyses
below). Therefore, the variation and quantity ohfal at Sherwood have direct influences on
the soil formation processes.

4.5.1.2 Correlation Coefficients and Relationships

As the data for both the oven dried experiment grand air dried experiment group for
Sherwood are not normally distributed (tables 4ab8 4.19), Spearman’s rho correlation
coefficient was used to highlight relationshipsizstn the different analytical variables (Field
2005). Although relationships between variables ewexxpected, the direction of the
relationships was not predicted; therefore, a tared significance test was usebiiq). These

results are presented in tables 4.20 and 4.21 below
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Table 4.20. Spearman’s rho correlation was used fahe Sherwood oven dried experiment group as the timare not normally distributed. Significant correlations are

highlighted.
Correlations for Sherwood Oven Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

Spearman's rho  Fe (ppm) Correlation Coefficient 1.000 .570*4 - 776*4 -.419* - 7244 -.769%) .801*Y -.840*4 .568*4 -.295 -.318
Sig. (2-tailed) . .004 .000 .042 .000 .000 .000 .000 .004 .162 129

N 24 24 24 24 24 24 24 24 24 24 24

Mn (ppm) Correlation Coefficient 5704 1.000 -473* -.399 -.755*4 -.624*) .598*4 -.638*4 .515* -.187 -191
Sig. (2-tailed) .004 . .020 .053 .000 .001 .002 .001 .010 .383 .372

N 24 24 24 24 24 24 24 24 24 24 24

Magnetic Susceptibility ~ Correlation Coefficient -.776% -.473*% 1.000 .668*4 .583*4 .902*4 -.935%4 .922*4 -.715% AT9* .095
(Sl Units) Sig. (2-tailed) .000 .020 .000 .003 .000 .000 .000 .000 .018 .658
N 24 24 24 24 24 24 24 24 24 24 24

% Clay (PSD) Correlation Coefficient -.419* -.399 .668* 1.000 .204 .570*4 -.621*4 .668*4 -.516*) .316 174
Sig. (2-tailed) .042 .053 .000 . .338 .004 .001 .000 .010 .133 415

N 24 24 24 24 24 24 24 24 24 24 24

% Water (LOI) Correlation Coefficient -.724*4 -.755*4 .583*4 .204 1.000 .634*4 -.612*4 .634*4 -.470* .180 .263
Sig. (2-tailed) .000 .000 .003 .338 . .001 .001 .001 .020 .400 .215

N 24 24 24 24 24 24 24 24 24 24 24

% Organic Matter (LOI) Correlation Coefficient -.769*4 -.624*4 .902*4 570" .634*4 1.000 -.973% .944*4 -.652*1 .465* .055
Sig. (2-tailed) .000 .001 .000 .004 .001 . .000 .000 .001 .022 .798

N 24 24 24 24 24 24 24 24 24 24 24

pH Value Correlation Coefficient .801*4 .598*4 -.935*4 -.621*4 -.612*4 -.973* 1.000 -.967*4 697 -.483* -.068
Sig. (2-tailed) .000 .002 .000 .001 .001 .000 . .000 .000 .017 751

N 24 24 24 24 24 24 24 24 24 24 24

Electrical Conductivity ~ Correlation Coefficient -.840% -.638*1 .922* .668*4 .634* 944 -.967*4 1.000 -.689*1 .408* .156
(us) Sig. (2-tailed) .000 .001 .000 .000 .001 .000 .000 . .000 .048 468
N 24 24 24 24 24 24 24 24 24 24 24

Redox (mV) Correlation Coefficient .568*4 .515* -.715%4 -.516* -.470* -.652*4 .697*4 -.689*4 1.000 -.005 .344
Sig. (2-tailed) .004 .010 .000 .010 .020 .001 .000 .000 . .981 .100

N 24 24 24 24 24 24 24 24 24 24 24
Bulk Density (%) Correlation Coefficient -.295 -.187 AT79* .316 .180 .465* -.483* .408* -.005 1.000 .504*
Sig. (2-tailed) 162 .383 .018 133 .400 .022 .017 .048 .981 . .012

N 24 24 24 24 24 24 24 24 24 24 24

Volumetric Water Correlation Coefficient -.318 -.191 .095 174 .263 .055 -.068 .156 .344 .504* 1.000
Content (%) Sig. (2-tailed) 129 372 658 415 215 798 751 468 .100 .012 .
N 24 24 24 24 24 24 24 24 24 24 24

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Correlations with significance levels p&.05 andp<.01 are marked by asterisks in each of
the correlation tables. | will first discuss theredations for the oven dried experiment group,
followed by the air dried experiment group for Sheod.

In the oven dried experiment group (table 4.20)dahare several correlations with Fe
including Mn (g = .570,p<.01), MS (¢ = -.776,p<.0001), %Clay ¢g=-.419,p<.05), %Water
(rs= -.724,p<.0001), %OM (¢ = -.769,p<.0001), pH (¢ = .801,p<.0001), EC (¥ = -.840,
p<.0001), and redox {~ .568,p<.01). The positive correlation with Mn is expecsesithese
minerals behave in similar ways, as is evident ftbmsimilar correlations Mn has with the
same variables: MS (= -.473,p<.05), %Water ¢ = -.755,p<.0001), %OM (¢ = -.624,
p<.001), pH (¢ = .598,p<.01), EC (¢ = -.638,p<.001), and redox {r= .515,p<.05). The
negative correlations that Fe and Mn have with M8icate that MS readings are not
necessarily picking up on these minerals, but nmayact be reading other minerals with
magnetic properties, such as those that are relehgéng organic decomposition (appendix
G, table G-4). This is further confirmed by the ifige correlation of MS with %OM {r=
.902, p<.0001). In addition, the negative correlation bew redox and MS (= -.715,
p<.0001) reflects the relationship of Fe and Mn witB, as both these minerals are directly
affected by redox processes. The negative commelafre and Mn have with %Water and their
positive correlations with redox, suggest that de@osition of these minerals relates to the
oxidising conditions within the soil. That is, teeare low levels of moisture and high levels
of oxidation, which is conducive to the depositiohFe and Mn in their oxidised forms,
identifiable through soil micromorphology. Furthére negative correlations that Fe and Mn
have with EC reflect their relationship with %Watand along with the low EC readings
(figure 4.65), this suggests that the soluble dadige been leached from the soil, which is

expected in podzolic conditions.

The negative correlations that Fe and Mn have %@M suggest that the organic component
of the solil is not the main source for these milserBhe negative correlation between redox
and %0OM (¢ = -.652,p<.001) is expected as the soil at Sherwood isinaxygen, which is

a contributing factor to organic decomposition; réfere, the more oxidising the soill
environment, the less OM present in the soil. Farrtthe negative relationship OM has with
Fe and Mn may reflect the relationship of thesearals with %Water and EC, as OM has a
great water holding capacity, as is confirmed witl positive correlation between %Water
and %O0OM (g = .634,p<.001). Relative to the pH range at Sherwood (35);4he positive
correlations between this variable and Mn and Fe expected as acidic conditions are
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conducive to high quantities of Fe and Mn. Thisfugher supported by the relationship
between redox and pHs(® .697,p<.0001). Finally the correlation between %Clay &l

reflects the distribution of these variables dowa soil profile, and is representative of the
leaching processes involved in the formation ofzmhid soils. This is also reflected in the
relationship between %Clay and redox $r-.516, p<.05). Given the negative correlation
between Fe and %Clay, suggesting that the clayisioh in Fe, the positive correlation
between MS and %Clays(x .668,p<.0001) lends support to the non-magnetic naturthef

Fe present in the soils at Sherwood. In additibe, MS readings are indicative of other
magnetic plant nutrients that have been eluviatednfthe upper, organic horizons and

illuviated down through the rest of the soil prefil

The relationship between MS and pH & -.935, p<.0001) reflects the conditions at
Sherwood, i.e. Sherwood is an acidic site and tigerbhdings are within a moderate range
(figure 4.63). The positive correlations between Bl %Water (r= .538,p<.01) and MS
and EC (¢= .902,p<.0001) are unclear, but the relationship of MShwitach of these
variables reflects the correlation between %Watet BC (¢ = .634,p<.001). Further, the
correlation between EC and %0OM £.944,p<.0001) is likely to be the result of water being
held in the organic component of the soil, and sxus$sed above, MS has a positive
correlation with %OM. Therefore, the relationshipMS with EC and %Water could be
associated with the organic component of the 3dié positive correlation between MS and
moisture content {r= .479,p<.05) reflects the relationship between MS and Y&Nét =
.583,p<.01), and in addition to the positive correlatioetween moisture content and %OM

(rs = .465,p<.05), suggests a similar scenario to MS and %Water

The relationship between %Clay and pH $r-.621, p<.001) reflects the environment at
Sherwood: the soil is rich in clay and is acidianifarly, the positive correlation between
%O0OM and %Clay @¢= .570,p<.01) reflects the high quantities of organic matgnamely in

the upper horizons) and the clay-rich soils. Futtkiee positive correlation between EC and
%Clay (k5 = .668,p<.0001) suggests that clay-rich soils have an etbacEC (Carroll and
Oliver 2005). Further, the impermeable nature afyaich soils has an impact on the soil
moisture content. In this light, the relationshgikeen pH and %Water;@ -.612,p<.001) is
expected as the site is acidic and, due to its imeable nature, retains water even after the
oxidation experiment (albeit in low quantities). eTlwater holding capacity of the soil is

further supported by the negative correlation betwpH and moisture content, & -.483,
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Table 4.21. Spearman’s rho correlation was used fahe Sherwood air dried experiment group as the dat are not normally distributed. Significant correlations are

highlighted.
Correlations for Sherwood Air Dried Experiment Group
Magnetic Electrical Volumetric
Susceptibility % Organic Conductivity Bulk Density Water

Fe (ppm) | Mn (ppm) (S| Units) % Clay (PSD) | % Water (LOI) | Matter (LOI) | pH Value (uS) Redox (mV) (%) Content (%)

Spearman's rho  Fe (ppm) Correlation Coefficient 1.000 479* -.924*4 -.478*% -.803*4 -.909*1 .919%4 -.870*4 .165 -.399 -.220
Sig. (2-tailed) . .018 .000 .018 .000 .000 .000 .000 442 .053 .302

N 24 24 24 24 24 24 24 24 24 24 24

Mn (ppm) Correlation Coefficient 479* 1.000 -.517*4 -.055 -.655*4 -.558*4 .524*4 -.512* .306 -.381 -121
Sig. (2-tailed) .018 . .010 .798 .001 .005 .009 .011 .145 .067 573

N 24 24 24 24 24 24 24 24 24 24 24

Magnetic Susceptibility ~ Correlation Coefficient -.924*4 -.517* 1.000 511* 787 .919*Y -.967*4 .925*4 -141 .528*4 212
(Sl Units) Sig. (2-tailed) .000 .010 011 .000 .000 .000 .000 511 .008 319
N 24 24 24 24 24 24 24 24 24 24 24

% Clay (PSD) Correlation Coefficient -.478* -.055 .511* 1.000 .210 .361 -.491* .488* -.105 .534*4 .152
Sig. (2-tailed) .018 .798 .011 . .324 .083 .015 .016 .626 .007 AT78

N 24 24 24 24 24 24 24 24 24 24 24

% Water (LOI) Correlation Coefficient -.803*4 -.655*4 .787*4 .210 1.000 .872*4 -.835*4 .753*4 -.253 .283 .097
Sig. (2-tailed) .000 .001 .000 .324 . .000 .000 .000 .233 179 .651

N 24 24 24 24 24 24 24 24 24 24 24

% Organic Matter (LOI) Correlation Coefficient -.909*1 -.558*1 .919% .361 .872% 1.000 -.943*4 .839%4 -.030 .363 221
Sig. (2-tailed) .000 .005 .000 .083 .000 . .000 .000 .888 .081 .300

N 24 24 24 24 24 24 24 24 24 24 24

pH Value Correlation Coefficient .919*4 .524*4 -.967*4 -.491* -.835*4 -.943*4 1.000 -.961*4 .104 -.509* -.280
Sig. (2-tailed) .000 .009 .000 .015 .000 .000 . .000 .629 .011 .186

N 24 24 24 24 24 24 24 24 24 24 24

Electrical Conductivity ~ Correlation Coefficient -.870% -.512* .925*4 .488* 753 .839*4 -.961*4 1.000 -.167 .548*4 .345
(us) Sig. (2-tailed) .000 011 .000 .016 .000 .000 .000 . 435 .006 .099
N 24 24 24 24 24 24 24 24 24 24 24

Redox (mV) Correlation Coefficient .165 .306 -.141 -.105 -.253 -.030 .104 -.167 1.000 -.199 .159
Sig. (2-tailed) 442 .145 511 .626 .233 .888 .629 435 . .352 .458

N 24 24 24 24 24 24 24 24 24 24 24
Bulk Density (%) Correlation Coefficient -.399 -.381 .528*4 .534*4 .283 .363 -.509* .548*4 -.199 1.000 .504*
Sig. (2-tailed) .053 .067 .008 .007 179 .081 .011 .006 .352 . .012

N 24 24 24 24 24 24 24 24 24 24 24

Volumetric Water Correlation Coefficient -.220 =121 212 152 .097 221 -.280 .345 .159 .504* 1.000
Content (%) Sig. (2-tailed) .302 573 .319 478 .651 .300 .186 .099 .458 .012 .
N 24 24 24 24 24 24 24 24 24 24 24

*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).
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p<.05). The correlations between redox and %Water 1.470,p<.05) and redox and EC
(rs= -.689,p<.0001) reflect the idea that in oxidising condiso the availability of moisture
and soluble salts is limited.

The negative correlation between pH and %OM (+.973,p<.0001) is expected as the soil is
acidic and high quantities of OM increases the igciof the soil. The relationship between
pH and EC (= -.967,p<.0001) reflects the relationship between pH and&@/ as soluble
salts that are present in the soils will be heldthe soil moisture content. Further, the
correlation between EC and moisture content (#08,p<.05) confirms that the site is acidic
and has a great water holding capacity with avkalawluble salts present; albeit in low
quantities (figure 4.65).

Along with the positive correlation between Fe avd (rs = .479,p<.05), these variables
have similar correlations with a number of otherialales within the air dried experiment
group (table 4.21). For Fe, these include MS=(+.924,p<.0001), %Clay ¢= -.478,p<.05),
EC (= -.870,p<.0001), %Water {r= -.803,p<.0001), %OM (¢ = -.909,p<.0001), and pH
(rs=.919,p<.0001). The correlations for Mn include Mg $r-.517,p<.01), %OM (g = -.558,
p<.01), pH (¢ = .524,p<.01), %Water ¢ = -.655,p<.001) and EC {r= -.512,p<.05). The
positive correlation between Fe and Mn is expeaaead,the corresponding relationships of Fe
and Mn with similar variables confirm the similaelaviour of these minerals in the soil

environment.

The negative correlations of Fe and Mn with MS catie that these minerals are not the main
source of MS. It is more likely that the MS readingre linked with the organic
decomposition within the soils at Sherwood, thesegient leaching of these minerals, and
their deposition further down the soil profile. $hiluviation of fine material down the soll
profile is evident in the soil micromorphologicalayses below, and is further confirmed by
the positive correlation between MS and %ON=(r919, p<.0001). Further, the negative
correlations of Fe and Mn with %OM suggest that @ is not the main source for these
minerals. Therefore, the MS at Sherwood is morelyiko lie in the deposition of other
magnetic minerals, such as copper or cobalt, fleendecomposition of OM (appendix G,
table G-4). The negative correlations of Fe and Wth %Water and EC suggest low
moisture content in the soil at Sherwood, and aegdrneaching of available soluble salts
from the soil profile. This is consistent with theocess of podzolisation. Relative to the pH
range at Sherwood, the positive correlation of i@ n with pH reflects the acidic nature of
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the soils and its suitable environment for highrgilees of Fe and Mn. Finally, the negative
correlation between Fe and %Clay reflects the iveatistribution of each of these variables
down the soil profile, and is representative of #laviation processes associated with
podzolisation. In addition, the positive correlatioetween MS and %Clays @& .511,p<.05)

lends support to the non-magnetic nature of Fegpttaa the soils at Sherwood.

The correlations between MS and %Water=r.787, p<.0001), MS and EC (r= .925,
p<.0001), and MS and moisture conteRtr528,p<.01) are unclear but it is likely that these
relationships are reflecting the relationship betwé&oWater and EC ( .753,p<.0001), EC
and moisture contents(* .548,p<.01), and EC and %OM(¥ .839,p<.0001). That is, EC is
affected by soil moisture and OM, and as %OM israated with %Water {r= .872,
p<.0001) and EC {r= .839,p<.0001), and MS and %OM are correlated, it is fmsdhat the
correlations between MS and the variables thatelated to moisture, are in effect reflecting
the positive relationship between MS and %OM. Télationship between MS and %OM
suggests that the readings for MS are likely tohigeresult of magnetically charged minerals,
other than Fe and Mn, being released during orgdedomposition, and is further supported
by the negative correlations of MS with Fe and Mihe negative correlation between MS and
pH (rs = -.967,p<.0001) reflects the nature of the soils at Shedyao that it is an acidic
environment with moderate MS. In addition, the ngacorrelation between %Clay and pH
(rs = -.491,p<.05) reflects the acidic, clay-rich soil presenSherwood.

The positive correlations between %Clay and EG (488,p<.05) and %Clay and moisture
content (¢ = .534,p<.01) reflect the impermeable nature of a clay-rscil and its water

holding capacity, which, in turn, reflects the dahility of soluble salts. Further, the negative
correlations between pH and %Water<r-.835,p<.0001), pH and EC {~ -.961,p<.0001),

and pH and moisture content & -.509,p<.05) reflect the acidic soil environment and its
capacity to retain moisture before and after thdaon experiment (albeit in low quantities).
The negative correlation between pH and %OM is etguk as the decomposition of OM
increases the acidity of the soil, i.e. the higtier amount of OM, the lower the pH, or the

more acidic the soil becomes.

Finally, the correlation between moisture conteamd & WC ( = .504,p<.05) is present in
tables 4.20 and 4.21. The correlations in theskedadre identical as they were taken as a
control for the moisture in the soil prior to theyidg out experiments. The strong positive
correlation between these variables confirms tloairacy of both methods: moisture content
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is a measure of soil moisture before drying outl snas close to in-field moisture levels as
possible in a laboratory environment, and VWC dsract in-field reading of the soil moisture
content at Sherwood.

4.5.2 Soil Micromorphology

Soil micromorphological analyses were carried autdfach experiment group: oven dried, air
dried and control, with particular focus on micrasture, relative porosity, iron oxide
deposition, and organic material (appendix F). dascriptions follow Bulloclet al. (1985)
and Stoops (2003) and the coarse-fine limit fordbiés at Sherwood is set at 20um. N/A for
the O horizon in both the winter oven dried expemtgroup and the spring control group
indicate the absence of this horizon in the samptakected. | will first provide a brief
description of the soil microstructure and porgsfotflowed by more detail on iron oxide

deposition and organic material.

4.5.2.1 Microstructure and Porosity

The soil profile at Sherwood includes five horizoasd the fine fabric components are
described as follows: O horizon, which consistgafular organic material along with some
humified granules with predominantly channel voiHshorizon, which consists of humified
organic granules with a granular to crumb structame packing voids and/or vughs; Ae
horizon, which consists of iron-rich silty clay amdchannel microstructure with stipple
speckling and grano- and poro-striations; Bts lworjzwhich consists of a channel
microstructure and iron-rich silty clay, which sndomly oriented and is present as coatings
on grains and channel voids; and finally, B/C hamizwhich is a channel to crumb structure
with silty clay, most often randomly striated arsglcaatings around grains, and sometimes as
coatings on channels and vughs. This is typicah &frown podzolic soil with evidence of
eluviation and illuviation of iron-rich clay, andé movement of humic material down the soil
profile. The dominance of channel voids in the peosuggests the presence of roots and
rootlets, while the subangular blocky structuretted Ae and Bts horizons suggests shrink-
swell processes within these clay-rich soils. Themb structure (0.5-3cm peds), which
dominates the B/C horizon, suggests disturbanteowdh it was noted in the field that this

horizon was the most friable and contained margelaocks (10-50cm in diameter).

156



Porosity for Each Experiment Group at Sherwood

<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< ol

Soil Horizon

Percent

‘ Oven Dried& Air Dried & Control‘

Figure 4.70. Mean porosity (%) and seasonal variatn (error bars) for the soils at Sherwood for all
experiment groups.

The percentage of porosity in the soil at Sherweades both seasonally and between
experiment groups (figure 4.70). Overall, the pdyosf the soil increases with the oxidation
experiments, suggesting that the organic and etdy+ature of the soil is affected by both
rapid and slow oxidation. In all but the H horizaoapid oxidation has a greater effect on
porosity than slow oxidation. The greater effeet #ir dried experiment had on the H horizon
remains unclear but suggests that humic materiadage susceptible to slow oxidation than
rapid oxidation. The seasonal variation preserdllirexperiment groups most likely reflects
the seasonal variation in rainfall. The limitedigion between the experiment groups in the
B/C horizon most likely reflects the lower quantiof clay present here (figure 4.62),

providing a soil that is more freely draining ththe upper, more clay-rich horizons.

4.5.2.2 Iron Oxide Deposition

The iron oxide deposition at Sherwood includes immuules, staining, coatings, and the
replacement of organic material by iron. Althougbni pans are typically found in podzols,
there are no pans present at Sherwood, which sisgidpespodzolic process is in its infancy.
There is some variability between experiment grdopsron coatings of grains and voids, as
well as seasonal variability (figure 4.71). Thissnhbkely reflects the seasonal variation in
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rainfall at Sherwood and the natural variability thie soil environment. The pattern of
distribution of iron coatings down profile suggettat illuviation is active at Sherwood and is
expected, given the podzolic nature of the soilge Tack of coatings present in the O horizon

is due to the lack of minerals present and theeextty high quantities of organic material.

Iron Coatings of Grains and Voids for All Experiment Groups at Sherwood

Soil Horizon

0 2 4 6 8 10 12 14 16 18
Percent

‘ Oven Dried Air Dried Control‘

Figure 4.71. Mean percentage of coatings and seasbnariation (error bars) for all experiment groups at
Sherwood.

The replacement of organic material by iron oxigleniost prevalent in the upper horizons at
Sherwood, and most likely reflects the processeslwed in the decomposition of organic

material (table 4.22). In addition, it is possitiat the respiration and consumption activities
of micro-organisms are responsible for cycles auoing and oxidising conditions within

these layers, providing an ideal environment fonireplacement to occur. There is little
variation between experiment groups, or seasonaltych is expected as this process is not
likely to be affected by the oxidation experimeritke lack of seasonal variation supports the

biotic nature of the redox processes involved edbils at Sherwood.
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Table 4.22. Results for the percentage of iron reatement of

organic matter, as identified through soil micromomphological

analysis.
Sample (Soll Replacement
Number |Horizon |Frequency Minimum (um)  [Maximum (um)
1.1 |0 [TTTT] 117 125(
1.1 [H [T] 42 350
1.1 |AE [ 42 42
1.2 [Bst u 150 233
1.3 [BIC u 33 67
8 |21 |0 EENEEEEEE |02 708
& [21]H [TT 133 533
3 [21 |AE u 75 92
2 [2.2 [Bst u 17 83
O [2.3 |BIC [] 75 75
31 |o EEEN 187 1167
3.1 |H [ 25 233
3.1 |AE
3.2 [Bst u 50 55
3.3 [B/C [ 17 83
1.1 [N/A N/A N/A N/A
1.1 [H [ 25 25
1.1 [AE u 125 242
1.2 [Bst
1.2 [BIC [ 12F 15¢€
S [21 |0 ENEEEN 150 575
Q& [21[H [T 67 608
2 |21 |AE u 42 258
2 [2.2 [Bst u 8 42
S |23 [BIC n 92 233
3.1 |0 [T 133 542
3.1 |H u 57 233
3.1 [AE u 8 83
3.2 |Bst u 58 233
3.3 [B/IC ] 58 92
1.1 |0 [T] 82 492
1.1 [H [T 192 303
1.1 [AE [ 17 50
1.2 [Bst [ 42 42
1.3 [BIC [T] 108 325
< 2110 EEEEE 167 1125
g [21 [H [T 150 425
N [2.1 |AE u 17 117
5} 2.2 |Bst [ 108 217
2.3 |BIC [ 193 242
3.1 [N/A N/A N/A N/A
3.1 [H u 83 148
3.1 |AE
3.2 [Bst
3.3 |B/C [ 67 133
1.1 |o EEEEE 142 1067
1.1 [H [T 133 808
1.1 [AE
1.2 |Bst [T 55 408
1.3 [BIC u 50 550
< 21 |O EEEEE 140 975
g |21 [H [T] 137 533
< [21 |AE u 167 167
3 [2.2 [Bst u 58 200
2.3 [BIC
3.1 [0 (T 150 675
3.1 |H [ 200 283
3.1 |AE [ 42 42
3.2 [Bst u 233 313
3.3 [B/C
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Iron nodules and iron staining are two types ofiioxide deposition that reflect different rates
of oxidation; therefore, these two variables aeertiost likely to be affected by the oxidation
experiments. In figure 4.72 iron nodules predon@nater iron staining, and as this graph
shows the results for the oven dried experimerd,rdsult is expected. Conversely, the results
for the air dried experiment show that iron stagnis more dominant than iron nodules (with
the exception of the humic horizon) reflecting slowidation (figure 4.73). The increase of
nodules in the humic horizon could reflect the ambeastage of decomposition of organic
matter in the layer and an increase in microbidgiviig. A similar iron oxide deposition
pattern is reflected in the control group (figur&’4), which suggests that the soils at
Sherwood are more prone to slow oxidation procetdses rapid oxidation processes. Given
the podzolic nature of the profile at Sherwood, ghedominance of iron staining supports the
preliminary stages of podzolisation, which is agdarm soil formation process involving

oxidation, organic decomposition and leaching.

Iron Nodules Vs Iron Staining for Sherwood Oven Dred Experiment Group
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‘EI Iron NodulesO Iron Stainind

Figure 4.72. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the oven dried experiment group at Sherwood.
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Iron Nodules Vs Iron Staining for Sherwood Air Dried Experiment Group
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Figure 4.73. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the air dried experiment group at Sherwood.

Iron Nodules Vs Iron Staining for Sherwood ControlGroup
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Figure 4.74. Mean percentage of iron nodules andan staining, and the seasonal variation (error bans
for the control group at Sherwood.
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4.5.2.3 Organic Material

Table 4.23 presents the percentage frequencieprasdrvation state for the organic material
identified through soil micromorphological analysia addition to the frequencies and the
state of preservation of the organic material size range for celled material, and whether or
not the organic material is associated with irordexis also noted (appendix F).

The distribution of fine organic punctuations dotre soil profile at Sherwood reflect the
podzolic processes that are occurring, with the forganic fraction (<1um) leaching from
the upper horizons and being deposited in the Idvegizons. The distribution pattern for
charcoal (both <100um and >100um) is similar. Arhorgs organic material (>1um) is in
higher proportions in the upper horizons than m ldwer horizons, as are the celled organic
material. The celled organic material is more plenain the air dried experiment group and
the control group than in the oven dried experinggnup. This suggests that rapid oxidation
has had a greater effect on the preservation aobithenic material than slow oxidation. There
appears to be little seasonal variation for the rpmaus organic material, the charcoal, and
the celled organic material. The degree of decoitipnsof the celled organic material is in
the early stages in the upper horizons but becamm® advanced in the lower horizons.
There is an abundance of plectenchyma present slight increases in the Ae and Bts
horizons, although there does not appear to bndistariations either seasonally or between
experiment groups. Pollen is present in small arteoumthe autumn and winter samples only,
with slightly higher proportions in the control gq@ This suggests that in spite of the acidic
conditions, the soil environment at Sherwood iscwtducive to the substantial preservation

of pollen.
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Table 4.23. Percentage of organic material for Shemod identified through micromorphological analysis

Sample Soil Amorphous Charcoal Celled Plectenchyma |Pollen
Number  [Horizon |Punctuations Matter < 100um | >100um | Lignified Parenchynatic Phlobaphene (Fungi)
11 |0 [TT] EEEEEE mmm 13 EEEEE 13 EEEEE 13
1.1 |H [T T n mm 13 mm 15 mm 13 m 5
1.1 |Ae [TTTT] EEEEE n n m 3 m 3 mEm 35
1.2 |Bst [TTTT] [TTTT] [1] m 13 " 3 m 3 Em 35 ]
1.3 |B/C [TTTTT] EEEEER n [ m 13 m 13 m 3 ]
8 21 ]o [TT] EEEEEE [T] mmm 13 EEEEE 13 umEE 13 m 35
Q |21 |H TT] EEEEE [T [ m 13 amEm 13 mm 13 mm 35
g 2.1 |Ae EEEEEE EEEEE [T 1 [ 15 m 15 m 3 mEm 35
2 [2.2 |Bst EEEEER EEEEE [TT] [] " 13 " 13 Em 35 ]
O (2.3 |BIC [TTTTT] (TTT] [T [] 4 m 3 4 mEEm 35 ]
3.1 |0 [T EEEEER [T [ mEE 13 EEEEE 13 EEEE 13 | 35
3.1 |H FTTT] EEEEEEEEE |(EEE [ " 13 mmm 13 mmm 13 m 35
3.1 |Ae [TTTTTT] EEEEE [T T n m 3 m 3 mm 35
3.2 |Bst [TTTTT] EEEEE [T [ m 3 mm 35 [T]
3.3 |BIC EEEEEE EEEEE [T u m 3 m 13 m 13 m 35 [T
1.1 [N/A N/A N/A IN/A /A N/A N/A N/A N/A N/A
11 |H EEEEEER EEEEER | 15 m 35 m 3 mEm 35
1.1 |Ae EEEEEER EEEEE [T 1 [ m 3 B 45 mm 35
1.2 |Bst u EEER 35 a
1.2 |BIC 1] m 1-3 m 13 B 45 u
g |21 |0 [ mEE 13 EEEEEE 13
Q& |21 |H [T} mmEm 13 EEEEE 13 |m 35
2 21 [Ae [ m 13 m 13 mmmE 35
2 [2.2 |Bst m 13 mm 35 um
S 23 [BIC O m 13 m 13 mm 35 n
3.1 |0 [TT] mmEE 13 mmEE 13
3.1 |H L1 HE 1-3 HEE 1-3 HE 35
3.1 |Ae [TTTTTT] [] m 13 m 13 mEm 35
3.2 |Bst EEEEEER EEEEE [ m 13 mEm 35 [T]
3.3 |BIC EEEEEE [TTTIT] [ m 13 EE 35 [1T1]
1.1 |0 [TTT] EEEEEEEE [ mm 13 mmEE 13
1.1 |H EEEEEE EEEEEEEN [ m 13 mm 13 mm 35 n
1.1 |Ae [TTTTT] EEEEE [T m 3 mEm 35
1.2 |Bst EEEEEER EEEEE [T mEm 35
1.3 |B/IC EEEEEER [TTTT] [ ] m 1-3 | 1-3 | 1-3 m 35
< [21]o [TTT] EEEEEEEE [ EEEE 13 |[EEEEEE 13 [EEEm 13
g |21 |H EEEE EEEEEEEER [] m 13 amEm 13 mmm 13 m 35
N 2.1 [Ae ENEEEEE 1] m 13 m 13 m 13 mE 35
g 2.2 |Bst u EEE 35
2.3 |B/C EEEE ] | 1-3 "1 | 35
3.1 |N/A N/A /A N/A N/A N/A N/A N/A
3.1 |H ENEEEEEN [T mEm 13 mm 13 | 35
3.1 |Ae u 12 | 1-3 m 1-3 EEER 35
3.2 |Bst u a 12 | 1-3 a 12 EEER 35
3.3 [BIC EEEEEEE [TTT] EEEE [ m 13 mm 35
11 |0 [TTTT] EEEEEEEEE |[EEEE [ EEEE 13 |EEEEE 13 mmm 13
1.1 |H EEEEE EEEEEEEER ENEE [ m 13 mEm 13 mm 13 m 35
1.1 |Ae [TTTTTTT] EEEEE EEEE [T m 13 m 13 m 13 mm 35
1.2 |Bst EEEEEER EEEEE EEEE [ mm 13 mm 13 mEm 35
1.3 |B/IC EEEEEEN EEEEE [TTT] u m 1-3 | 1-3 | 1-3 m 35
2.1 |o [TTTT] EEEEEEEEE |[EEE EEEE 13 |EEEEE 1-3 mmEE 13
éf 21 |H EEEEEE EEEEEER EEEE [T m 13 EEEE 13 mmm 13
S [2.1 [ae EEEEEEER EEEEE EEEE [T m 13 m 13 mm 35
2 22 [Bst EEEEEEER EEEEE [T T [ m 13 m 13 mm 35
- 2.3 [BIC EEEEEEEE [TTTT] EEEE [T Em 35
3.1 |O [TTTT] EEEEEEEE [TT] mEE 13 EEEEEE |3 |[EEEEE 13
3.1 |H EEEEEE EEEEEEEEE |EEEE [ " 13 EEEE 13 mEE 13 mEm 35
3.1 |Ae [TTTTTTT] EEEEER T m 1 1 mEm 35
3.2 [Bst EEEEEEEE EEEEER (TT] [ " 13 m 13 " 13 mEm 35
3.3 |B/IC EEEEEEEN EEEEE [T mE 35
Key: W <29, HME 2-50, NEE 5-10%, NEEE 10-20%, ESMEEE 20-30%, ENEEEE 30-40%, ENEEENEE 40-50%, ANENEEEE 50-60%, INNENNNEE 60-70%

Key to preservation of organic material: 1 = fresh;2 = yellow; 3 = red-brown; 4 = brown; 5 = black
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4.5.3 CDB for a Brown Podzolic Soil

The bulk and micromorphological data reflect theparties of a typical brown podzolic soll
with evidence of eluviation/illuviation processegluding low EC readings, the distribution
pattern of iron and manganese down the soil pradileng with coatings of grains and voids.
Further, the MS readings show that the type of prmasent is not highly magnetic; the source
of these readings is most likely the organic congmbrof the soil and the magnetic minerals
that are released during the decomposition of ket pemains.

The comparative database (CDB), as representetebiwio graphs below (figures 4.75 and
4.76), was formed by combining the bulk and soilcnamorphological data for the

experiment groups at Sherwood. These graphs hightiinge variables that are most likely to
provide the best representation of the oxidatiovirenment within the soil, in a way that is

functional and clear as a reference guide to gaugiaservation.

Given the limited seasonal variation for each & bHulk and micromorphological analyses,
the means for each variable have been used to fatenine graphs in figures 4.75 and 4.76 in
reference to their soil depth and soil horizon. Bach figure, a sedimentological key is
provided to represent the soil profile at the s#ed the corresponding bulk and soil
micromorphological results are mapped out in acwocd with their context in the soil
profile. Two variables from the soil micromorphoicgl analyses have been used for these
graphs: iron nodules and iron staining, as theseahblas prove the most informative for
determining the oxidation and/or hydrological enaiment for a brown podzolic soil such as

Sherwood.
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Sherwood Oven Dried Experiment Group
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Sherwood Air Dried Experiment Group
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The bulk analyses data for Sherwood reveal vetlg Nariation between experiment groups,
with the exception of %Water, suggesting that thel@ded experiment group retained slightly
more moisture during the oxidation process thanaven dried experiment group. This is
most likely due to the variations in atmosphericishoe to which the air dried group was
exposed. There is significant variation betweeneexpent groups for iron staining and iron
nodules, with a higher proportion of nodules tarste in the oven dried experiment group,
and a higher proportion of staining to nodules he @ir dried experiment group. This
variation reflects distinct differences in iron d&ideposition directly related to the rate of
oxidation of the soil environmenRapid oxidation increases the amount of irnadules
present in the soil andlow oxidation increases the amount of iretaining in the soil.
Consequently, the deposition of iron nodules and staining can be used as a proxy for
determining the rate of oxidation in the soil enniment. The effect that this oxidation has on
organic material for a brown podzolic soil is mestdent from the soil micromorphological
analyses. The prevalence of celled organic materitde air dried group compared to that of
the oven dried group, suggests that rapid oxiddiema greater effect on the preservation of
organic material than slow oxidation. However, th@servation condition of the celled
organic material present in both experiment grosps the early stages of decomposition,
but does become more decomposed down profile, stiggethat given time, the oxidation
and leaching processes involved in the slow pregmEs podzolisation will have more

devastating effects on the preservation of therocgaaterial present at the site.
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4.6 SIUMMARY

The identification of a sensitive indicator of oattbn within the soil environment is essential
to predict the effects of oxidation on organic miale lron oxide is an ideal indicator as it is
ubiquitous and reacts sensitively to changes inakidising conditions within the buried
environment. With this in mind, oxidation experingnvere carried out on soils from sites
with four different soil/geology types. The effedthese experiments were measured using
a suite of bulk analyses, as well as soil microrholpgy. While the bulk analyses allowed
the quantification of iron and the variables whiofuence it, the soil micromorphological
analyses provided a context in which to identifynsitures of iron oxide deposition within the

soil.

This chapter presented the results for the micrphmogical and bulk analyses for each
experiment group and site, beginning with Ovelpfeed by Wandlebury and Savernake, and
finishing with Sherwood. While the bulk analyses éach of the sites revealed little variation
either seasonally or, more importantly, betweeneegrpent groups, the data obtained from
these analyses have been very useful in quantiffiegiron present in the soil, as well as
identifying likely sources of iron, thereby hightiing the processes by which the iron oxide
deposition occurred. In addition, data from thekkanalyses have provided information about
other processes that occurred in the soils, suchleashing. Likewise, the sall

micromorphological analyses have provided infororatiabout soil processes, such as
eluviation/illuviation and reducing-oxidising cyslealong with evidence of microbial activity

and bioturbation. In addition, the variations irgamic decomposition have been identified,
and where possible, related directly to differgmuets of iron oxide deposition and oxidising
conditions. These analyses have highlighted twaalbkas in particular, which are the most
informative for determining the oxidising condit®rpresent in the buried environment,
namely iron staining and iron nodules. For eachgamlogy type presented in this research,
the prevalence of iron staining in the soil is cadive of a slow oxidising environment,

whereas the prevalence of iron nodules in the moiindicative of a rapid oxidising

environment.

The analyses for Over, an alluvial brown earth wratable cultivation, reveal that the soill
profile has been severely leached due to the dapidring of the groundwater table ahead of
gravel extraction in the vicinity of the site. Thésaching has left very little organic material in

the soil, and therefore, the results for the orgamaterial, identified through soil
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micromorphology, are limited in scope for determgihe effects the oxidation experiments
have on the preservation of organic material atrOdewever, given the effects of the rapid
introduction of oxygen via the water abstractioO&er, | suggest that rapid oxidation of this
magnitude is far more detrimental to organic matdhan slow oxidation of soil via natural
fluctuations of the groundwater table, a conditwhich existed at Over prior to water

abstraction and associated gravel extraction.

The analyses for Wandlebury, a typical rendzinaeurad pastoral landscape, reveal that the
soil is rich in organic material and that microbgaitivity plays an important role in organic
decomposition. In addition, the bulk analyses dateeal that the soils at Wandlebury have
unusually high magnetic susceptibility, which canbe attributed to the presence of iron
alone. Other minerals, such as manganese, arg tikble contributors to these readings along
with those minerals released during organic decaitipa, such as copper and cobalt, which
have high magnetic susceptibility. Further, thetpgasd use at Wandlebury may have
enhanced the magnetic susceptibility of the sailh wvidence of settlement occupation and
associated burning (Frenat al. 2005b), converting non-magnetic Fe into more magne
forms of Fe, such as magnetite. Although Wandlelisirgn organic-rich soil, the effects of
the oxidation experiments on the preservation @& tinganic material cannot be clearly
demarcated, as other factors, such as redox pexeg® microbial respiration and
consumption, have had significant influences ongteservation of organic material at this
site, with the presence of iron replacement of wiganaterial, which preserves the cell

structure of the organic material.

The analyses for Savernake, an argillic pelosoleurah oak forest environment, have
confirmed the effects of redox processes as a treduthe natural fluctuations of the
groundwater table. The oxidation experiments hac dsignificant effect on the porosity of
the soil, which is expected given the clay-richunatof the soil. The oven dried group, which
represents rapid oxidation, has greater poroséy the air dried group, which represents the
slow oxidation of the soils. In addition, the pnesgion of celled organic material present in
the soils has been affected to some degree byxidatmn experiments, with more organic
material being preserved in the control group thareither of the oxidation experiment
groups. Given the good preservation of the comrolip, and that Savernake is influenced by
seasonal groundwater fluctuations (slow oxidatiah)¢can be assumed that in time, the

preservation of the organic material at this siteild have been more variable between the
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oxidation experiments, with rapid oxidation haviagyreater effect than slow oxidation (cf.
Welch and Thomas 1998).

Finally, the analyses for Sherwood, a brown podzaloil under a Scots Pine forest
environment, reflect the podzolisation processesesegt at this site. The bulk and
micromorphological data have identified eluviati@nd illuviation processes, by the
movement of fine organic punctuations down the gwibfile, the prevalence of clay
illuviation in the lower horizons, and the leachiof available soluble salts in the soil at
Sherwood. In addition, the changes in soil porosdtween experiment groups indicate that
the oxidation experiments have had a significafii@mce on the soil environment. Generally,
rapid oxidation has caused the greatest porosithe®oil, followed by slow oxidation, and
the control group with the least porosity. Furthrapid oxidation has had a greater effect than
slow oxidation on the celled organic material prése the soil at Sherwood. The amount of
celled organic material in both the control and #vedried groups is greater than the oven
dried group. As would be expected in a podzoli¢, snich as Sherwood, the preservation of

the organic material deteriorates down profile assalt of leaching.

While this chapter has focused on identifying aegaloping a tool for gauging preservation
of organic material, the use and value of this lozde is only measured by applying it to
archaeological contexts. The next chapter introglfoee archaeological sites with similar

soil/geology types to the CDB sites presented heand, presents the results of bulk and soil

micromorphological analyses carried out on varioused soils and feature fills.
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RESULTS PART Il: INTRODUCING AN ARCHAEOLOGICAL

CONTEXT

5.1 INTRODUCTION

The introduction of oxygen to an anaerobic envirentris detrimental to the preservation of
archaeological material data, especially organitenmas and bio-archaeological data. The
variation in decomposition of organic material elated to the nature of the oxidising
conditions present in the buried soil environmerthe development of the comparative
database (CDB), as discussed in the previous ahajstes a sensitive indicator of oxidation,
iron oxide deposition, as a tool for determining tixidising conditions present in the buried
environment. Two variables in particular have prowgost valuable for identifying the effects
of different rates of oxidation: iron nodules amdni staining, both identified through soil
micromorphological analysis. The predominance @f inodules present in the soil represents
rapid oxidation, while the predominance of ironirgtag in the soil represents slow oxidation
(Gerrard 1992, 96; Ralston 1979, 424). Rapid olodateflects activities such as a rapid drop
in groundwater table due to water abstraction, ed&®rslow oxidation reflects the natural
fluctuations of the groundwater table. This chaptéroduces an archaeological context for
testing the effectiveness of using these distiecpatterns of iron oxide deposition as a tool
for gauging the preservation of organic materiabararchaeological site.

Three types of iron oxide deposition discussed his tchapter are influenced by the
fluctuations of the groundwater table: iron panningn staining and iron nodules.
Groundwater is “water that fills or saturates &k tavailable pore space within soil or rock
materials” (Rose 2004, 324). There are three maimeg in the soil environment that are

predominant in the presence of a fluctuating grewatdr table: the saturated zone
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(groundwater), the oxidised zone, and the fluctuatione ipid). The saturated zone is the

anaerobic soil located below the permanent watkestabe oxidised zone is the aerobic soil
located above the permanent watertable; and tlwtufition zone is the zone between the
saturated and oxidised zones, which is most afflebtethe fluctuations of the groundwater
table, often resulting in a mottled soil horizomgyie 5.1) (Gerrard 1992; Rose 2004). This
mottled horizon is the result of reducing-oxidisigcles from the fluctuations in the

groundwater table and, depending on the rate aagléncy of these fluctuations, different

types of iron oxide deposition can occur.

Ground surface

Oxidised Zone

Fluctuating
Watertable

Fluctuation Zone

Permanent
Watertable

Figure 5.1. Schematic illustration of the three mim zones involved in the natural fluctuation of the
groundwater table.

If reducing conditions are rapidly oxidised, diffuson nodules form, whereas if oxygen is
introduced at a slow rate, iron staining occursr(@d 1992, 96; Ralston 1979, 424).
Additionally, the rapid introduction of oxygen to raducing environment (or the rapid
lowering of the groundwater table) can result irveadion (Welch and Thomas 1998).
Advection occurs when the rapid movement of theugdwater carries away any dissolved
minerals (or chemicals) in the soil solution, thgreesulting in the leaching of the soil of its
nutrients, leaving any organic archaeological remaxposed to immediate oxidation and
subsequent deteriorationbi@d). The slow oxidation of an anaerobic environment the

natural fluctuations of the groundwater table) hssin diffusion (bid). Diffusion is an

extremely slow process, which involves the conegiuins of the minerals in the soil to move

172



from high concentrations to low concentrations, alo@ to its slow process, considerable

damage is less likely to occur to the organic remaresent in archaeological contextsd).

Frequent reducing-oxidising cycles, often as a Itesti the natural fluctuations of the
groundwater table, can result in both iron replaseinof organic material and iron panning
(as explained in chapter 2). Both these processes ptotect organic material against
deterioration, the former by retaining the struetwf the organic material by way of
pseudomorphs, and the latter by forming a barrieurad archaeological features, which
prevents post depositional leaching and/or decoitipsof the organic material contained

within the pan.

Figure 5.2. Map of the location of the five archadogical sites selected to test the effectivenesstibé CDB
(maps adapted fromhttp://www.globe-images.net/europe-image.htm

Five archaeological sites, with similar soil/geotdgpes to the CDB sites (see chapter four),
were selected and samples were collected for bulk @micromorphological analyses,
following the protocols and analyses used for teeetbpment of the CDB. This chapter first

introduces the sites with a brief background tchesite, followed by the results of the bulk
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and micromorphological analyses on a site by s These sites include the Late Bronze
Age enclosure at Over, the Iron Age ringwork at \ahury, the Romano-British site at
Marcham-Frilford, the Iron Age enclosures at Sut@ommon and the Bronze Age field

systems at Shovel Down (figure 5.2).

5.2 LATE BRONZE AGE ENCLOSURE AT OVER

The Late Bronze Age enclosure at Over (Site 9jtisated in an alluvial floodplain of the
lower Great Ouse valley in Cambridgeshire betwéenvillages of Over and Willingham to
the south and Bluntisham and Earith to the north 390725) (French and Heathcote 2003).
Located beneath.1.5m of silty clay alluvium and oxidised peat owsdien, and overlying
Devensian river gravels and Oxford Clay, the sitesvexcavated in 2004 and is part of a
hydrological monitoring programme. This programnas been in place since 1994, made
necessary by the gravel extraction being carrigdrothe vicinity of the site (figure 5.3). It
aims to assess the changes in hydrology, soiltsreiand geochemical status before, during
and after gravel extraction (Frenehal.1999; French 2004). The Late Bronze Age enclosure
is part of a rich archaeological record with arntéfa sites and cropmark evidence ranging
from the Mesolithic to the Roman period (Evans &might 1997; Frenctet al. 1999, 43).
The site is currently under arable cultivation mifprotected from ploughing by the thick

alluvial overburden (figure 5.4).
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Introducing an Archaeological Context

Figure 5.3. Looking from the Late Bronze Age enclage NE towards the gravel quarry at Over.

Prior to gravel extraction, the groundwater tablesvaround 1.2 to 1.5m below the ground
surface, but due to the water abstraction necessaygin access to the gravel beds and allow
dry sand/gravel extraction, the groundwater talke lieen lowered by pumping to around 5m
below the surface (French 2004). This rapid drofhéngroundwater table has had detrimental
effects on the preservation of the archaeologiaal palaecoenvironmental records at Over.
For example, French (2004, 3) observed that padahé water abstraction the groundwater
table was high enough to inhibit the excavatiorthaf barrow mound and ring-ditch (Over
1.20) but in the following year the watertable ldrdpped significantly, making it possible to
excavate the site without groundwater influencesterAan additional year of gravel
extraction, the watertable had dropped again matkiegbarrow an “isolated tump of land
within the quarry” and dramatically reduced thd sodisture content of both the barrow and
the ring-ditch fill {bid).

The pre-extraction phase monitoring determined tiatmain influences on the groundwater
table were seasonal variations in rainfall, rivevels, recharge from the aquifer in the gravels
and irrigation, with the an average groundwateel®¥ about 1.5m below the surface and soil

moisture content of the buried soil of about 20-5@8id). The site’s pH was circum-neutral
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to alkaline and redox readings showed that thensamuls below the groundwater table
remained waterloggedib{d). However, during the extraction phase, monitormegults

revealed that pH at the site had risen, becomimgigminantly alkaline, the soil moisture
content of the buried soil was reduced to <20% foo#0-60%, although the redox readings
revealed that the sediments below the groundwatse remained anaerobic. Unfortunately,
due to the drastic reduction in groundwater leels5m below the ground surface), the
archaeological sediments were no longer within #imaerobic environment and suffered the

effects of oxidising conditionskid).

In an attempt to counteract the effects of watestrabtion on the archaeological and
environmental records at Over, the quarry compatgngon) constructed a wide bund of
Oxford Clay at the southern perimeter of the siid around the whole of the first-phase
gravel extraction pit, and a reed fen environmexst heen recreated as a Royal Society for the
Protection of Birds reservé(d). As a result, the groundwater level upstreamtariie south

of the extraction area has recovered and is equidlet pre-extraction phase levddid). The

pH remains alkaline and the redox readings rem@éei@bic, although the groundwater table
levels are generally well below the lowest levefsaochaeological remainsb(d). The
hydrological monitoring programme at Over continaad, the data collated from the samples
collected during the excavation of Over Site 90042, will provide additional information on

the effects of oxidising conditions on the presgoraof organic material at Over.

Over Site 9 is situated on the east bank of a foqpaégaeochannel of the River Great Ouse
c. 7m OD, and is an approximately 1ha hexagonal shag@uble-ditched Late Bronze Age
enclosure ¢. 1200-1000 BC). The site includes a post-builtilieetar structure and several
circular post and eaves-drip gully structures, afl as miscellaneous pits, postholes, gullies
and ditches. The site is set inside a Middle Broige rectilinear field system with six earlier
Bronze Age barrows, three on either side. Two festdrom within the Late Bronze Age
enclosure were chosen for micromorphological ané boalyses along with the buried soil
(figure 5.4).
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Introducing an Archaeological Context

Alluvium

Oxidised Peat ,
R
Pit

Ditch

Figure 5.4. The Late Bronze Age enclosure at Overexcavated in 2004) showing the location of the
samples taken from the site and the peat and alluai overburden.
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Figure 5.5. The location of the samples collectedoim the pit fill at Over.
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Introducing an Archaeological Context

Figure 5.6. The location of the samples collectedoim the ditch fill at Over.

In total, five micromorphological samples and fagsociated bulk samples for bulk analyses
were collected (table 5.1): two from a pit (figlsé), two from a ditch (figure 5.6), and one

from the buried soil beneath the peat and alluwa&rburden (figure 5.4).

Table 5.1. The soil micromorphology and bulk sampke collected from the Late Bronze Age enclosure at

Over, along with their field description and contex.

Micromorphology Sample*

Field Description and Contex

Associated Bulk Sample

Over 04 TD Site 9 [9] (96)
<8> a

black (organic) layer of pit fill

Over 04 TD Sited0>

Over 04 TD Site 9 [9] (96)
<8>b

light brown layer between black g
orange layers of pit fill

Over 04 TD Site 9 <10>

Over 04 TD Site 9 [9] (98)
<9>

orange layer (Fe) from pit fill

Over 04 TD Site 9k

Over 04 TD Site 9 <12>

Late Bronze Age Buried Soil

eP®b4 TD Site 9 <13>

Over 04 TD Site 9 [11] (107
<14>

upper sample from ditch

Over 04 TD Site 9 <165

Over 04 TD Site 9 [11] (108
<15>

lower sample from ditch

Over 04 TD Site 9 <173

* a and b signify separate units identified by soei€romorphology in the same sample
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The photographs in figures 5.5 and 5.6 show clesr oxide features present at the base of
the pit and ditch, respectively. The features waresen in relation to their association with
obvious iron oxide deposits so as to determinertihe that iron oxide has as a sensitive
indicator for changes in the oxidation environmemtgd consequently, the effects that these
changes have on the preservation of the organierrahtontained within the sediments. In
addition to bulk and micromorphological analysesfield soil moisture readings were
recorded for each of the contexts for each featheeburied soil, and the alluvial overburden,

using a TDR300 moisture meter.

The volumetric water content of the alluvial ovedden was taken seasonally from autumn
2003 to summer 2004. The results, presented i tald, show that the moisture present in
the alluvium reflects the seasonal soil moisturcdevariation recorded by MORECS. This
would suggest that the moisture retained within ahevium is influenced by variations in
rainfall and evaporation at Over. Overall, the leekmoisture in the alluvial overburden,
recorded by the moisture meter, is relatively hagiad remains beneficial for preventing loss

of moisture via evaporation from the free-draingagys beneath.

Table 5.2. This table presents the average seasowalumetric water content readings
taken by the TDR moisture meter for the alluvial oerburden recorded during
sampling for the CDB at Over, and the seasonal soihoisture deficit for 2003-2004,
courtesy of MORECS.

Season Alluvial Overburden VWC (%) | Soi Moisture Defigt (mm)

Autumn 55.67 84.1
Winter 137.67 0
Spring 82.67 2.9
Summer 34.6|/ 112.3

Although the archaeological site at Over was ndagially waterlogged, its burial by peat
growth and alluvial silty clay deposition has paiesl the archaeological integrity of the site,
and prior to gravel extraction, the high watertadole the relatively impermeable nature of the

alluvium has provided a good preservation enviramn(bid).

5.2.1 Bulk Analyses Data

A suite of bulk analyses were carried out on thi& samples collected from the Late Bronze
Age enclosure at Over, which included ICP-AES fiak Fe and Mn, MS, LOI for %Water
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and %0OM, PSD for %Clay, pH, EC and redox (tablg.3r8 addition, moisture content (%)
and in-field moisture readings (VWC) were recor@adble 5.3).

The results of the ICP-AES for total Fe show tlhat buried soil lies within the natural range
of iron present in the soils at Over (table 5.3 &igdre 5.7). There is an increase in Fe for
each of the feature fills, and given the preserfcéh® iron pan at the base of each of these
features, the higher quantities of Fe is expectedrther, as will be seen from the
micromorphological analysis, the organic-rich seslits of the fills and the subsequent decay

of this organic material have added to the totgbfesent within these sediments.

ICP-AES Total Fe

45000

A pitfill 2
40000+
A ditch fill 2
35000
’g . .
g A ditch fill 1
& 30000+
(]
L A pit fill 1
= 20-25cmil 25-30cmill
R 15-20cm -
050 10 15cm= buried oot B 15-20cm © 20-25cm © 25300
¥ 0-5cm 5.100mm 5-100m @ 10-15cm
20000

15000

‘0 Oven Driedm Air Dried A Archaeologj

Figure 5.7. Results for total Fe for the archaeoldgal sediments and the samples analysed for the CDB
The x-axis is absent as this graph is a histograme. the x-axis is simply the number of samples, dnt is
presented in the format above so as to clearly ilgirate the variations in the quantity of Fe (ppm) pesent
in each of the samples.

A similar pattern appears for total Mn, althougle tNMn present in the archaeological
sediments is up to nine times higher than the abn levels (cf. chapter 4 and appendix F).
The lowest reading is from the buried soil, whiemains at least twice as high as the natural
Mn levels for Over (cf. chapter 4 and appendixIf)addition, the quantities of OM and clay
are higher in the archaeological sediment and ter&hdings are up to seven times higher
than the natural soils (table 5.3, cf. appendiXVi#hereas the natural soils have suffered from
leaching of OM, clay and other soil nutrients, #rehaeological sediments have retained this
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material, and in the case of the ditch and thetbé,iron pans at the base of these features
have prevented the leaching out of the soil nutsiewith the rapid lowering of the
groundwater table. Further, as will be discussdovipethe micromorphological analyses have
revealed that the feature fills and the buried awel rich in organic material in various states
of preservation, and the decomposition of this neteeleases plant nutrients (table 5.4),
which can contribute to the high MS readings. Iditon, the pit sediments contain wood
ash, which suggests that some burning has occusiddn the site. This may have
contributed to the increase in Mn and the higher M&dings as it has been shown that
burning increases the amount of total Mn presetiénsoils (Gonzalez Paret al. 1996). In
addition, burning transforms iron that may not bagmetically susceptible into magnetite,
which is a highly magnetic form of iron oxide (Stuet al.1988).

The EC results are slightly higher than the natwadiments, which confirm that the
archaeological sediments have not gone througlsdhge leaching processes as the natural
soils. However, the EC readings are generally lich indicates that the main source of
water in the sediments at Over is from precipitatias rainwater generally has lower
conductivity levels than groundwater (Caple and @worth 1997). This would attest to the
current position of the groundwater table at appnately 5m below the surface. The redox
results are within the natural range and indicdte presence of moderately reducing
sediments (cf. Cronyn 1990, 21). The moisture auraed VWC for the upper pit fill and the
buried soil are consistent, with more variationte lower pit fill and the ditch fill. The
variation between the moisture content and VW(Citlier upper ditch fill is unclear, but the
variation between moisture content and VWC, as aswme of moisture in the sediments,
could be attributed to the density of the iron gaigh moisture content) and the impermeable

nature of the pan (low VWC).
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Table 5.3. Results for the bulk analyses carried a@wn the bulk samples collected from the Late Brore Age enclosure at Over; MC = moisture content.

0 8 0 0
Sample Context | Fe (ppm) Mn (ppm (TODCSIIS;/ z:}z/%;o (f\é)vster (fgll\)/l pH EC Redox [MC (%) [VWC (%)
OverTD10 Pit fill 1 27700 718 13.97 5.p5 287 3163 1.22 6.6758.00 20.30 22.J0
OverTD11 Pit fill 2 42100 80B 14.60 7.09 2168 3126 1.71 6p.6754.33 22.58 15.97
OverTD13 Buried soll 22700 287 1065 132 .46 3.51 6.76 339. 173.6] 17.0B 18.¢0
OverTD16 Ditch fill 1§ 30800 440 10.53 5.p2 2{38 3102 .80 41.0Q73.33 12.2b 19.40
OverTD17 Ditch fill 2 36400 90b 9.41 341 204 2|35 q.90 45.3374.33 18.8Y 8.33
Table 5.4. Results from ICP-AES for the plant nutrents present in the samples collected from the Latronze Age enclosure at Over.
Over Plant Macro-Nutrients Plant Micro-Nutrients
Sample Name |Al (ppm) |Ca (ppm) |Fe (ppm) | K (ppm) |Mg (ppm) [P (ppm) [S (ppn) |B (ppm) [Co (ppm)| Cu (ppm)f Mn (ppm) | Mo (ppm) |Na (ppm) | Zn (ppm)
OverTD10 7600 8900 27700 9po 900 5760 BOO 10 9 36 718 1 200
OverTD11 6900 10440 42100 9p0 g400 5620 P00 10 9 29 803 1 200
OverTD13 7700 3700 22700 8p0 800 2850 300 <10 8 27 287 1 100
OverTD16 7100 4600 308(1)0 8po 800 4260 P00 <10 9 34 449 2 200
OverTD17 6000 2700 364¢0 6p0 00 2730 P00 <10 10 17 905 1 100
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5.2.2 Soil Micromorphology

Soil micromorphological analyses were carried qutlee samples collected from Over Site 9
following the same protocol used for the CDB sitébe results of these analyses are
presented in appendix F, tables 5.5 and 5.6, gudei5.8 below.

Sample 12, the Late Bronze Age buried solil, isran-iand organic-rich fine sandy loam with
a channel structure and illuvial silty clay coasrgf grains and voids, which suggests that it is
the buried lower A horizon of a typical brown eariline silty clay coatings and fine organic
punctuations suggest that the palaeosol may hase saéhjected to arable cultivation at some
point (cf. Macphail 1998). There are significartrircoatings of channel voids (table 5.6)
from the decomposition of the organic material pre¢sin the palaeosol. In addition,
phytoliths are present throughout the horizon adl we some Ca-P crypto-crystalline
infillings (Brothwell and Pollard 2001, 171), whidre the result of the decomposition of
bone, although no bone was present in the secliba. majority of the organic material
present in the palaeosol is amorphous punctuainodsine amorphous organic matter (table
5.5). In addition, the soil is rich in fine chartda100um) with up to 5% of coarse charcoal
(>100um).
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Table 5.5. Results for the organic material identied through soil micromorphological analysis basedn the protocol used for the CDB at Over.

Over Amorphous Charcoal <| Charcoal |Celled Plectenchyma |Pollen
Sample Name Punctuations Matter 100um >10Qum |Lignified |Parenchymatic |Phlobaphene |(Fungi)

Over 04 TD Site 9 [9] (96) <8>a |NEEEEEEN EEEEN EEEEE |(EEEN m 12

Over 04 TD Site 9[9] (96) <8>h | EEEEEEEN EEEEEE |EEEEN |EEEN

Over 04 TD Site 9 [9] (98) <9> EEEEEEE EEEEEE |EEEEE (EEEE u
Over 04 TD Site 9 <12> EEEEEEE EEEEN EEEE (T m 35

Over 04 TD Site 9 [11] (107) <14> EEEEEEEE EEEEEE |EEEEE |(EEEE n
Over 04 TD Site 9 [11] (108) <15> INEEEN EEEE EEEEE | EEEE m 35

Key: W <2%, HE 2-5%, NEN 5-10%, EEEE 10-20%, ENEEE 20-30%, ENEEEE 30-40%, ENEEEEE 40-50%, SNEEEEEE 50-60%, INEEEEEEE 60-70%
Key to the preservation of organic material: 1 = fesh; 2 = yellow; 3 = red-brown; 4 = brown; 5 = blak

Table 5.6. The average percentage of iron coatingé voids and grains, and of iron replacement
of organic material identified through micromorphological analysis.

Over Coatings of Grains |Replacement of
Sample Name and Voids (%) Organic Matter (%)
Over 04 TD Site 9 [9] (96) <8> a 5

Over 04 TD Site 9 [9] (96) <8> b 8 £2
Over 04 TD Site 9 [9] (98) <9> 31 €2
Over 04 TD Site 9 <12> 19

Over 04 TD Site 9 [11] (107) <14> 10 <2
Over 04 TD Site 9 [11] (108) <15> P8 <2
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Samples 8 and 9 are from the pit/posthole, withpdar8 containing two units, 8a and 8b.
Unit 8a is an iron- and organic-rich silty clay toavith a channel microstructure and some
silty clay coatings of grains. Small fragments aburnt reddened bone (300-570um) are
present; the reddening is the result of iron bogduith the bone. In addition, articulated and
non-articulated phytoliths are abundant includirgyious shapes: rectangular, triangular,
square, elongate, serrated and spiny. The presdranticulated phytoliths is the result iof
situ decay of plant material either by humification lourning (Stoops 2003, 74). The
predominant organic material present in 8a is ahmup punctuations and fine amorphous
organic matter (table 5.6). In addition, up to 36P4ine charcoal (<100um) and up to 20% of
coarse charcoal (>100um) is present in the grousdni¥dere is <2% celled organic material
present in this unit with fresh to yellow preservaf which suggests that this material may be

a recent intrusion.

Unit 8b is a wood ash-rich fabric with iron- andyanic-rich silty clay loam and a channel
microstructure. There are some silty clay coatinfgrains suggesting illuviation of fine
material. The ashy deposits have a mottled coraigonrsuggesting that this wood ash is not
in situ but has been disturbed and unevenly distributeouthh the fabric. There is some
amorphous vivianite present, suggesting that reduconditions have occurred within the
feature, either through groundwater movement ok lac oxygen through the burning of
surrounding sediments. In addition, articulated aad-articulated phytoliths are present with
the articulated phytoliths suggesting thesitu decay of plant material. These phytoliths have
various shapes, similar to the phytoliths presenBa. Amorphous punctuations and fine
amorphous organic matter are predominant in 8bgalith fine (<100um) and coarse

(>100um) charcoal.

Sample 9 was taken from the iron pan at the bastefpit/posthole. It is an iron- and
organic-rich fine sandy loam with silty clay fineaterial and a channel to crumb
microstructure but is largely masked by iron. Thereome wood ash, along with articulated
and non-articulated phytoliths of various shapeswall as some amorphous vivianite in the
upper part of the section. This suggests ithattu decay of plant material has taken place and
that reducing conditions were present at one tilimeorphous organic punctuations and fine
organic matter predominate with up to 30% fine (1) and 20% coarse (>100um)

charcoal present throughout the fabric.
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The micromorphological analysis of the samples riakem the pit/posthole suggests two
phases of use: first as a posthole and secondpés Bhe presence of ashy deposits in the
primary fill, 8b, suggests that the pit was fillith hearth rake-out as there was no distinct
situ layer of wood ash but a more mottled distributbddnvood ash throughout the fabric. The
secondary fill, resembles the fabric from the bdirke horizon from sample 12, and is most
likely the result of natural erosion/depositiontlofs material into the pit. The iron pan at the
base of the feature could be the remnant of thefpm® the initial use of the feature, which
has decayed leaving an iron imprint in the fabrlowever, the presence of vivianite in the
secondary fill of the pit suggests that reducingdmng conditions have occurred, most
likely as a result of the fluctuating groundwatable. Consequent to fluctuating iron-rich
groundwater, it is possible that an iron pan hagldged along the cut of the feature where a
change in texture (and/or pore space) has occurrether, there is an increase down profile
within the pit of iron-rich clay coatings, whichggests that post-depositional illuviation has
occurred (table 5.6). In addition, the presenceiroh replaced organic material in the
secondary fill and in the iron pan suggests thageated reducing-oxidising cycles have

occurredn situ (table 5.6).

Sample 14 is from the upper part of the ditchdnld is an iron- and organic-rich fine sandy
loam with silty clay fine material, a channel tagtb microstructure and illuvial silty clay

coatings of grains and voids. Phytoliths are presl@mughout the fabric along with Ca-P
crypto-crystalline infillings from the decompositicof bone (Brothwell and Pollard 2001,

171); although no bone was present. Amorphous pations and fine amorphous organic
matter predominate, along with fine (<100um) andrse (>100um) charcoal (table 5.5).
Sample 15 is from the base of the ditch and ig@m iand organic-rich fine sandy loam with
silty clay fine material and a channel to crumb nostructure, but is largely masked by iron.
There are some illuvial silty clay coatings of giaiand voids as well as Ca-P crypto-
crystalline infillings and some phytoliths througitahe fabric.

The fill of the ditch is similar to the palaeosehfnple 12) and it is likely that this ditch filled
from natural erosion/deposition of this materidheTpresence of the iron pan at the base of
this feature is likely to have occurred from thecfuating iron-rich groundwater present at
Over (French 2004); the presence of iron replaag@roc material in both samples taken
from the ditch confirm that redox processes wemoing here (table 5.6). In addition, there
IS an increase in iron-rich clay coatings of graam&l voids down profile within the ditch,
suggesting post-depositional movement of the fia¢ennal (table 5.6).
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Figure 5.8. The relative percentage of iron nodulesersus iron staining present in the samples colltsd
from the Late Bronze Age enclosure at Over.

Finally, the presence of iron nodules and ironngtg in the fabric provide information about
the rate of oxidation in the soils. Iron nodulesgominate in the samples from the primary
and secondary pit fill, the buried soil and the epfill of the ditch, whereas iron staining is
predominant in the lower pit and ditch fills (figub.8). The predominance of iron staining in
the lower pit and ditch fills is expected as thsamples were taken from the iron pans at the
base of the features. The predominance of iron leedn the remaining samples most likely
reflects the rapid oxidation of the sediments fribia dramatic lowering of the groundwater
table ahead of gravel extraction in the vicinity tbe site. As discussed in the previous
chapter, the rapid lowering of the groundwaterdaiaisulted in the leaching out of the finer
material in the soil fabric, including much of tleeganic material, from the natural soll
profile. Although there is evidence of organic depwosition (phytoliths, dominance of
amorphous organic matter) in the archaeologicahseats, which is the result of oxidation,
they have retained much of their fine and organatemal. This is most likely due to the
presence of the iron pans, which have protectede¢ddenents against leaching processes, and
the capping of the site by alluvial overburden pesvented the erosion and mass movement

of the finer material from the sediments.
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5.3 IRON AGE RINGWORK AT WANDLEBURY

The Wandlebury Iron Age ringwork is situated appmoately 6.5km southeast of Cambridge
(TL 4940 5343) towards the northern end of the ®agog Hills, overlooking the Cam
valley and Cambridgeshire fens (Frerethal. 2005b, 15). There is a mixed geology/soil type
present at Wandlebury, which includes a typicaldeema on a chalk substrate and a
calcareous brown earth on a remnant of glacial heaterial {bid, 48). The ringwork
encloses about 6.25ha and is situated on a ndtiiatk, at approximately 77m ODOb(d,
15). The site was excavated from 1994-1997 asiairigaexercise by the Department of
Archaeology and the Cambridge Archaeological UBA), University of Cambridgeil§id).

In addition to reassessing previous excavationsechiout in 1955-1956, this excavation
aimed to investigate the extent and preservaticardiaeological features within the interior
of the ringwork as well as outside the ringworkthe east and southeast, and to better

understand the role of this monument in its surdinm landscapeilfid, 17).

There is evidence of settlement and land use atdWhbuary from the Late Bronze Age/very
Early Iron Age through to the Romano-British peri@lid). The archaeological finds
recovered during the 1994-1997 excavations at \\daly include pottery, flint, faunal and
botanical remains, and human remaisidj. The preservation of the organic material
recovered at Wandlebury will be discussed heré,iaglirectly relevant to my research. For a
full report of the excavations at Wandlebury plesse Frenclet al. (2005b).

The human skeletal remains were very well presenvaking it possible to determine the age,
sex and pathological history of the individual framldhood until deathil§id, 57). The state
of preservation was not unusual given the calca&owial environment. The preservation of
the faunal remains varied by period, with good @restion in the Iron Age deposits and poor
preservation in the Romano-British deposiksd| 46). This was most likely due to the rapid
burial of the faunal remains in the pits during tfem Age and the long term exposure of the
faunal remains in the Romano-British periadid, 46). There was clear evidence of cut-
marks and burning present in the faunal assemblégte a predominance of cut-marks
present on the bones found within the ringwork, amtedominance of burnt bone present in
the assemblages from outside the ringwoitkid( 47). Although faunal remains were
preserved at Wandlebury, 64.5% of the assemblagained unidentifiableilfid, 43).

The macro-botanical remains recovered from pit lagide and outside the ringwork were

charred, and the preservation of these remainsdivastly related to the degree of charring
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(ibid, 49). Those plant remains which were not charrednmeralised, were most likely
rapidly degraded post deposition and were absettteirbotanical assemblage at Wandlebury
(ibid, 56). The samples that were more poorly preseneedcharacteristics which result from
severe charring, whereas the samples that werer ttserved lacked such characteristics
(ibid, 49). There was a general trend of better pretervaf samples from the pits outside
the ringwork than those from within the ringworkydathe author suggested that this was
either due to burning or variations in post deposél oxidising conditionsilfid). Further, it
was noted that the preservation of macro-botamrieadains was very poor in the samples
taken from the buried soil beneath the inner rainfard, 50) (an issue which will be
highlighted below in the results from the currehidy). This was most likely due to the
exposure, trampling and mechanical disruption efrdmains during the construction of the
monument, along with drainage/soil conditions o€ thuried environmentikid), with

possibly some decalcification occurring in the eomporary Early Iron Age soil.

The samples used for my research were collectedrrbych during the course of these
excavationsibid). The micromorphology samples have been analygderdnch focusing on
land use and soil development of the palaeosoty poi the construction of the ringwork
(ibid, 48). The samples include three profiles: two fréhe buried soil beneath the
counterscarp bank and one from the buried soil &énthe inner rampart (table 5.7 and
figures 5.9 t0 5.11).
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Table 5.7. The soil micromorphology and bulk sampke collected from the Iron Age ringwork at
Wandlebury, along with their field description and context.

Micromorphology Sample* [Field Description and Context | Assciated Bulk Sample

Wan 94 Pr 1/1 Test Pit 6 - buried soil beneatfwan 94
counterscarp bank

Wan 94 Pr 1/2 Test Pit 6 - buried soil beneatfwan 94
counterscarp bank

Wan 94 Pr 1/3a Test Pit 6 - buried soil beneafvan 94
counterscarp bank

Wan 94 Pr 1/3b Test Pit 6 - buried soil beneafiWwan 94
counterscarp bank

Wan 95 Pr 2/1 Trench IX - also buried soil |Wan 95
beneath counterscarp bank

Wan 96 Pr 10/1 Trench 40 - buried soil benegtWwan 96
inner rampart

Wan 96 Pr 10/2a Trench 40 - buried soil benegivan 96
inner rampart

Wan 96 Pr 10/2b Trench 40 - buried soil benegivan 96
inner rampart

* a and b signify separate units identified by soil microrhotpgy in the same sample

The palaeosol from beneath the counterscarp batdsirpit 6 included an organic A horizon,
evident from the similarity of the profile to thepsoil and the presence of amorphous organic
matter throughout the groundmass, as well as mdlilst different lower horizonibid). This
lower horizon was predominantly illuvial silty clawith irregular aggregates of fine
calcareous sand and was likely the result of thderying geology of mixed glacial
head/chalk subsoiilfid). The concentration of the illuvial silty clay the lower horizon and
its absence in the A horizon suggested “considerabthin-soil mass movement of fines
down-profile”, which was “caused by slaking of fafgom an exposed topsoil associated with
rainsplash erosion’ilfid, 48). This evidence, along with the mixing of fioalcareous sand
with the predominantly clay loam horizon and it®pstructural development, suggested that
arable land use had occurred at Wandlebiig,(48). Contrary to the palaeosol profile in test
pit 6, the palaeosol beneath the counterscarp fsanktrench 1X was indicative of a rendzina
soil, which developed directly on the chalk sulstrgbid). Along with differences in
geology, the two buried soil profiles varied witmetbrown earth being de-turfed prior to,
and/or in association with, the construction of tenterscarp bank, while the rendzina
profile was not de-turfed but was buried by bankstaiction (pid).
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Figure 5.9. Location plan of the excavations and suey carried out in 1994-1997, adapted from French
(Figure 4, 2005b, 21). The red circles indicate th&renches and test pit from which the samples were
collected.

The buried soil beneath the inner rampart fromdnefi0 comprised two main horizons: the
upper, a thick, dark brown, silt loam turf line daiine lower, a mix of chalk rubble fragments
and thick, brown, silt loamil{id). In addition, the upper horizon was dominated by
amorphous iron and organic impregnation of the fadaic, with small amounts (<10%) of
pale brown calcitic sandbid). The palaeosol profile beneath the inner rampasd typical of

a thin rendzina on a chalk substrate and althohgretwas evidence of disturbance (calcitic
aggregates), the turf line remained situ, and therefore, was not de-turfed prior to the
construction of the rampaiib{d). The disturbance that was evident was most likedyresult

191



Introducing an Archaeological Context

Figure 5.10. The buried soil beneath the countersgabank (photo: C.A.l. French).

Figure 5.11. Buried soil beneath the inner rampar{photo: C.A.l. French).
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of mechanical mixing from human activities thatkquace within the ringwork earlier in the
Iron Age (bid).

The samples listed in table 5.7 were analysed veigard to iron oxide deposition and the
preservation of organic material for comparisonhwihe Wandlebury CDB site. The

micromorphology samples were analysed using theesezategories used for the CDB, as
outlined in chapter three, and the bulk samplesshasen analysed using the same bulk
analyses suite as the CDB samples. The resultisesktanalyses with specific reference to

iron oxide deposition and the presence of orgarattanare presented in the sections below.

5.3.1 Bulk Analyses Data

The bulk samples from Wandlebury were collecteanfifeature fills under the counterscarp
bank (Wan 94 and Wan 95) and from the buried seilelath the inner rampart (Wan 96).
Sample Wan 94 is the tertiary fill of F15, whichsHzeen identified as a grain storage pit, and
sample Wan 95 is the primary fill of F126 and hasrbidentified as storage for bulk grain
(Frenchet al. 2005b, 28). The samples were run through a sditulx analyses, including
ICP-AES for total Fe and Mn, LOI for %Water and %QRNSD for %Clay, MS, pH, EC,
redox and moisture content, the results of whighmesented in table 5.8 below. %CaCO
from LOI is also included in table 5.8 below. Thare no VWC readings for this site as the
opportunity was not available at the time of sanguléection.

The bulk analyses results for the samples takem fo@neath the counterscarp bank are
distinctly different from the sample taken from bath the inner rampart. There is
significantly more Fe in Wan 96 than Wan 94 and \WW&nhowever, given the evidence of
burning occurring in the pits (Wan 94 and Wan @B),increase in Fe is expected in these
samples when compared to the buried soil beneatlmtier rampart. Ash and charred plant
remains were noted in the field and the high propoes of CaCQ@ and OM present in the
samples confirm this observationbifl, 28; table 5.8). Such unusual patterns of iron
concentration are puzzling as those variablesatetnfluenced by Fe quantities, such as MS
and pH, and those that influence Fe quantitied) siscOM and the clay-sized fraction of the
sediment, are in direct opposition to Fe. Whereshelatively low, these other variables are
high and vice versa. The samples from beneathdbeterscarp bank, when compared to the

sample beneath the inner rampart, are low in Fedbat high in Mn, OM, clay-sized
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Table 5.8. Results for the bulk analyses carried a@wn the bulk samples collected from the Iron Ageingwork at Wandlebury; MC = moisture content.

%Water |%OM |%CaCO; [%Clay |MS (x10°®
Sample | Context Fe (ppm) Mn (ppm H EC Redox [MC (%

P (PP PP™ion  |won |won  |PsD) |mikgy P (%)
Wan94 | Feature fill - counterscarp bapk 18[00 693 2.11 42|6. 41.5] 14.7B 17.92 8.0 169J33 138.33 .14
Wan95 | Feature fill - counterscarp bapk 16D00 603 1.84 51]3. 55.2} 12.4p 32.10 8.48 100|67 13(Q.67 .06
Wan96 | Buried soil - inner rampart 28400 144 1.39 P.61 1{0.7 8.55 15¢ 764 52.67 1457 145
Table 5.9. Results from ICP-AES for the plant nutrents present in the samples collected from the IroAge ringwork at Wandlebury.

Wandlebury Plant Macro-Nutrients Plant Micro-Nutrients

Sample Name |Al (ppm) |Ca (ppm) [Fe (ppm) | K (ppm) |Mg (ppm) |P (ppm) |S (ppm) |B (ppm) |Co (ppm) Cu (ppm) | Mn (ppm) [Mo (ppm) [Na (ppm) | Zn (ppm)

Wan 94 9700 184040 181p0 800 1800 1B40 4100 10 6 26 693 1 300 71
Wan 95 960p 2140Q0 160P0 1100 1800 1880 4100 <10 5 24 603 1 300 3| 7

Wan 96 6100 4400 28200 5p0 500 T10 1 00 <10 7 8 144 1 100 43

194



particles, moisture, CaGCand EC. Although the redox readings are slighthydr in the
counterscarp samples, the readings for all thregkes are within the moderately reducing
range (cf. Cronyn 1990, 21).

A possible explanation for the lower amounts of gfesent in the counterscarp samples,
despite evidence of burning, is that the pits widled in after the burning event, thereby
having no effect on the natural levels of Fe pregethe sediment. Likewise, the quantity of
Mn present in the sediment from the counterscammpses is within the natural range of the
soil, as presented in the previous chapter. Howether MS readings are well above the
natural range at Wandlebury and suggest that Retiplaying a major role in these results.
Alternatively, other magnetically susceptible mader such as copper and cobalt, which are
found in organic material (table 5.9), are morellkto be the main contributors to the high

MS results at Wandlebury.

The higher levels of Fe from the samples beneathirther rampart could be the result of
decomposing organic material from the buried tiné | releasing the available iron. However,
the relatively low quantities of other plant nuite (table 5.9), along with the low EC values,
suggests that the palaeosol beneath the inner raumges undergone significant leaching, as
these readings fall below those presented in chépue. This is further supported by the low
MS readings, suggesting that the Fe present isnmagnetic and that other magnetically
susceptible minerals in the soil are present indoantities. The predominance of Fe present
in the palaeosol suggests that the Fe presenedtnle of leaching was in an oxidised form
and was therefore immobile, as is evident fromntieromorphological analysis, observed by
French (2005, 48) and quantified in section 5.2@Ww.

5.3.2 Soil Micromorphology

The soil micromorphology samples, listed in tablé &bove, were re-analysed focusing on
iron oxide deposition and the presence and presenvaondition of organic material, the

results of which are summarised in tables 5.10%fhd, and figure 5.12 below. The analyses
follow the same criteria used for the CDB sites #mal full descriptions are in appendix F.

Although French (2005, 48) noted two separate ¢éahin sample 10/1, the proportion of the
secondary fabric was less than 10% and was ingirfifor inclusion in my analyses.
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Table 5.10. Results for the organic material, ideiified through soil micromorphological analysis, basd on the protocol used for the CDB.

Wandlebury Amorphous Charcoal | Charcoal |Celled Plectenchyma|Pollen
Sample Name Punctuations | Matter [<10Qum |>10Qum |[Lignified |Parenchymatic |Phlobaphene|(Fungi)

Wan 94 Pr 1/1 EEEEEEE (EEEN (EEEE | Em m 35 |m 35 m 35 |
Wan 94 Pr 1/2 EEEEEEE (EEEN (EEEE | Em " 2 m 35 u
Wan94 Prl1/3a |EEEEEEE (EEEE |(EEEN [

Wan 94 Pr1/3b |mEEEEE EEEE EEEE | N m 25 m 3 m 35

Wan 95 Pr 2/1 EEEEEN EEEE EEEE | H m 23 m 3 m 35
Wan96Pr10/1 |EEEEEEE |EEENE (EEEN [ | ™
Wan 96 Pr10/2a | ANEEEEE |EEEE (EEN [ | E 35

Wan 96 Pr 10/2b | nEEEEN EEEE |EEE ™

Key: B <2%, HE 2-50, HEN 5-10%, HNEE 10-20%, HNEEN 20-30%, ANEEEN 30-40%, SNNEENEN 40-50%, ANEEEEEN 50-60%, ANNEEEENENE 60-70%

Key to the preservation of organic material: 1 = fesh; 2 = yellow; 3 = red-brown; 4 = brown; 5 = blak

Table 5.11. The average percentage of iron coatingd voids and grains,
identifed through

and of iron

micromorphological analysis.

replacement of organic material

Wandlebury Coatings of Grains |[Replacement of
Sample Name and Voids (%) Organic Matter (%)
Wan 94 Pr 1/1 16 92
Wan 94 Pr 1/2 20 92
Wan 94 Pr 1/3a 7

Wan 94 Pr 1/3b 7 92
Wan 95 Pr 2/1 m 2
Wan 96 Pr 10/1 15

Wan 96 Pr 10/2a 8

Wan 96 Pr 10/2b 12 942
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The majority of the organic material present in the buried goits beneath the counterscarp
bank is in the form of amorphous punctuations (<1um) and fine amorphous ongtiec
(>1pm) (table 5.10). There is some celled organic materéslept with varied preservation
states, ranging from slightly decomposed (2-3) to very decompdsgl There is also a
significant amount of charcoal present, both less than and gteated O0Oum. Overall, the
buried soil from beneath the counterscarp bank has better presereftorganic material
than the buried soil from beneath the inner rampart (table 5.10).

Similar to the palaeosol from beneath the counterscarp bank, thegml&tem beneath the
inner rampart is dominated by amorphous organic punctuations and fine amoopi@nis
matter. Unlike the counterscarp palaeosol, there is very lgtledcmaterial present in the
inner rampart palaeosol, and the organic material that i®ngrés in poor condition. This
supports the results from the bulk analyses, as well as evidiemmethe macro-botanical
investigations (cf. Frencét al.2005b, 50).

Iron coatings of grains and voids, iron replacement of organic mlateon nodules and iron
staining are present in the sediments from the Iron Age si¢aatlebury (table 5.11 and
figure 5.12). Iron pans are not present at this site. Iron coatings wbere clay impregnated
with iron oxide moves down the soil profile through the process of dtion. Iron coatings
are present in the palaeosols from beneath the counterscarprizhrdnge from 7% to 20%,
with higher concentrations of coatings in the upper part of thepemfile (table 5.11). It is
possible that iron released during the decomposition of organic atatetine A horizon has
bonded with the clay particles, which have then illuviated down prdfie.illuvial silty clay
present in the lower horizons (Freneh al. 2005b, 48) and the lower percentage of iron
coatings in sample 1/3, suggest that the clay in this horizon i likely to be related to the
underlying geology, or that the iron impregnation of the coatings @ttuas post-
depositional impregnation of translocated silty cliéyd( 48). The palaeosol from beneath the
inner rampart contains between 8% and 15% iron coatings of graingoaisd(table 5.11)
with the lowest frequency in the lower A horizon. Similar to theied soil beneath the
counterscarp bank, the clay coatings present are likely to hameirbpeegnated with iron
released from the decomposing organic material and then illuviaed profile, with the

lower A horizon slightly more leached of iron coatings than the upper Ah and B/C horizons.

The replacement of organic material by iron oxide is praesetiite palaeosols from beneath
the counterscarp bank and from beneath the inner rampart (table 5.11prddess occurs
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from repeated wetting and drying cycles (redox) and suggésts réducing-oxidising
conditions have been in play in these soils. However, the low freque@ey) (of this iron
replacement suggests that this process was not dominant in the buried soil environment

As discussed in the previous chapters, iron staining and iron nodules prolidélea
information about the oxidising conditions present in the soil environnh@mi. nodules
predominate in rapid oxidising conditions and iron staining predominatdewnosidising
conditions. The buried soil profile from beneath the counterscarp baldmmated by iron
nodules, suggesting rapid oxidation of the soils (figure 5.12). This m#yebeesult of past
arable use, the mechanical mixing of the soil, which occurred dthégonstruction of the
bank, and/or the bioturbation evident in the profibed| 48).

Buried Soils from the Iron Age Ringwork at Wandlebuy

Wan 94 Pr 1/1 |

Wan 94 Pr 1/2 |

Wan 94 Pr 1/3a) |

Wan 94 Pr 1/3b |

Samples

Wan 95 Pr 2/1 |

Wan 96 Pr 10/1 |

Wan 96 Pr 10/24|

Wan 96 Pr 10/2b |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Relative Percentage

‘I:l Iron NodulesO Iron Stainind

Figure 5.12. The relative percentage of iron noduteversus iron staining present in the samples cotleed
from the Iron Age ringwork at Wandlebury.

The palaeosol beneath the inner rampart is dominated by iromgtainihe Ah and lower A
horizons and dominated by iron nodules in the B/C horizon (figure 5.12)stiports the
description given by French, who noted a fabric dominated by amorjoousnpregnation
of the fine fabric in the upper horizons, over a mixture of sandy loaichalk {bid, 48).

Further, the decomposition of the organic material fromithsitu turf line would have
released ferrous iron, and the compaction from the inner rampartl vianke limited the

ability of the iron to oxidise quickly, causing staining of the gronasis to predominate. The
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increase in nodules over staining in the B/C horizon could be due to a lack of availahis fer
iron in this horizon after sealing of the profile by the constouctf the inner rampart. It is
possible that the deposition of iron in this horizon represents thesiogyadionditions prior to

the rampart construction.

5.4 RoMANO-BRITISH SITE AT M ARCHAM -FRILFORD

The Romano-British site at Marcham-Frilford (Oxfordshire)ludes a large circular
construction located in a natural hollow identified as an arenaaigldtfpalaeochannel’ that
runs from the arena down towards the River Ock, and the Ock palaeethiaat runs east-
west across Trendles field in which the site is situatedg{eyn1985; Lewis 2004a). During
the 2004 season, questions regarding the hydrological nature ofdkegtennels and use of
the arena were the focus of the excavation. At the south end okttee koking towards the
River Ock, is a rectangular stone-built structure calledrthgal box’ and it was suggested by
Lewis that both the arena and the ‘royal box’ are “major worksydfological engineering”
(20044a, 3). During excavation in 2003 and 2004, a drain with stone capping veagraac
within a large ditch that runs from the ‘royal box’ down towards fikier: the straight
‘palaeochannel’ibid). Above the drain is a complicated series of ditch fills wibm ipanning
(trench 9), from which three micromorphological samples and thude samples for bulk
analyses were collectetbid; table 5.12, figures 5.13 and 5.14). During the 2004 season it
was noted that the deposits from the Ock palaeochannel were alhadlst archaeological in
nature and that this natural palaeochannel was advantageousy alyethe Romans. Three
micromorphological and four bulk samples for bulk analyses were ctadlefrom this
palaeochannel (trench 21; table 5.12, figures 5.13 and 5.15).

The buried soil profile from trench 9 was sampled by Lewis in 2003daadribed as a thin
brown calcareous soil over Jurassic limestone, and was most ¢jkadgland presumably
used for pastoral purposes (Lewis 2003, 5). The post-abandonment depodésaibed as a
groundwater gley soil overlain by a 20-40cm deep colluvial depos&t hkely the result of
downslope movement “from the north under the influence of historic plougkiinig; 6).
The site has a high groundwater table that fluctuates seasoadeiitified by the iron mottled
B horizon, which is within the zone of alternating groundwater le\Bd$ow this zone are
grey saturated sands and gravels that are permanently below the grouraiviagbid).
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Introducing an Archaeological Context

Table 5.12. The soil micromorphology and bulk sampgs collected from the Romano-British site

Marcham-Frilford, along with their field descriptio n and context.

at

Micromorphology Sample*

Field Description and Contex

Associated Bulk Sample

(21016) below 21015

MF04 <9.29> a orange/brown sand (9245) and parttofe - just below (9254)| MF04 <9.30>

MFO04 <9.29> b orange/brown sand (9245) and parttofv - just below (9254)| MF04 <9.30>

MF04 <9.31> a base of ditch - black (organic) 1ag245) MFO04 <9.32>

MF04 <9.31> b base of ditch - orange brown sandgrl§9245) MF04 <9.32>

MF04 <9.33> a below (9255) and above (9256) - adredsin pan - (part of a [MF04 <9.34>
turve) above Fe pan

MF04 <9.33> b below (9255) and above (9256) - ackegsin pan - (part ofa |MF04 <9.34>
turve) Fe pan

MF04 <9.33> ¢ below (9255) and above (9256) - acFe#sin pan - (part ofa  |MF04 <9.34>
turve) below Fe pan

MFO04 <21.5> across (21004) and (21011) - Fe motttedark grey silty to MF04 <21.1>
loamy clay, respectively

MFO04 <21.6> from (21011) - dark grey silty to loacigy MF04 <21.2>

MF04 <21.7> a across (21015) and (21016) - white §andy clay (21015) MF04 <21.3>
(between (21016) and (21011))

MF04 <21.7> b across (21015) and (21016) - dark gileyorganic-rich clay MF04 <21.4>

*a, b and c signify separate units identified by miicromorphology in the same sample

l | T;*enc'h 21

Figure 5.13. This photograph of the site at Marchantrilford shows the ditch (straight ‘palaeochannel)
and the ‘royal box’ (trench 9) in the foreground, with the Ock palaeochannel (trench 21) in the
background. The River Ock is demarcated by the tredine in the background.
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Introducing an Archaeological Context

The samples from Trenches 9 and 21 were collected to investgapeesence of iron oxide
deposition in relation to oxidation. The high fluctuating groundwater {aiglgent at the site,
and the clay-rich nature of the sediments, provide an ideal cantextich to examine the

effects of the hydrological environment and oxidising conditions onptlkservation of

archaeological organic remains.

Figure 5.14. The location of the samples taken frortrench 9, the ‘palaeochannel’ that leads from the
arena and the ‘royal box’ towards the River Ock.

The samples collected from trench 9 were taken from the upbef fhe ditch where iron

panning was present: one sample was taken across this iron paectmsl from a dark,
possibly organic-rich deposit at the base of the section, and tbefrtimn one of the turves
used to construct the feature (figure 5.14). Although the fluctugtiagndwater table was
attributed to the mottling present in the soils/sediments described by lied)jsthe iron pan

present in the upper fill of the ditch in trench 9 is more likély tesult of decomposing
organic material and compaction related to the backfilling of the ditch with turves
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Introducing an Archaeological Context

Figure 5.15. This photograph depicts the location fothe
samples taken from the sediments in the Ock palaeloannel
(trench 21).

The samples from trench 21 were taken from the fills floenQck palaeochannel: one from
the iron mottled layer, one from the grey sediment beneath thiedlatyer, and one sample
taken across a thin white layer and dark grey organic-ricér legwards the base of the
excavated trench (figure 5.15). These samples were collectedeforclose vicinity to the
groundwater table and the presence of iron-rich sediments, likelgt from the effects of

oxidising conditions influenced by the fluctuating groundwater table.

5.4.1 Bulk Analyses Data

A suite of bulk analyses were carried out on the bulk samplesteallérom the Romano-
British site at Marcham-Frilford, which included ICP-AES fotal Fe and Mn, MS, LOI for
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%Water and %0OM, PSD for %Clay, pH, EC and Redox (table 5.13). In additmsiure
content (%) and in-field moisture readings (VWC) were recorded (tal$g.5.

The bulk analyses results for the samples taken from trench Stentigha levels of iron and
manganese, as well as high magnetic susceptibility readirge &a3), which is expected
given the panning present in the samples. This would indicate thabthand manganese
present in the sediment at Marcham-Frilford is largelpaasible for the MS readings, as
opposed to other minerals, which are released during organic decomp(aiien5.14). In
addition, there is some organic material present, although the miglobagical analyses
indicate significant iron replacement of organic material (selw). The redox results
indicate that the sediments are moderately reducing and thee&{ihgs show that the
available soluble salts are low, perhaps indicating some formaffitepof soluble salts from
the sediments. Alternatively, the low EC readings are repedsantof the hydrological
environment in trench 9, where rainwater generally has lower ctivitjudevels than
groundwater (Caple and Dungworth 1997), i.e. the groundwater is ndiraffdee oxidation
processes of the sediments in trench 9. The sample taken froastheftihe ditch has higher
OM, moisture and clay content, which indicates that there is smonement of fine material
downwards and that this fine material is most likely retaitirgmoisture available. This is
confirmed by the micromorphology analyses, which will be discussed further below.

The bulk analyses results for the samples taken from trench 21, mastphiave average to
low amounts of iron and manganese, with the exception of MF 21.1, whichiisrthmottled
sediment. Again, the MS readings reflect the quantities of iron ardjanese, suggesting
that these elements are largely responsible for the readingghat magnetic forms of iron
and manganese are present. There is also an increase in OMgClapd moisture towards
the lower sediments, suggesting a movement of fines downwards, acetimglthe presence
of the high groundwater table. The lower amount of OM in the aal@gier is confirmed
below by the micromorphological analyses. The redox readings indicatbelsgdiments are
moderately reducing and are, generally, more reducing values thdrerich 9. The
discrepancies between moisture content and VWC from the sedimdrgach 21 are most
likely due to the clay-rich nature of the sediments and theiityaltd hold pockets of
moisture. As moisture content is measured from loose sedimehtitaboratory, these
pockets are no longer available, giving a lower estimation ofntloésture within the

sediments.
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Table 5.13. Results for the bulk analyses carriedud on the bulk samples collected from the Romano-Btish site at Marcham-Frilford; MC = moisture content.

0 0 0 8

Sample | Context Fe (ppm) Mn (ppm) (f\cl)vlz;lter (fgll\)/l ({g(gg))/ '(\:lnssn(();;;) pH EC Redox [MC (%) [VWC (%)
MF9.30 | Turve from ditch 345Q0 815 178 2|91 14.81 B.48 3.1151.00 136.38 19.47 19.00
MF9.32 | Base of ditch 30500 8p1 2]04 311 19.11 .97 7.89 00pl. 145.67 23.8B 35.33
MF9.34 | Turve from ditch 245Q0 980 184 2|41 14.86 $.20 3.0365.67 136.6Y 19.42 19.00
MF21.1 | Fe mottle layer 58300 3B6 4148 3.64 19.29 1.40 7.995.00 140.6y 24.10 78.83
MF21.2 | Silty clay layer 23270 1%8 3.B7 3|66 14.62 0.69 B.1613.0( 134.6) 17.82 97.B3
MF21.3 | Calcitic clay layer 12200 185 189 1183 11.61 D.29 4718 104.00 122.47 19.60 8033
MF21.4 | Organic rich clay layegr 210p0 305 439 4.52 1B.35 720 8.04 205.6ff 132.00 23.0 10367
Table 5.14. Results from ICP-AES for the plant nutients present in the samples collected from the Rano-British site at Marcham-Frilford.

Marcham-Frilford Plant Macro-Nutrients Plant Micro-Nutrients

Sample Name Al (ppm)Ca (ppm)|Fe (ppm) | K (ppm) | Mg (ppm) [P (ppm) | S (ppm)] B (ppn |Co (ppm)| Cu (ppm) | Mn (ppm) [Mo (ppm) [Na (ppm) | Zn (ppm
MF9.30 610( 570D 34540 600 700 8§70 P00 <10 5 10 815 <1 100 42
MF9.32 650( 430D 305¢O 700 800 8§70 B00 <10 7 9 861 1 100 36
MF9.34 710( 410D 24500 80 900 q10 P00 <10 6 8 930 <1 100 45
MF21.1 15000 12000 58300 2200 2200 3y40 200 10 7 25 386 <1 200 91
MF21.2 14800 15200 23200 2200 2100 1B40 200 10 6 23 158 <1 200 76
MF21.3 840( 48300 12200 13p0 1400 620 D00 <10 3 12 185 1 200 27
MF21.4 16200 52600 21000 2700 2500 1P00 600 10 6 21 305 1 200 62
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5.4.2 Soil Micromorphology

Soil micromorphological analyses were carried out on the saropliested from Marcham-
Frilford following the same protocol used for the CDB sites. Thaltg of these analyses are

presented in appendix F, tables 5.15 and 5.16, and figure 5.16 below.

The samples collected from trench 9 were taken from two difféuevés with iron staining

and panning present, and one from the base of the excavated ditch, which appeared to be more
organic-rich than the remaining sediments. Sample 9.29 is consistennaterial from an

Ah horizon with a turf-line remnant of the buried soil describedldwyis (2003). The organic
material present is largely decomposing, and iron replaceofierganic material is present

within the turf-line of the turf (tables 5.15 and 5.16). The turf-linthisk but, in comparison

with the size of the turves (figure 5.14), is in proportion to the turf itself.

The second turf sample collected (9.33) has a distinct iron pan pessgnwas originally
thought to be lining separate construction phases of the ditch fillloMarphological
analysis has shown that this material is similar to 9.29 and the iron pan iskatyrédibe the
turf-line from one of the turves used to fill the ditch. There éarcbrientation of the organic
material present, along with significant iron replacemeriheforganic material, most likely
the result of the decomposition of the organic material in thdingrftable 5.16). A thick Ah
horizon is associated with this turf-line, and represents a reroh#me buried soil described
by Lewis {bid).

The final sample, 9.31, is more organic-rich than the samples taarthe turves and this
may be the result of eluviation from the sediments above, and subsdtyuwal deposition
lower down the sediment sequence. The sediments from trench 9 argedxwith an
abundance of manganese and iron and predominant decomposing organic Iftabdesl
5.13 and 5.15). In addition, the iron coatings of voids present in all the sesliftnttrench
9 are most likely the result of decomposing organic mateablgt5.16). Given the nature of
these oxidised sediments, it is unlikely that the fluctuating grourdvailble, the effects of
which are clearly evident in other parts of the site, has had an effect on thendgdintieench
9, and is unlikely to have risen high enough to affect the iron oxeg@sition in these

sediments.
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Table 5.15. Results for the organic material, ideiified through soil micromorphological analysis, basd on the protocol used for the CDB.

Marcham-Frilford |Amorphous Charcoal | Charcoal |Celled PlectenchymalPollen
Sample Name Punctuations | Matter <10Qum [>10Qum |[Lignified |Parenchymatic [Phlobaphene |(Fungi)
MF04<9.29> a EEEEEEE EEEE EEE [ ] m 35
MF04<9.29> b EEEEEEE EEE [ ]|

MF04<9.31> a EEEEN EEEE EEE m 35 [ ]
MF04<9.31> b EEEEEN EEEE EEE m 3 m 35 |
MF04<9.33> a EEEEEN EEEE EEE m 35 |
MF04<9.33> b EEEEN EEEE [ ] | m 35 m 35 |
MF04<9.33> ¢ EEEEN EEEE [ ]| m 35
MF04<21.5> EEEEEN EEEEN EEEE [ ] |

MF04<21.6> EEEEEN EEEEN EEEE [ ] |

MF04<21.7> a EEEEN EEE EEEE [ |

MF04<21.7> b EEEEEEE EEEEEN (EEEEE (Em HE 35 |mEEE 35

Key: H <2%, HE 2-5%, HHE 5-10%, AEENE 10-20%, ANEEE 20-30%, AEEEEN 30-40%, ANEEEEN 40-50%, AEEEEEENE 50-60%, ANEEEEEENE 60-70%
Key to the preservation of organic material: 1 = fesh; 2 = yellow; 3 = red-brown; 4 = brown; 5 = blak
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While the deposition of the turves in the ditch does not appear t@fenttural processes,
based on the size of the individual turves, there does not appear tp bartcular design to
the positioning of the turves in the ditch, which suggests that they were usethtthillditch

haphazardly. This may have been an attempt to prevent further sesptig groundwater
table, or simply backfilled as part of the construction and/or nrent® of the drainage

system leading down to the River Ock (see Lewis 2004).

Table 5.16. The average percentage of iron coatingg voids and grains,
and of iron replacement of organic material identifed through
micromorphological analysis.

Marcham-Frilford |Coatings of Grains |Replacement of
Sample Name and Voids (%) Organic Matter (%)
MF04<9.29> a 1
MF04<9.29> b
MF04<9.31> a 1
MF04<9.31> b
MF04<9.33> a
MF04<9.33> b
MF04<9.33> c
MF04<21.5> 11
MF04<21.6>
MF04<21.7> a
MF04<21.7> b

N
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The samples collected from trench 21 were taken down profile ofilthef fthe Ock
palaeochannel on the west side of the trench. The first sample \{&k 5aken from the layer
with distinct iron oxide mottling of grey fine sandy clay. T¥ezond (21.6) sample was taken
from the dark grey loamy clay sediment below the mottledr|agnd the third sample (21.7)
was taken across a white clay layer, which appeared to pelgtinct from the surrounding

sediments, and the dark grey sandy clay layer below.

The micromorphological analyses of the samples from trench 2& bhown that the
variation seen in the field between these layers is, in faetrasult of post-depositional
processes rather than an intentional deposition of the different iastaevithin the
palaeochannel. The fabric from each of the samples is finey sdag with small micrite
nodules and limestone fragments, and essentially consists of teefaanme throughout. The
variations in colour, i.e. iron mottling and white sandy clay, arereékalt of groundwater

movement and oxidation of the sediment. The iron oxide deposition evid2hiSir{context
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21004) is most likely the result of the natural fluctuations of the groundwater tebless, at
one point, the fluctuation zone, resulting in the mottling observed in ¢lek fThe white
sandy clay layer in 21.7 (context 21015) is impregnated with calcarivonate and is most
likely the result of the groundwater table stabilising at ghisnt long enough for the
precipitation of calcium carbonate from the alkaline groundwater itisexand impregnate
the fabric. There are no distinctive boundaries for this laydrera gradual transition from a
predominantly clay fabric to a predominantly calcitic fabric.

The samples from trench 21 have significantly more organic ralatean the samples from
trench 9, as well as higher quantities of charcoal (table 5.15).sdimple closest to the
groundwater table (21.7b) also contains significant amounts of celedrial compared to
the samples higher up the profile, albeit in various decomposinggtabgée 5.15). There is a
distinct difference in the quantity and type of organic materiedgmnt in the calcitic layer of
21.7a, which may be due to the masking of the fine sandy clay fapwalcite, making it
difficult to identify other characteristics present in thelisent (table 5.15). There is a
decrease in iron coatings of grains and voids present in the tiwin profile (table 5.16)
indicating that the oxidation of ferrous iron in the clay componenteft#ddiment becomes
less frequent. This suggests that although illuviation of silty idgresent throughout, iron
oxidation of these silty clay coatings and/or the illuviation of4rich clay coatings, is not a
dominant process in the lower sediments from trench 21. In addition, ithemme iron
replacement of organic material present in each of the sgmaptbsslightly higher quantities
in 21.7b, the sediment closest to the groundwater table (table 5.16)s Thdicative of a
fluctuating groundwater table in conjunction with decomposition of thenocgnaterial after

exposure to oxidising conditions.
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Romano-British Site at Marcham-Frilford
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Figure 5.16. The relative percentage of iron noduteversus iron staining present in the samples cotleed
from the Romano-British site at Marcham-Frilford.

Finally, iron staining and iron nodules were evident in the sedinfemsboth trench 9 and
trench 21; with a predominance of iron staining over iron nodules (figdi®. Given the
naturally fluctuating groundwater table present at Marchatfeftj which is a process that
introduces oxygen at a slow rate, the predominance of iron statnéxgected as this type of
iron oxide deposition is a direct result of the slow oxidation of skediments. The
preservation conditions at this site are quite good, particulattgmech 21 where bone, wood,
charcoal, roman coins, pottery and metal have been recovered dwdagaton (Mike
Langford, pers. comm.; Lewis 2003, 2004), suggesting a high, naturaltyudting

groundwater table is beneficial for the preservation of organic mateaathaeological sites.

5.5 IRON AGE ENCLOSURES AT SUTTON COMMON

Sutton Common is situated approximately 40km south of York on “a narripro§peatland
lying between the dipslope of the Magnesian limestone and siltslayslof pre-glacial Lake
Humber” (Parker Pearson and Sydes 1997, 221; Van de Bloakt2001). Although there is
evidence of occupation at Sutton Common from the Early Mesoldhicet medieval period,
the focus of archaeological investigation has been on the twatgerenclosures situated on
early Holocene sandy ‘islands’, between which is a peat and waltdfiiled palaeochannel
(figure 5.17 ) (Chapman and Cheetham 2002; Parker Pearson and SydegahO8&;Noort
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et al.2001). The enclosures are between 4.5m and 5.6m above sea level aldl@71&, the
site remained waterlogged with excavations in the 1930s recoweelhgreserved artefacts,
such as a wooden wheel, and many stakes and ploisks From about 1979-1980 arable
agriculture, irrigation and water abstraction off-site causedawering of the groundwater
table and subsequent decomposition of the organic archaeologidaictartevhich had

previously been preserved in a relatively undisturbed waterlogged environionnt (

Figure 5.17. The location of Sutton Common in South
Yorkshire, and the outlines of the banks of the twdron
Age enclosures (adapted from Chapman and Cheetham
2002, 281).

From 1987 to 1993, archaeological investigations were carried oleasite by Parker
Pearson and Sydes (1997), who documented the preservation and desicdhgositef and
the organic material contained within. The enclosures contained &\wari@ganic remains,
including wood with identifiable tool marks, pollen, insects, waterloggedrobotanical
remains and charred plant remaiitsd). Since this report on Sutton Common, the site has
undergonen situ monitoring to assess the effects of dewatering on the présend the
archaeological organic remains (Chapman and Cheetham 2002; VamodestNal. 2001).
The Sutton Common Project is a monitoring programme set up to dbseggsoblems
involved within situ preservation of archaeological sitdsd). It aims to preserve the organic

archaeological and palaeoenvironmental records by developing a scasgceapproach io
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situ preservation ibid). It integrates hydrological monitoring and predictive modelloig
changes in the hydrological conditions of the burial environment, terbetiderstand the
complexity involved in conserving archaeological and palaeoenvironmeatirial data
(ibid).

In 2003, Gianna Ayala and Matthew Canti (English Heritage) as$ed® Iron Age
enclosures at Sutton Common in the final year of excavation, ardteallten block samples

for micromorphological analyses and eleven bulk samples, which were iadsed on to

me for this research projetThe bulk samples were used for a suite of bulk analyses and the
micromorphological samples were analysed to assess the wliffgqges of iron oxide
deposition, and how this relates to the effects of oxidation on theiongeterial present in

the samples. The samples provided are from a modern soil sequenuse §il18), two
posthole features (figures 5.20 and 5.21) and a buried soil profilergfi§.19), which
includes topsoil and subsoil material (table 5.17).

Figure 5.18. Location of the samples taken from thenodern soil profile in trench 3 at Sutton
Common (photo: Gianna Ayala).

! Ayala’s (2003) report outlines the purpose anccijeeaims for their investigations and | refer tieader to

this report for further information.
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Figure 5.19. Location of samples taken from trencl including the Ap, subsoil, and buried soil
horizons (photo: Gianna Ayala).

Figure 5.20. Location of samples 118 and 119 takdnom the first posthole feature (photo:
Gianna Ayala).
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Figure 5.21. Location of sample 120 from the secomubsthole feature (photo: Gianna Ayala).
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Table 5.17. The soil micromorphology and bulk samgs collected from the Iron Age enclosures at Sutton
Common, along with their field description and conéxt.

Micromorphology Sample*

Field Description and Contex

Associated Bulk Sample

SC2003 107a

Ap; greyish brown silty clay loam, wiimmon fine CaC9nodules and
exhibiting discontinuous iron mottling

Trench 3 0-21

SC2003 107b

possible A/E horizon; light brownishygsity clay loam

Trench 3 21-24

SC2003 106a

E horizon; white very fine sand with é8scontinuous iron mottling

Trench 3 24-28

SC2003 106b

possible E/B horizon; pale yellow varg sand with common orange streaks g
iron mottling

frrench 3 28-40

SC2003 105

Bts horizon; light yellowish brown claigtwstreaks of organic material

Trench 3 40-53

SC2003 118a

sample taken radiating from 1st posthodarest to posthole - corner of posth

le TrenEhBSE Corner
<3189>

SC2003 118b

sample taken radiating from 1st posthodarest to posthole - sediment
surrounding posthole

Trench 3 F13 SE Corner
<3189>

SC2003 119a

sample taken radiating from 1st postHol¢herest from posthole

Trench 3 F13 SE Corn
<3189>

er

SC2003 119b

sample taken radiating from 1st posthiolgherest from posthole

Trench 3 F13 SE Corng
<3189>

=

SC2003 120a

sample taken radiating from 2nd posthalduding posthole, grey stuff and Fe|
mottling; black sediment from posthole

Trench 3 F13 SE Corner
<3189>

SC2003 120b

sample taken radiating from 2nd posthiolduding posthole, grey stuff and Fe
mottling; grey sediment between posthole and ordmgen sediment

Trench 3 F13 SE Corner
<3189>

SC2003 120c

sample taken radiating from 2nd posthiolduding posthole, grey stuff and Fe
mottling; orange-brown sediment surrounding pogthol

Trench 3 F13 SE Corner
<3189>

SC2003 5001

Ap; dark greyish brown, fine sandy silay loam with subangular blocky
structure, common discontinuous iron mottling, treqt fine (1-2mm) CaCO

Trench 5 0-30

SC2003 5002

subsoil material; very fine sand, lgylety with Fe mottling, continuous orange
bands, rare charcoal (2-5mm) and organic material

Trench 5 31-52

SC2003 5003

buried A?; very dark greyish brown silay loam with common organic matter

Trench 5 52-60

SC2003 5004a

grey organic layer between buried AGnttansition between layers - possiblg
Bh

Trench 5 52-60

SC2003 5004b

C horizon; light grey sandy clay loaith wommon discontinuous Fe mottling

Trench 5 60-

* a, b and c signify separate units identified bif micromorphology in the same sample

Field observations in table 5.17 are from Ayala (2003) and desbebsotl profile at Sutton

Common as a podzolic brown soil with evident eluvial and illuvial horizons.

5.5.1 Bulk Analyses Data

The bulk samples collected by Ayala and Canti were used heeedaite of bulk analyses,
including ICP-AES for total Fe and Mn, LOI for %Water and %OMNDPfor %Clay, MS,
pH, EC and redox. The samples arrived after being air dried f@raemonths so the
moisture content (%) measured is not a reading of the soil moistuntent at the site, but
reflects the moisture content of the sediments after a pefiadt drying. In-field moisture
readings were not taken at Sutton Common as access to thasitetpossible. The results

of the bulk analyses are presented in table 5.18 below.
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Table 5.18. Results for the bulk analyses carriedud on the bulk samples collected from the Iron Agenclosures at Sutton Common; MC = moisture content.

%Water |%OM  |%Clay [MS (x10°®

Sample Context Fe (ppm)| Mn (ppm) (LOI) (LO) (PSD)  |(mkg)) pH EC Redox |MC (%)
SC04 T3 0-21 | Ap horizon 19500 340 2122 5.64 $.28 D.57 8.06 12.00 3177.3 2.272
SC04 T3 21-24 | AJE horizon 6200 19 1|48 3.99 17.31 D.21 6.96 15.67 A57.0 1.4§
SCO04 T3 24-28| E horizon 68P0 67 0195 1.73 $.87 D.11 7.59 11.00 176.67 5
SC04 T3 28-40| E/B horizon 227P0 429 1.60 2.77 1P.56 0.33 7.52 12.004.0Q.7 1.6(
SCO04 T3 40-53| Bts horizon 46300 907 .79 4.09 18.27 0.51 7.48 95.004.33L7 2.7
SC04 T3 F13 Post hole 24900 362 4.02 4.14 117.46 0.43 3.03 3197.67 3§21.32.0Z
SC04 T50-30 | Ap horizon 28800 703 2|88 1.54 15.91 1.67 7.61 1pb1.33 3|57.3 2.8§
SCO04 T5 31-52| Subsoil material 40800 157 2.29 3.85 16.55 0.50 7.387.335 45.67 2.2
SCO04 T5 52-60| Buried A horizoh 5800 53 3.62 11.88 1p.03 0.13 6.83 .0007 90.0( 3.6
SCO04 T5 60+ C horizon 10000 01 1|37 .45 14.67 P.23 6.77 b8.00 101.00 7
Table 5.19. Results from ICP-AES for the plant nutients present in the samples collected from the sitat Sutton Common.

Sutton Common Plant Macro-Nutrients Plant Micro-Nutrients

Sample Name _JAl (ppm) |Ca (ppm)|Fe (ppm) [K (ppm) |Mg (ppm) [P (ppm) | S (ppm) |B (ppm) |Co (ppm)| Cu (ppm)| Mn (ppm) |Mo (ppm) [Na (ppm) | Zn (ppm)
SC04 T3 0-21 10970 6300 19500 600 1B00 210 500 <10 6 12 340 1 0] 20 35
SC04 T3 21-24 8470 3300 6200 500 500 100 400 <10 2 10 49 <1 200 4
SC04 T3 24-28 6270 1400 6800 500 00 40 100 <10 2 2 57 1 200
SC04 T3 28-40 9770 1800 22700 800 1B00 40 200 <10 7 10 229 1 200 43
SC04 T3 40-53 166(0 35p0 46300 1800 2000 60 200 <10 12 26 907 1 200 84
SC04 T3 F13 7300 1400 24900 1300 1p00 240 15400 <10 7 15 362 1 00 2 4(¢
SC04 T5 0-30 13970 8400 284900 800 2B00 290 500 <10 7 16 703 1 0] 20 57
SC04 T5 31-52 136Q0 3490 40400 1000 1900 130 400 <10 8 13 457 1| < 200 64
SC04 T5 52-60 11440 76p0 5800 %00 1p00 270 | 700 <10 4 38 53 1 0 20 34
SC04 T5 60- 9600 1700 100p0 g00 1900 90 100 <10 5 8 91 1 200
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The results from the bulk analyses carried out on the modern saiepmeftect the field
descriptions taken by Ayala (2003), with clear eluvial and illuvialiZioois. There is
significant translocation of clay and organic material andhieg of soil nutrients from the E
horizon and subsequent deposition, or illuviation, of this material ihother Bts horizon
(tables 5.18 and 5.19). Further, soil moisture, measured by both LOI @9Veatl moisture
content, shows a decrease in the eluvial horizon and an increalse ituvial horizon,
suggesting that the presence of clay, soil nutrients and orgatésiah is necessary for the

soil to retain moisture.

The Ap and subsoil horizons within the buried soil profile have higakres of Fe and Mn
than the buried A and C horizons. It is possible that arable aciivitye Ap and subsoil
horizons have increased the natural levels of these minerals soither that the soluble Fe
and Mn present in the buried soils have been carried away witHowering of the
groundwater table, due to irrigation and water abstraction eff-$lhere are no significant
differences in the amount of clay between each horizon; howevenatiaion in OM,
%Water and EC show an increase in the Ap horizon, depletion in thelsidikoved by an
increase in the buried A horizon and subsequent depletion in the C horizoncigese of
these variables in the buried A horizon could be attributed to théisamnt decrease in the
percentage of soil pore space for this horizon, as identified thrsoiy micromorphology
(from 25% in the subsoil to 15% in the buried A horizon). The compacted nature of tlte burie
A horizon prevented the leaching of OM and soil nutrients from tHe \hile the more
aerated upper horizons and C horizon (20%) promoted the leaching ofatesal from the
soil (tables 5.18 and 5.19).

The sample from the posthole has similar Fe, Mn, moisture,acidyOM levels to the Ap
horizons of both soil profiles; however, pH, EC and redox differ sigmiflg. The sediment
from this feature is highly acidic (pH 3.03) with a dramaticease in soluble salts (3197.67
uS), and redox potential reveals the posthole is an oxidising sedimer@3(42\¥); however,
the redox potential for the soil profiles indicates the sedimamsnoderately reducing to
reducing, are circum-neutral to alkaline, and have relativelyHGwalues. Further, there is a
significant increase in sulphur, which may be remnant ofrttetu decomposition of wood
within the posthole. Although there is no significant increase @Wothe highly oxidising
conditions in the sediment will have caused the total decompositianydd® remaining in

the sediment. In addition, the increase in sulphur, the high EC valuescapaised acidity,
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are most likely remnants of this same process of organic dasaguring decomposition,

acids and plant nutrients are released into the surrounding soil/sediment.

Finally, the generally low MS readings for all the samglealysed, suggest that the Fe and
Mn present in the soils and sediments at Sutton Common are nottinagnéd additionally
negate anyn situ burning as a cause for the highly oxidised sediment in the posiuetleer,
the oxidation in this feature is more likely the result of miablactivity during the

breakdown of the organic material, in addition to the lowering of the groundwatersétethe

5.5.2 Soil Micromorphology

Soil micromorphological analyses were carried out on the sampliested from Sutton
Common following the same protocol used for the CDB sites. The sesfulhese analyses

are presented in appendix F, tables 5.20 and 5.21, and figure 5.22 below.

The modern profile from trench 3 (samples 105 to 107) is indicatisgpodzolic soil profile;
however, the abrupt boundary between the Ap horizon and the A/E horizonteésdibat
some truncation has occurred. This possibility was suggestéd/ddg (2003) and is most
likely the result of the site being bulldozed in the 1980s. The Ap hoigeich in organic
material with amorphous and celled plant material present, alotig fine and coarse
charcoal (table 5.20). The A/E and E horizons exhibit lower quanafierganic material and
charcoal with a slight increase in the lower E/B and Bts bosztable 5.20). In addition,
there is a similar pattern with iron coatings of grains ands/{iable 5.21) with a dramatic
decrease in the E horizon and increase in the Bts horizon. Iron replacef organic
material is present in small quantities in the Ap, E and E/Bzbosi This suggests that the
replacement of the organic material occurred prior to the ¢loniaf fine material from the
E and E/B horizons. Further, the presence of iron replaced organariahandicates
fluctuations in groundwater levels and repeated cycles of reduooh@xadising conditions
taking place prior to the development of the current profile. The gubaeleaching of fine
material from the upper horizons and illuviation in the lower profdesost likely remnant
of processes that occurred after the mechanical lowering ofotta ¢roundwater table

through irrigation and water abstraction.

The upper horizons of trench 5 are indicative of modern Ap and B horizahshigh

quantities of organic material, including amorphous organic mhteg#ied plant material

217



Table 5.20. Results for the organic material, ideiified through soil micromorphological analysis, basd on the protocol used for the CDB.

Sutton Common [Amorphous Charcoal | Charcoal [Celled Plectenchyma [Pollen
Sample Name [Punctuations | Matter <10Qum [>10Qum |Lignified Parenchymatic|Phlobaphene [(Fungi)

SC2003 107a EEEEEEEN |EEEEEEE |EEEEE |EEE m 35 ]
SC2003 107b EEEEEE EEEE EEE [ | m 3 m 3

SC2003 106a EEEE EEE EEE [ | m 23

SC2003 106b EEE L] ] EEE L] ]

SC2003 105 EEE L] L] |

SC2003 118a EEEEE EEEEE EEEE L] ] ™
SC2003 118b C L L] |

SC2003 119a EEEE EEE EEE ] ]

SC2003 119b C L L L] L] ] ] [

SC2003 120a EEEEEE EEEEE EEEE EEN

SC2003 120b EEEEE EEEE EEE |

SC2003 120c EEEN 1] 1] ] ]

SC2003 5001 EEEEEEE EEEEEE EEE ] ] m 35 m 35

SC2003 5002 EEE L] (] ] |

SC2003 5003 EEEEEE EEEEE EEE [ | EE 25

SC20035004a |EEEEE EEEE EEE [ | EE 35 m 35 m 3 m
SC2003 5004b |mEE C L L] ] |

Key: B <2%, HE 2-5)%, EEE5-10%, EEEE 10-20%, EEEEE 20-30%, EEEEEE 30-40%, EEEEEEE 40-50%, INEEEEEE 50-60%, INEEEEEEE 60-70%
Key to the preservation of organic material: 1 = fesh; 2 = yellow; 3 = red-brown; 4 = brown; 5 = blak
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and charcoal in the Ap horizon, and an iron- and clay-rich B horizoh, avidecrease in
organic material (table 5.20). Further, there is some mixirtigeoB horizon in the lower part
of the Ap, which suggests disturbance between these layersombngs of grains and voids
are present throughout the profile but are present in high quamtittee subsoil material
(table 5.21). In addition, iron replaced organic material is only présesmhall quantities in
the subsoil (table 5.21), which suggests that the groundwater tablaustagtihg at this level
some time in the past, and would also account for the distinctive mtfing in this horizon.
The buried A horizon is highly organic with amorphous organic materiainddimg, and
some mildly to well decayed celled plant material presehtg(ta.20). As suggested from the
field descriptions, there is a transition layer (Bh) betwéen uried A horizon and the
underlying C horizon, which is evident through the presence of amorphgarsiomaterial
and moderately to well decayed celled plant material. The wmugriC horizon has a
dramatic decrease in organic material, and the organic mategggnt is amorphous and in

the last stage of decomposition.

Table 5.21. The average percentage of iron coating$ voids and grains,
and of iron replacement of organic material identifed through
micromorphological analysis.

Sutton Common|Coatings of Grains |[Replacement of
Sample Name |and Voids (%) Organic Matter (%)
SC2003 107a 8 <2
SC2003 107b
SC2003 106a
SC2003 106b
SC2003 105 2
SC2003 118a
SC2003 118b il
SC2003 119a
SC2003 119b
SC2003 120a
SC2003 120b
SC2003 120c
SC2003 5001
SC2003 5002 il
SC2003 5003
SC2003 5004a
SC2003 5004b

<2
<2

<2

<2

WIR[OIRWI[WIRPTW|XO]O|O[R[FPIWIRIN

Samples 118 and 119, taken from the first posthole, include the orgamfdtof the feature

(118a), the leached but iron mottled sediment immediately surroutiténgrganic-rich fill
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(118b), a clay- and iron-rich sediment (119a), followed by a lehdhen mottled sediment
(119b). 118a is most likely the remnants of the decomposed wooden post,debaed
once oxygen was introduced into a previously waterlogged site. The leaededent
immediately surrounding this organic fill has some orientation butyalew quantity of clay
and organic material (table 5.20). There is an increase of irdeimg®af grains and voids in
118b, which suggests some degree of illuviation and may be thé sésdst-depositional
processes. Layers 119a and 119b are indicative of the natural sourgling the feature.
119a is rich in iron and clay and has a higher clay component than 118h,apipears to be
more leached of the fine soil components, including organic matédifa also has small
amounts of iron replaced organic material and a higher proportisarotoatings than 119b
(table 5.21). As these sediments are horizontally related, trexesiffes between 119a and
119b are most likely the result of variations in iron oxide mottlinthefsediment. In the case
of 119a, the heavily iron impregnated fabric has “trapped” the forponents of the fabric,
such as organic material and clay, preventing the leachingsomttierial from the sediment.
However, the absence of such extensive iron impregnation in 119b hdiedes the

majority of the fine material being leached out.

The sample from the second posthole (120) shows three distinct lHngefgst, the organic
remnants of the wooden post (120a), evident through the presence of laegegsieellular
plant material and charcoal; the second, a clearly oriehtaredominantly clay sediment
(120b); and third, an iron mottled sediment (120c) similar to the sedsmdentified in the
first posthole, and most likely a natural sediment. The cleantatien of the clay-rich
sediment of 120b suggests that the sediment may have been usedHe posthole, or that
the sediment has been affected by water flowing through the sadiGieen the presence of
this material around all the posthole features at the sital§A003), it is most probable that
this sediment was used during the construction of the featutbeFugiven the orientation of
the sediment, it seems unlikely that this material was theltref natural infilling of the
posthole feature. There are very few iron coatings of grains@dd in any of the sediments
from 120, which suggest that illuviation processes in this featare mot predominant (table
5.21). In addition, the dominant organic material present in 120 is amorphousgtiams
and fine amorphous organic matter (table 5.20). This suggests thai@mxitas had a strong
effect on the preservation of the organic material present in 1#eTs also a decrease in
organic material away from the centre of the posthole, whichpeated given the nature of

the feature and sediments sampled.
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Finally, iron staining and iron nodules are also present in each skethments sampled at
Sutton Common, and the relative percentages of these typesnobxide deposition are
presented in figure 5.22 below. The complex hydrological history olr¢éimeAge enclosures
at Sutton Common would suggest a mixed trend in patterns of iron depsition. As the
site has been recorded in the recent past as being largeifogged with a high fluctuating
groundwater table, one would expect iron staining to predominatde(@ag Dungworth
1997; Chapman and Cheetham 2002; Parker Pearson and Sydes 1997; Van d¢ &loort
2001). However, the more recent irrigation and water abstraction within the vimfinity site
has significantly lowered the local groundwater table at Suttomn@m and has had
devastating effects on the preservation of the organic rembids [This sudden lowering of
the groundwater table and rapid oxidation of the sediments resutis farmation of diffuse

iron nodules, as discussed in previous chapters.

Iron Age Enclosures at Sutton Common

SC2003 105 I
SC2003 1064a] I
SC2003 106b| I
SC2003 107a] I
SC2003 107b| I
SC2003 118a] I
SC2003 118b| I
SC2003 119a] I
SC2003 119b)| I
SC2003 1204 I
SC2003 120b| I
SC2003 120c] I
SC2003 5001] I
SC2003 5002] I
SC2003 5003] I

SC2003 50044 I

SC2003 5004b| I

Samples

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Relative Percentage

‘El Iron NodulesO Iron Stainind

Figure 5.22. The relative percentage of iron noduteversus iron staining present in the samples cotleed
from Iron Age enclosures at Sutton Common.

As figure 5.22 illustrates, iron staining predominates over iron nodutaspwoportionately
low frequencies of diffuse iron nodules present in the sedimeatgsad. This suggests that
in spite of the dramatic lowering of the groundwater table and gueserapid oxidation of
the sediments, the impermeable nature of the clay-rich sedan&atton Common may have
held the soil moisture over a longer period of time, effectivelyisig down the oxidation of

the sediments, resulting in the predominance of iron oxide stainingiromenodules. This
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suggests that the variation in iron oxide deposition is dependent oyptheftsoil/sediments

present.

5.6 BRONzE AGE FIELD SYSTEMS AT SHOVEL DoOwN

The Bronze Age field systems at Shovel Down are situated omdmelands within the
Gidleigh Parish and Dartmoor Forest, north-east Dartmoor, on trershat between the
North and South Teign Rivers (SX 655 860) in Devon (figure 5.23 ) (Bztiek 2003). The
local soil profile is identified as a stagnopodzol with interenitt gleyed horizons and a
typical sequence of humose/peaty and peat/peaty topsoil layelyirayea leached and
gleyed mineral horizon, followed by an occasional iron pan and icbnBihorizon, with a
Dartmoor Granite bedrock (Lewis 2004b, 8). This fits with the standastription of a
stagnopodzol, which is defined as a soil with peaty topsoil, periodiwaliygleyed) bleached
horizon, or both, over a thin iron pan and/or a brown or ochreous, relativabtefr

subsurface horizon (Courtney and Trudgill 1976, 101).

Figure 5.23. View across the moorlands at Shovel Bm, Dartmoor, Devon.
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The Shovel Down Project consists of archive research, extesisivey, and excavation of
target areas, and aims to investigate the chronology and lamisteey related to the Bronze
Age field systems, using both archaeological and palaeoenvironmpptabahes (Briiclet

al. 2003; Johnstoret al. 2003; Lewis 2004b). Micromorphology samples were collected
during the 2003 excavations by Lewis in order to “assess the pbofenttmderstanding the
meaning and role of ancient land use” by identifying buried smid investigating the
sedimentary processes associated with walled coaxial fystérss (Lewis 2004b, 1). The
result of this initial sampling revealed one buried soil lagentified beneath leat 1 (an open
watercourse) with the remainder proving to be examples of the maab@r horizon or
colluvial deposits ibid). There is, however, evidence of relatively stable, long-term
pedogenesis and further investigations are being undertaken to iderdrfy-indicators of

past land use.

Table 5.22. The soil micromorphology and bulk samgs collected from the Bronze Age field systems at
Shovel Down, along with their field description andcontext.

Micromorphology Sample*  |Field Description and Contex Associated Bulk Sample

SDP04 T2 960/2034a grey layer - silty clay loamyemiat SDP04 T2 960/2034 <6>

SDP04 T2 960/2034b orange layer - sandy clay; clatbooughout orange layer;|SDP04 T2 960/2034 <7>
possible posthole with large chunks of charcoad¢m)

SDP04 T4 5000/6100 <2> a dark grey layer - siltytpéke layer SDP04 T4 5000/6100 <3p

SDP04 T4 5000/6100 <2> b loamy clay - fill of possifeature; cut is marked by Fe pap SDP04 T4 5000/6H4>

SDP04 T4 5000/6280 (3) <3>|a taken across peagyfsiter between two orange-brown |[SDP04 T4 5000/6280 <23
layers - mineral-rich layer

SDP04 T4 5000/6280 (3) <3>|b taken across peatylayer between two orange-brown [SDP04 T4 5000/6280 <13
layers - peaty layer/ Fe-organo-clay-rich layer

* a and b signify separate units identified by soi€romorphology in the same sample

In 2004, a number of test pits were excavated along transects #Hwosite to investigate
areas that are archaeologically rich, and can be targateddre detailed excavations in the
future. From the test pits available, three were identified possible features relating to iron
oxide deposition and were selected for sampling. A total of three micromorptadlsgmples
and six small bulk samples for bulk analyses were collectedgesa the effectiveness of
using iron oxide deposition as a sensitive indicator of oxidation, andtlhiswaffects the
preservation of organic material within an archaeological context Ga2i2g.

The first test pit sampled was transect 2 E960 N2034 with a puaffitkark grey to black

peaty soil, overlying grey silty clay loam, followed by amnipan and orange sandy clay with
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large pieces of charcoat.(3cm). It is possible that this profile contained a posthole, although
further excavation is necessary. A micromorphology sample was takess the grey silty
clay loam layer, the iron pan and the orange sandy clay Ihetieble 5.22 and figure 5.24).
Bulk samples were collected from the grey layer and the orayge, labove and below the

iron pan, respectively.

Lig
o
=]
£
=
Sy
=

Figure 5.24. The soil profile of transect 2 E960 NiB4 with the location of the micromorphology sample
collected in 2004.

The second test pit sampled was transect 4 E5000 N6100 with a porfgssting of peaty
soil overlying a dark grey organic-silty layer, followed byraygloamy clay and the orange
sandy clay ‘natural’ layer. This test pit contained a possédéufe with the grey loamy clay
being the primary fill of this feature. An iron pan lined the cuheffeature at the bottom left
corner of the test pit (table 5.22 and figure 5.25). The micromorphclagple was taken
across the grey loamy clay (primary fill) layer and thekdgney organic-silty layer above,

along with bulk samples from both these layers.
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Figure 5.25. The soil profile and possible featurén transect 4
E5000 N6100 with the location of the micromorpholog sample
collected in 2004.

The third test pit sampled was transect 4 E5000 N6280 and containgéimoing above and
below a possible ditch feature, which may be associated wittna built wall nearby. The
fill contained alternating layers of silty organic peat-like sesht and orange-brown sandy
clay, reminiscent of the site’s ‘natural’ soil. The micromorpholsgynple was taken across
one of the orange-brown sandy clay layers and its subsequgnorgiéinic peat-like layer
(table 5.22 and figure 5.26).
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Figure 5.26. The soil profile and possible ditch Hfi in transect 4
E5000 N 6280 with the location of the micromorpholgy sample
collected in 2004. The iron pan above the featureas been
outlined in red.

At the time these samples were collected, permission tova&becat the site was limited to test
pits only, and therefore, it was difficult to identify specifeatures and their relationships
within the site. Further excavation was planned for targeted besasl on the results of the

test pit excavations in 2004.

5.6.1 Bulk Analyses Data

The bulk samples collected in 2004 were analysed by a suite of bullsesdechniques,
including ICP-AES for total Fe and Mn, LOI for %Water and %ONDPfor %Clay, MS,
pH, EC and redox. In addition, in-field moisture readings were takeneasure volumetric
water content (VWC), and moisture content was measured for s@tureicontent prior to
air drying the sediments for the bulk analyses listed above.€Buts of these analyses are

presented in table 5.23 below.
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Table 5.23. Results for the bulk analyses carriedub on the bulk samples collected from the Bronze Agfield systems at Shovel Down; MC = moisture conté

0 0 0 8

Sample Context Fe (ppm)| Mn (ppm) (f\é)\/ster (fgz\)/l (fg;;/ Zlns?’/l(zg(;)o pH EC Redox [MC (%) |VWC (%)
SDPT4/1 | Silty clay layer 19300 219 3{09 10.62 521 D.49 8l4.6 57.67 232.0D 15.46 42 B3
SDPT4/2 | Fe rich layer 22700 204 2|35 g.22 4.40 D.66 5.00 00p2.218.00 11.0p 28.00
SDPT4/3 | Silty/peaty layer 4000 12 1}84 749 1.45 D.12 4.62 5.0 257.00 15.58 21.00
SDPT4/4 | Feature fill 6700 63 1.p2 6400 1261 (.22 .75 41.3351.0( 18.6p 17.47
SDPT2/6 | silty clay loamy layel 5000 10 2|25 9.27 11.77 7PD.1 4.98 29.38 245.9J0 23.45 25]67
SDPT2/7 | sandy clay layer 29200 356 4.97 1.43 0.21 1.89 5.034.6 240.38 19.42 21.83
Table 5.24. Results from ICP-AES for the plant nutients present in the samples collected from the Bnze Age field systems at Shovel Down.

Shovel Down Plant Macro-Nutrients Plant Micro-Nutrients

Sample Name Al (ppm) [Ca (ppm)|Fe (ppm) K (ppm) [Mg (ppm) |P (ppm) |S (ppm) |B (ppm) |Co (ppm)| Cu (ppm)| Mn (ppm) [ Mo (ppm) |Na (ppm) | Zn (ppm)
SDPT4/1 1450D 1540 193P0 3700 2000 150 500 <10 3 6 219 1 300
SDPT4/2 2000p 1940 2270 3400 3600 630 300 <10 4 8 214 1 300
SDPT4/3 670D 200 4000 11p0 400 250 B0O0 K10 1 3 42 <1 200
SDPT4/4 9400 100 6700 13p0 00 210 BOO K10 1 3 63 <1 200
SDPT2/6 7500 100 5000 8p0 300 400 100 <10 <1 3 40 1 200
SDPT2/7 1590p 200 29200 1600 1500 B40 100 <10 3 5 556 1 200
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The bulk analyses results for T4/1, taken from the peaty/sdtingent in test pit T4
5000/6280, has high OM content, moisture levels (%Water, moisture contevii\d@gand
EC values, indicating this sediment is organic-rich and comparngatiid in soluble salts,
which is consistent with its peaty nature. T4/2 is comparatigebyrer in organic material,
moisture content and soluble salts, but higher in other soil nutriabie &.24) and total Fe
with slightly higher MS values. The increase in Fe is expegieen the orange colour of the
sediment, and the increase in MS indicates that the Fe presgfienmaagnetically charged.
Both sediments have similar quantities of Mn with T4/1 slighthhérghan T4/2, indicating
that Mn has little bearing on the MS results. Additionally, T4/1 a#@ Thave less than 5.5%
clay with a slight increase in clay content in T4/1. This cpweds to the micromorphology
analyses, which revealed a fabric with high quantities ofejgaand very coarse sand-sized
grains and low clay content. Both sediments are acidic and mogeedekcing with slightly
higher pH values in T4/2, indicating that the sediment with highemargantent is more
acidic. There is a discrepancy between the moisture content and régulis with VWC
measurements being higher than moisture content measuremeatseadon for this is

unclear but may represent localiseditu moisture pockets within the sediments.

The bulk analyses results for T4/3, taken from the dark greyligeatyer in test pit T4
5000/6100, and for T4/4 taken from the primary fill of the possible featueequite similar
except for a slight increase in total Fe, Mn and %Clay in e¢h&ufe fill. This increase in Fe
and Mn is coupled with a slight increase in MS, albeit the vauesow. This indicates that
the iron present is magnetically susceptible and is mostlyylikeing held in the clay
component of the sediment. This is supported by the micromorphologiabisas below.
T4/3 is slightly richer in organic material and has slightlgvated EC values, which
correspond to its peat-like nature. Both sediments are acidic andatedgeeducing but
there is a discrepancy between the moisture content and V¥u@sréor T4/3 with VWC
indicating significantly higher levels than moisture content tinclear why this discrepancy
has occurred but it may be the resultrositu localised moisture pockets within the peat-like
sediment, as organic-rich sediments are more likely to retaisture than more freely

draining sediments.

The bulk analyses results for T2/6 and T2/7, taken from the profilesoipit T2 960/2034,
indicate a movement of iron and manganese down profile to formrahepan, which

separated the two sediments, illustrated by the low Fe and Mesvédr T2/6 and elevated
values for T2/7. There is also a significant increase in M@nga in T2/7, which reflects the
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elevated Fe and Mn values in this layer. In addition, there iscaease in other soil nutrients
in T2/7, which suggests some movement of these minerals down pedfier prior to, or
during, iron pan formation (table 5.24). These minerals may have atgobated to the
increased MS values for this layer. The presence of this iron pan has pdetrenkeaching of
organic matter and clay from the sediment, as indicated by theacatively elevated %OM
and %Clay results for T2/6. In addition, the EC values are high€2/6, which corresponds
to more clay and organic-rich sediments (Carroll and Oliver 20@8h 8diments are acidic
and moderately reducing with an increase in moisture (moisturentoand VWC) in the
upper layer. This is not surprising given the organic nature ofdtiensnt and the water

retaining ability of organic material.

5.6.2 Soil Micromorphology

Soil micromorphological analyses were carried out on the sampliested from Shovel
Down following the same protocol used for the CDB sites. The sesfilthese analyses are
presented in appendix F, tables 5.25 and 5.26, and figure 5.27 below.

The micromorphology sample collected from T4 5000/6280 has two distiyetst 3a and
3b. The former is an iron-rich mineral layer with poorly sortedireent, including grain sizes
from fine gravel to fine sand. The latter sediment is organicwith equally poor sorting but
with a larger proportion of fine material than in 3a (appendix F). 3dominated by
amorphous organic punctuations and amorphous organic matter (table 5.25).isThere
evidence of some celled plant material but this material is poorly prdsawevell as clusters
of plectenchyma (fungi), which is typically found in organichritopsoils but can be found
lower down the soil profile (table 5.25) (FitzPatrick 1984). La3@rhas very little organic
material and the organics that are present are punctuation®)«lfh some fine amorphous
matter (>1um) and plectenchyma (table 5.25). Phytoliths ofowsrishapes were also
observed in both layers. There is some iron replacement of orgatécial in 3a (table 5.26),
which suggests that redox processes have occurred; however,tlggvéack of fluctuating
groundwater, it is more likely that these redox processesareesult of microbial activity.
Iron coatings of grains and voids are also present in both 3a and 3is|ightly more in 3b
(table 5.26). This could be the result of illuviation processes withricbnclay being
eluviated from 3a and illuviated down profile in 3b, which would suppolieeabservations
made by Lewis (2004), who indicated that the soil profiles at SHoweln are generally

stagnopodzols.
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Table 5.25. Results for the organic material, ideiified through soil micromorphological analysis, basd on the protocol used for the CDB.

Shovel Down Amorphous Charcoal | Charcoal [Celled Plectenchyma |Pollen
Sample Name Punctuations Matter |<100um |> 10Qum Lignified | Parenchymatic [Phlobaphene [(Fungi)

SDP04T2 960/2034a EEEEEE EEEN 1] [ | m 1 Em 12 EE 3 EEN
SDP04T2 960/2034b ENEEEN EEEN um u B 35 EE 35 L
SDP04T4 5000/6100 <2>a ANEEEEEE |EEEEE | EE | EE 23 EEEE 2-3 EEEE 2-3 EEEE 35

SDP04T4 5000/6100 <2>b EEEEEEE EEEE EEE u m 23 EEE 23 EEEE 23 |EEEE 35

SDP04T4 5000/6280 (3) <3>g| INEEEN EEEE EEE u EE 35

SDP04T4 5000/6280 (3) <3>p| HNEE EEEEE (EEN u m 3 EE 35 m 3 EEEEE 35

Key: W <2%, HE 2-5%, HEE 5-10%, ENEE 10-20%, EEEEE 20-30%, EEEEEE 30-40%, ENEEEEE 40-50%, ENEEEEEE 50-60%, INEEEEEEE 60-70%
Key to the preservation of organic material: 1 = fesh; 2 = yellow; 3 = red-brown; 4 = brown; 5 = blalc

Table 5.26. The average percentage of iron coatings voids and grains, and of iron
replacement of organic material identified throughmicromorphological analysis.

Shovel Down
Sample Name

Coatings of Grains
and Voids (%)

Replacement of

Organic Matter (%)

SDP04T2 960/2034a 7 <2
SDP04T2 960/2034b 31 <2
SDP04T4 5000/6100 <2>a 5
SDP04T4 5000/6100 <2>b 11
SDP04T4 5000/6280 (3) <3>3 19 <2
SDP04T4 5000/6280 (3) <3>b D7
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The micromorphology sample collected from T4 5000/6100 was taken amms$ayers, 2a
and 2b, of a possible feature lined by an iron pan. Both layers shaw aigbiological
activity via roots and rootlets, and earthworm activity, indicatedd&gomposing organic
matter in pore spaces for the former, and a ‘trail’ of weltesbvery fine sand and clay
sediment running obliquely across 2a for the latter. Both fabricgarerally poorly sorted
with very coarse sand-sized grains to very fine sand-sizathsgmaking up the coarse
fraction of the fabrics. Both sediments are rich in organic ma&teith organic punctuations
and fine amorphous organic matter predominating (table 5.25). Cellednpéétial is also
present with various stages of decomposition as well as pbbgt@a in both layers (table
5.25). Layer 2a has slightly more organic material than 2b, whidlespwnds to the bulk
analyses and is consistent with the peaty nature of the sediescribed in the field (tables
5.23 and 5.22). There is no iron replacement of organic material praseitbhear layer but
iron coatings of grains and voids are present with an increase ingjessing illuviation of
iron-rich clay down the soil profile (table 5.26). There were nihr@pogenic pedofeatures
found in the fill layer (2b), although given the acidic nature ofsédiment, it is unlikely that
inclusions, such as bone, would survive. Phytoliths were observed in both sddyeentind
it would be worth investigating these further to identify plantise however, this is outside

the scope of my research.

The micromorphology sample collected from T2 960/2034 was taken awmvostayers
divided by an iron pan. Both layers are poorly sorted with a rangeaofs from fine gravel
to very fine sand-sized coarse fraction, although the lower lagsr a slightly higher
proportion of coarse material to fine material. The upper lagatains both amorphous
organic material in the form of punctuations and fine amorphous orgatterjrend celled
plant material, which is relatively well preserved (tabl25). The lower layer is dominated
by organic punctuations and fine amorphous organic matter with viseypld@orly preserved
celled material (table 5.25). This is also reflected in the anklyses (table 5.23).
Plectenchyma and pollen are also present in both layers vgttilglbetter preservation in the
upper layer. Iron replaced organic material is present in bo#rdagnd is most likely the
result of both microbial activity and iron pan development, causiradisedin situ reducing
conditions (table 5.26). Iron coatings of voids and grains are also preseth layers with a
significant increase in the lower layer, indicating the illuviation of iich-clay down profile,
which supports the bulk analyses results and the process of iron paatiéor through

podzolisation.
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The sediments from the upper layer of T2 960/2034 and layer 2a from T46500C4re
similar in composition, and are most likely the Oh horizon of the# soil profile at the site
noted by Lewis (2004, 8). That is, humose/peaty topsoil (Ah/Oh) ovgrpeat/peaty topsoil
(O/0h), followed by a leached and gleyed mineral horizon (Eag)caasional iron pan
(Bfe), and an iron-rich B horizon (Bs & Bs/Gbid). It is highly possible that layer 2b is the
fill of the feature outlined by the iron pan, as this sedimens do¢ reflect the general soll
profile observed at Shovel Down. The profile of T2 960/2034 appears to bal tgpithe
podzolic soil at Shovel Down, and although there was some charcbal inicromorphology
sample (table 5.25), further investigation is necessary to idehéfpresence of the posthole
feature. The sediments from T4 5000/6280 are more puzzling, and could kesuheof
colluvial build-up as the test pit is situated on a hillslope. This\gmenon is repeatedly
observed by Lewis (2004), and without further excavation to find the ctlieopossible

feature, it is difficult to assess at this time.

Bronze Age Field System at Shovel Down

T2 960/2034a

T2 960/2034b

T4 5000/6100 <2>4|
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Figure 5.27. The relative percentage of iron noduteversus iron staining present in the samples colieed
from the Bronze Age field systems at Shovel Down.

Finally, both iron nodules and iron staining were observed in the sangillested from
Shovel Down, although there is a significant predominance of iron stamingst of the
samples analysed (figure 5.27). Given the podzolic nature of the sedimentsi thiss not
surprising that iron staining dominates, as the process of podiuwlisata slow, long-term

process that can take decades (Breuning-Madsen and Holst 1992)r,Rinehkack of a
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fluctuating groundwater table limits the possibility of rapid oxwlattaking place through
mechanical de-watering, as in other sites presented in thech&lowever, it is clear that
reducing conditions do exist at the site as many gleyed horizeasdlean observed by Lewis
(2004), and the soil profile at Shovel Down has been described as apstdgol {bid). The
development of these gleyed conditions is most likely the result iofolmal activity,
compounded by the compaction from the stone built walls and colluviatidarg\at the site
(ibid). The increase in nodules in layers T2 960/2034b and T4 5000/6280a isiviedixtdhe
iron-rich nature of these layers, which are representationgedite’s ‘natural’ sediment and

is most likely the result of localised hydrological changes taking ptagkeavel Down.

57 SIMMARY

The introduction of an archaeological context to the CDB, in ordestdle effectiveness of
using iron oxide deposition as a sensitive indicator of the hydrolémiatation conditions
present within a site, has been assessed in this chapter. Glwmorphological and bulk
analyses results for five archaeological sites have beemprdsand discussed here on a site

by site basis.

At the Late Bronze Age enclosure at Over, the analyses revtwe the presence of iron
panning beneath each of the features, formed prior to graveltextrand most likely as the
result of a fluctuating groundwater table, has protected the sediraenteaching processes
due to the mechanical and rapid lowering of the groundwater table atexr abstraction.
Further, the general predominance of iron nodules over iron stainitegtsethe rapid

introduction of oxygen as a result of water abstraction ahead of gravel extraction.

The Iron Age ringwork at Wandlebury contained a variety of remaiesepved, including
human bones, charred and mineralised plant remains, and both burnt and unburnt faunal
remains. In the samples from the counterscarp bank, iron nodules doenprant, suggesting
rapid oxidation possibly from past arable use, the mechanical mofirtbe soil, which
occurred during the construction of the bank, and/or the evident bioturbatithre samples
from the inner rampart, iron staining is predominant, most likely résult of organic

decomposition via microbial activity and localised redox processes.

The results from the Romano-British site at Marcham-Fdlfi@flect the local hydrological

environment with a predominance of iron staining suggesting slow madathich reflects
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the local fluctuations of the groundwater table. In addition, the orgmegervation is quite
good at the site with wood and charcoal being well preserveelagas biominerals, such as
bone.

The predominance of iron staining over iron nodules in the samglested from the Iron
Age enclosures at Sutton Common also reflects a hydrologicaloeament of a naturally
fluctuating groundwater table. However, the site has undergone rajdéetion from

irrigation and water abstraction off-site, and therefore, the predmee of iron nodules
would be expected. The impermeable nature of the clay-rich sediraetie site and the
excellent organic preservation, suggest that water was retaitieich the sediment for a
longer period of time and may have resulted in a slow rate datan of the archaeological
sediments. This, in turn, could be responsible for the good presereatmganic material

until recently.

Finally, the iron oxide deposition in the samples from the Bronzefidlgesystems at Shovel
Down indicate a predominance of iron staining over iron nodules, whilesents the
hydrological/oxidation environment present at this site. Thahéssite is characterised by a
stagnopodzol, which is a long term process involving eluviation of fiatemal from upper
horizons and subsequent illuviation of fine material in the lower horigundis et al. 1976).

In addition, localised gleyed horizons form by reducing conditions causte loyjpermeable
nature of the sedimentibid) (e.g. iron pans). These slow oxidation (and reduction) processes

are reflected in the predominance of iron staining in the sediments at Shovel Down.

After assessing the different types of iron oxide deposition in thetlexperimental sites that
form the CDB (chapter four) and the archaeological sites siittilar soil/geology types
(chapter five), the next chapter will assimilate this datd argue for the application and
limitations of using the CDB as a gauge for the presemwabf organic material in
archaeological sites. The potential for using the CDB as airicible planning process for
preservation and conservation of archaeological sites for futureagiens will also be

discussed in chapter six.
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APPLYING THE CDB TO GAUGE THE PRESERVATION OF

ARCHAEOLOGICAL MATERIAL DATA

6.1 INTRODUCTION

Identifying a tool for gauging the likely preservation of arciagical organic material in
buried environments is paramount to archaeological conservation res€aix research has
shown that the deposition patterns of iron oxidation can be a semsdigator of changes in
the oxidation conditions within a buried environment, and can be aniedfe@y of gauging

the preservation environment of organic material in archaeologited. The study has
included the analysis of soils and sediments from both non-archaedblage archaeological
sites of varying soil/geology types within Britain, includiag alluvial brown earth, a typical
rendzina, an argillic pelosol and a brown podzolic soil. This chaplefirat identify the type

of iron oxide pedofeatures present at the sites used to build the edngdatabase (CDB),
and will discuss the use of iron oxide as a sensitive indicatogdaging preservation
conditions. The practical application of the comparative database (COBheavilbe outlined,

followed by a discussion on how this information can be used as pghg pfanning process
in relation to archaeological conservation. Finally, a discussioth@muse of the CDB for

determining a preservation timescale will be presented.

6.2 ASENSITIVE INDICATOR FOR GAUGING PRESERVATION

The previous chapters have identified two types of iron oxide depositfoah prove most
informative for determining the hydrological/oxidation conditions djuaied environment:
iron nodules and iron staining. The main processes responsible ferdiyessition patterns

are cycles of reducing-oxidising conditions within the soil, otherwksown as redox
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processes. Redox processes most commonly occur due to fluctuatithves grioundwater
table but they can also be produced by microbial activity. The dexsotigm of organic
material produces localised, highly acidic and reducing conditionsichvanaerobic micro-

organisms oxidise minerals, such as iron, during respiration and consumption.

There are many different types of iron oxide (and hydroxidagrals, as outlined in chapter
two and table A-2 in appendix A; however, given the climate and hydecalognvironment
of the sites chosen for this research, the iron oxides presentoatelikely ferrinydrite or
lepidocrocite. Lepidocrocite is present in acidic, temperate abttopical hydromorphic
soils and is formed by redox processes (Klegpiand Petrovsky 2003; Loeppert and Inskeep
1996; Stuckiet al. 1988). It is moderately magnetic and usually forms in soilsateatow in
organic materialibid). Ferrihydrite is found in most soils in minor quantities but reaor
component of fluctuating redox environments, and often forms in the peesérarganic
material (bid). Although there is little known about this mineral, the crystalcsure
indicates that it is the result of rapid oxidation and it hasrfagnetic propertieshid). It is
present in both alkaline and acidic soils, although the processes dii@xidiéfer depending
on the pH of the environment. In neutral to alkaline soils, the oxidatiterrdiydrite is most
likely from fluctuating groundwater conditions, while in acidic enviremts microbial

activity is responsiblelfid).

The four sites chosen for the compilation of the CDB can be dividedwo separate groups:
one which is influenced by groundwater movement, and the other whialoh&sdence of
groundwater influences. Wandlebury, a rendzina on a chalk substratdhema&d, a brown
podzolic soil, have no direct groundwater influences and are rich iniongeterial. At these
sites redox processes are evident (iron replacement of orgareciab)afprobably due to
microbial respiration and consumption of decaying organic matemal, the release of
minerals during decomposition, including iron. At Sherwood, there isiadalitevidence for
leaching processes in the form of iron-rich illuvial clay oog in the Bts horizon. In
addition, the acidity of the site and the lack of groundwater, at Sbervwstrongly suggest
that ferrihydrite is the most dominant form of iron oxide presHoiwever, the neutral to
alkaline conditions and the unusually high magnetic susceptibilitythef soils from
Wandlebury, along with the land use history of the site, suggesntmatetite or maghemite
are likely to be present, and that burning has transformed the irde @tio a highly
magnetic form (Frencht al.2005b; Loeppert and Inskeep 1996; Stwetkal. 1988).

236



Over, an alluvial brown earth, and Savernake, an argillic pelosolbate influenced by
groundwater fluctuations and show clear evidence of redox procasségling iron
replacement of organic material, iron staining, and iron nodules. In @additi
eluviation/illuviation of iron-rich clay is evident at both sitegth Over suffering from a
dramatic loss of organic material associated with the rapidrilogvef the groundwater table,
due to gravel extraction in the vicinity of the site. In contr&aiernake does not suffer from
this degree of leaching, as reflected in the presence ofl @alimnic material, availability of
soluble salts and a prominent fine soil fabric of silty clay. dditon, the acidic nature of
Savernake suggests that lepidocrocite is likely to be predominattiarférrihydrite is likely
to be present in the more organic-rich soil horizon. At Over, oxidatesulting from
groundwater fluctuations is responsible for the predominance ohydriie. Given that
ferrinydrite is also the result of rapid oxidation, this scenf@savell with the rapid lowering

of the groundwater table ahead of gravel extraction.

The oxidation experiments revealed that iron staining was predomimathie air dried
samples, which replicated slow oxidation conditions, and iron nodules predominant in
the oven dried samples, which replicated rapid oxidation. The effeapid oxidation versus
slow oxidation on the preservation of organic material is a comp#aiei At sites, such as
Sherwood and Wandlebury, which are not influenced by groundwater but ang dwghted
soils, the preservation of organic material is poor. Additionally, l&#@ehing processes
involved in the development of podzolic soils are detrimental to orgarserpedion, just as
the biological activity and subsequent oxidation and organic decompositiesgnprin
rendzinas, is not conducive to the preservation of organic materiale Ho®r preservation
conditions are also reflected in the archaeological sites chosésstt the CDB sites of
Wandlebury and Sherwood, and include Wandlebury Iron Age ringwork foiVdredlebury

CDB site, and Shovel Down and Sutton Common for the Sherwood CDB site.

Wandlebury had very good preservation of both human skeletal and faunatgeasis
expected in a calcareous burial environment, but poor preservation of nedchlant remains
(Frenchet al. 2005b). The results of the CDB site also indicated poor presendtiolant
remains, with the remains that were present in more advaragesstf decomposition. This
level of organic preservation reflects the oxidised, calcareow&roement present at
Wandlebury. The preservation at Sherwood varied down profile with obvioysbg
preservation of organic material in the O horizon, and poorer pegger in the lower
horizons due to leaching processes. This level of preservationdstedf in the sediments
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sampled at Shovel Down, where any organic material present aslvianced stages of
decomposition. For sites such as Wandlebury and Shovel Down, it mieshbmbered that
there is a great deal of sediment variability, especialllly regards to areas of gleying versus
more oxidised sediments at Shovel Down. With this in mind, it is itapbto remember to
use the information from the CDB with caution, keeping in mind thatatlventurous to use
one or two sediment samples to predict the level of preservatian ehtire site in such
heterogenous sediments as stagnopodzols and rendzinas at Shovel Downndlebiig
respectively. The site at Sutton Common is more complex, wir elddence of leaching
and podzolisation as well as groundwater influences (Chapman anch&he2002; Parker
Pearson and Sydes 1997; Van de Naartal. 2001). Although past investigations have
revealed excellent preservation, the rapid lowering of the grouadveddle via irrigation and
water abstraction in the vicinity of the site, along with subseqeeching processes, have
had a detrimental impact on the preservation of the archaedlogieaic material present at
the site (pid) (see section 5.5).

For sites that are influenced by groundwater fluctuations, rapidlewdogidation do appear

to have different effects on the preservation of organic materaept within these soil
environments. The introduction of oxygen into an anaerobic (or waterlogged) environment, by
whatever method, is generally detrimental to organic matértad. rapid lowering of the
groundwater table, at sites such as Over, can result in adveghtiere dissolved chemicals
are rapidly carried away in the groundwater; the rapid loss cftaveiand fine material (e.g.
organics and clay), and leaching of soil nutrients, exposes any ongaterial to highly
detrimental oxidising conditions (Welch and Thomas 1998). However, the naturaltilutsua
of the groundwater table and the slow oxidation of the soils, atssitdsas Savernake, often
result in diffusion ipid). Unlike advection, diffusion is a slow process, which transports soil
chemicals and nutrients from high concentrations to low concentratitma te soil profile
(ibid). Given that diffusion is slow, there is less likely to mBicant damage to the organic
material in the short term, although prolonged exposure to these ooaditbuld prove as

detrimental as rapid oxidising conditionisid).

In the case of iron oxide deposition, the repeated fluctuation ofrthendwater table can
result in either iron replacement or iron panning. While iron replanérman preserve the
structure of the organic material, thereby providing valuable infeomah the form of
pseudomorphs, panning can form a protective barrier around organic regeféectyely
acting as an airtight container, providing ideal preservation condifldvespresence of iron
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pans in burial mounds in Denmark and their preservation attributesedralocumented
(Breuning-Madsen and Holst 1992, 1998; Breuning-Maasdei. 2001; Breuning-Madseet

al. 2003; Breuning-Madsemt al. 2000; Holstet al. 2001), and are ideal examples of the
beneficial preservation conditions for archaeological organic insm@ee chapter two). In
addition, the presence of iron pans lining the features at £ieeh (see section 5.2) provided
a protective barrier against leaching, which might otherwise have dsesed by the rapid
lowering of the groundwater table. It is likely that the iron pdeeloped during the natural
fluctuations of the groundwater table when it was 1.2m to 1.5m belowuiffi@ce prior to

gravel extraction, when the groundwater table was rapidly loweradbto below the surface.

Savernake generally had good preservation of organic material, imgltite presence of
celled plant remains, and at Marcham-Frilford, which was theaaaogical site used to test
the results of the Savernake CDB site, similar preservation tcomsliwere present. Like
Savernake, Marcham-Frilford was influenced by the natural thtictos of the groundwater
table and slow oxidation, and the preservation of organic materialevgggood in both the
waterlogged zone and within the fluctuation zone (cf. Kenward and2B@dl, 522), although
there was some decomposition in the latter. Wood, bone and planhsewetie recovered
from the site, and although the calcareous burial environment @ilsenced the good
preservation conditions (as opposed to the acidic conditions at Savethakg)edominance

of iron staining at the site reflected slow oxidation processes.

The results from both the experimental and archaeologicalisdésate that the pattern of
iron oxide deposition reflects the hydrological/oxidation environmerth thie predominance
of iron staining indicating slow oxidation and the predominance of iron r®duodkcating
rapid oxidation. In addition, the level of preservation of organic materiafluenced by the
rate of oxidation, with rapid oxidation being more detrimental to ocgpreservation than
slow oxidation (Kenward and Hall 2000, 522; Welch and Thomas 1998). However thitile
appears to be the case for the sites investigated during the obtings research, it cannot be
denied that the process, by which this oxidation occurs, has sighiétfacts on the organic
remains. For example, the rapid lowering of the groundwater tabkes the translocation of
soil nutrients and fine material (organics and clay) from the gnless protected by iron
panning or iron replacement, as is the case with the Over Ci@Basd Over Site 9,

respectively.
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6.3 PRACTICAL APPLICATION OF THE CDB

The practical application of the CDB for future use as plathe planning and conservation
process for archaeologists in Britain, needs to be economicatievand straightforward to
use. While the bulk analyses provide quantitative information abousestitient post-
depositional processes, such as leaching, soil micromorphology praadesxt for these
processes as well as a means of identifying the variatromomn oxide deposition. Two
pedofeatures have proven most informative: diffuse iron nodules andt@&omg, both of
which are identifiable through soil micromorphology. As discussed altogeprm of iron
oxide deposition can provide direct evidence of the hydrologicdktivin environment of the
site and can, therefore, help the archaeologist make decisionstladaurganic preservation
potential of the archaeological features and artefacts contained within.

In order to establish a quantitative database of iron nodules presegth horizon or unit,
point counting was used to calculate the frequency of iron nodules rarglomly selected
5mnt squares marked out on the surface of the section for each horiaoit iolentified, and

from this the average was calculated (see chapter three).viegwgiven the amorphous
nature of iron staining, a percentage of area covered was rédoydmunting the number of
5mnt squares the iron staining filled and calculating the percentagetf@notal number of
squares for the sample (see chapter three). While this metha@@m@squantitative analysis,
it was extremely time consuming and an alternative methodefi@rmining frequency of the

iron oxide features is recommended.

The use of FitzPatrick’s frequency chart is an alternativéhade for determining the
frequency of a feature based on abundance at known size rangesckBet al. 1985;
FitzPatrick 1984, 107-114; Stoops 2003). In 2002 | attended an intensive coursé on s
micromorphology in Ghent, Belgium, which was taught by Professorgésd&toops. During
this course each of us tested the accuracy of FitzPatriddsdncy chart, by first using the
charts to estimate the frequency of each of the soil feattnse=ved through the microscope,
and then used point counting to calculate the actual number for eatbatmie. The results
were very close with very little difference between the tvathods €. 1-2%). Given the ease
and accuracy of FitzPatrick’s frequency chart, the frequehaon nodules and iron staining
in soils and sediments from archaeological contexts can be atalduh the future using
FitzPatrick’s chart with confidence that the results, although-gqeantitative, are accurate

within 1-2%. In addition, by using the frequency percentages irchbg, the frequency of
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iron nodules and iron staining are directly comparable, with furtaéculations being

unnecessary.

The CDB can be utilised by sampling for soil micromorphologigadlysis, either by coring
prior to excavation, or sampling using Kubiéna boxes during excavailmn information
from the CDB can be used to ascertain the current levelgainar preservation, the redox
history of the burial environment, and the potential for long-term prasen given
unchanging hydrological conditions. In conjunction with other factorsh ssc financial
considerations and community initiatives, the archaeologist canhes€®B to consider
whether the site can be preserweditu and undergo conservation management, or if it would
be better for the site to be excavated in order to recover what information \igsdto date.
Figure 6.1 illustrates three different hypothetical depositiogr@lironments typical of
archaeological sites in Britain, and how the application of th& €an be used to suggest
possible curatorial action to preserve organic remains. Generhlghly oxidised
environments are detrimental to organic preservation and conversalterlogged
environments are conducive to organic preservation. However, the ptesemfaorganic
remains in environments influenced by groundwater fluctuations are vageble, and the
CDB can be used effectively to predict organic preservatitimeise environments. Following
this, figure 6.2 illustrates how the CDB can be applied to thisdyeavironment, including
the appropriate methodology in the field and the laboratory, and howrésess can be used
to predict the level of organic preservation in varying hydralalgtonditions, and the post-
depositional processes involved. These hypothetical examples hidgighthe CDB can be
used as an efficient curatorial tool for making decisions to prese situ, or to preserve by

record via excavation and publication.

Issues of conservation versus rescue excavation continue to bedd@hdtite 1989; Cantet

al. 2004; Canti and Davis 1999; Caple 2001; Caple and Dungworth 1997; Chapman and
Cheetham 2002; Cort al. 1995; Cronyn 1990, 2001; Frankel 1993; Fremethal. 1999;
French and Taylor 1985; French 2004; Startin 1993), and will be bdefyussed in the

following section.
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( Basic plough-soil on chalk> (Alluvial brown earth on terracD <Brown earth beneath p@

A \ 4 A

Oxidised deposits — low Fluctuating groundwater table Waterlogged depositshigh

groundwater table groundwater table

A A
Predomlnanc Predominance Predominance of Predominance of Predominance Predominance of

of iron of diffuse iron iron staining iron panning of iron soluble (ferrous) iron
coatlngs nodules replacement
A 4 A 4 \ 4 \ 4
Poor Moderate to good Excellent Pseudomorphs Excellent
preservation preservation preservation preservation
A 4 A 4 A 4 \ 4 \ 4
Optionalin situ Option to preserven Option for recording

Strongly recommend
recording through excavation
and publication

Strongly recommend
preservingn situ with
continued monitoring

monitoring, but for situ with continued through excavation
long term may want monitoring and publication
to excavate

Figure 6.1. Flowchart outlining some environmentsytpical of archaeological deposits in Britain, andhie suggested application of the CDB as a curatorigluideline for organic remains.
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v \ alluvial overburden and peat developn / ¥

Natural groundwater fluctuation Mechanical drainage of the
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Moisture held but Protective Structure llluviation Rapid loss of
some oxidation barrier maintained moisture
\ 4 A v /
Moderate to good Excellent Pseudomorphs Poor preservation
preservatio preservatio

Figure 6.2. Flowchart describing the use of the CDRs a curatorial guideline for deposits influencedby a fluctuating groundwater table, and the prediced level of organic preservation.
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6.4 BPRESERVATION AND CONSERVATION

In 1990 the Department of Environment publish@tanning Policy Guidance 16:
Archaeology and Planningotherwise known as PPG16, which provides guidelines for
planning authorities in England, property owners, developers, archaeglogmsenity
societies and the general public (DoE 1990). It outlines the égeygrof State’s policy on
archaeological remains on land, and how they should be preserved ordebott in an
urban setting and in the countrysidé@jid, paragraph 1). The purpose of PPG16 is to place
the onus of responsibility for the preservation of archaeologioaires on the developer and
local planning authorities who are required to seek assistanceéleo@ounty Archaeological
Officer or equivalent, or English Heritagii@l). The preference ah situ preservation of

important archaeological remains is strongly recommended by PPG16 naaidtéins that:

Archaeological remains should be seen as a fimitk reon-renewable resource, in many cases highly
fragile and vulnerable to damage and destructigoprépriate management is therefore essential to
ensure that they survive in good condition. In ipatar, care must be taken to ensure that
archaeological remains are not needlessly or thibeggly destroyed. They can contain irreplaceable
information about our past and the potential foliramease in future knowledge. They are part of our
sense of national identity and are valuable bothteir own sake and for their role in educati@isdre
and tourismipid, paragraph 6).

While there is an understanding that not all archaeological nenae of national and/or
international importance, where a development project is negessa planning response
must include provisions for tha situ preservation of archaeological remaiisd). Further,
each case must be assessed independently and for those arcbaleotmgains that are
deemed less important than the benefits of the development to theuodyndetailed
excavation must be carried out and the remains be preserved by (bod). However,
PPG16 maintains that:

From the archaeological point of view this shoukl regarded as a second best option. The science of
archaeology is developing rapidly. Excavation medms total destruction of evidence (apart from
removable artefacts) from which future techniquesla almost certainly extract more information than
currently possible. Excavation is also expensivd @me-consuming, and discoveries may have to be

evaluated in a hurry against an inadequate resdaachework. The preservatioim situ of important

archaeological remains is therefore nearly alwayset preferrediljid, paragraph 13, but cf. Frankel 1993)
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The information gained from the CDB during the course of this reflsgaoject is a valuable
asset when faced with a decision to preserve archaeologicainsam situ or to record the
site through excavation. As discussed above, the soil/geology type had
hydrological/oxidation environment of the site play an importantirolgreserving the more
delicate organic remains in archaeological sites. For iostaifi the soil is a podzol or
rendzina, then the preservation of the organic remains is going to bengberformer, and
will be biased towards particular types of organic remairteenatter. On the other hand, if
the site is influenced by the local groundwater table, the chdacegpod preservation of
organic material improve, depending on the rate of oxidation in ti&'ssaiments. Any
development planned for the site generally means that the groundaidéewill need to be
artificially altered in some way, and so the maintenancé®fsaturated zones needs to be
investigated. However, there are several problems assogi#tednaintaining an anaerobic

environment during and after a development project (Detvéas. 2004).

At Over (Frenchet al. 1999; 2004) and Flag Fen (Lillie and Cheetham 2002; Reyai.
1992), a clay bund (impermeable clay barrier) and plastic limspectively, were built
around the archaeological sites to provide a protective imperenéablier in which water
was pumped to provide a localised high groundwater table in order blisgst@n anaerobic
environment. The initial pumping of the water can be detrimental torgpnic remains as
oxygen is also added through the pumping process (cf. Caple and Dungworth 1h997)
addition, Flag Fen has a system where water is continuouslg #uaaeigh sprinklers, which
can have adverse effects in the long term as oxygenatedisvatersistently being introduced
into a waterlogged environment (Caple and Dungworth 1997; Kenward ahd2600).
However, experimental burial mound studies carried out at the Hegterisk-Arkaeologisk
Forsggscenter in 2004, which investigated the different methods oél bamound
construction, have shown that anaerobic conditions can occur within thasee i a
waterlogged environment (Hart and Lewis 2004, Mads Holst, pers. gpamd once a stable
anaerobic environment is maintained, the decomposition of organic reocesss (Cronyn
1990).

Another method of preserving organic remamsituis to rebury them, although this too has
complicated outcomes, the most apparent being the material usedhdoial (see Canti and
Davis 1999). One of the most publicised projects utiligmngjtu preservation by reburial was
that of the Rose Theatre in London where high grade silica sand edh§Biddle 1989; Canti
and Davis 1999). However, the use of such material is costly boticiatly and in terms of
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a valuable and scarce resource (Canti and Davis 1999). Further, iinotiexals associated
with sands are introduced to the burial environment, such as iron and hatheful

chemicals, this could have adverse effects on the soil chemadteying the preservation
conditions and ultimately destabilizing the burial environmabtd), In addition, the
archaeologist has to make decisions as to what type of arch@ableemains are to be
preserved, as some conditions, which may be ideal for organicneraae corrosive for non-
organic remains, such as metal (Cronyn 1990). Hence, the battle faddhlein situ

preservation condition continues.

One thing is clear, however: regardless of which methodh cfitu preservation is used,
continual monitoring of the burial environment is paramount to ensure dhenwed
conservation of such valuable resources of our past. In sites whegeotir@lwater table
plays a major role in the preservation environment of delicasnargemains, the deposition
of iron oxide, staining or nodules, can indicate the type of hydidbgionditions that are
present. The CDB can be used first, to determine the hydrolagneaonment present at a
site which may be under threat, and second, to monitor the hydrdlegdeonment in the

long term to ensure that the burial conditions remain stable.

6.5 BPRESERVATION TIMESCALE

Determining the preservation timescale of organic remainschraaological sites is difficult
due to the complexity of the burial environment. Such factors asestiiient type play an
important role as clay-rich and organic-rich material willbdggter at holding moisture than
more permeable, sandy deposits (Carroll and Oliver 2005). Furthesy tisét are situated in
the fluctuating zone of a naturally fluctuating groundwater tabi# have variable
preservation depending on soil/sediment type (Carroll and Oliver 20&%Byard and Hall
2000) and the nature of the overburden (i.e. impermeable clay versus lperssal). Often,
organic-rich deposits will “retain water through such short episbglescting as ‘sponges’,
even when completely out of contact with the watertakelesu strictd (Kenward and Hall
2000, 522). This situation is also true of clay-rich deposits wheranjpermeable nature of
the clay holds moisture ‘pockets’ within the soil/sediment fabBrady and Weil 1999;
Limbrey 1975; Rose 2004). Hence, the ability of the deposit to holduriaill temporarily
aid in the preservation of the organic material it contains thiigroundwater table rises as
part of its natural fluctuation. However, if the groundwater tablenechanically dropped

beyond the level of the organic material and remains at the lewel; the loss of moisture
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from the deposit will inevitably result in the desiccation of tlehaeological organic

remains.

At Etton, Cambridgeshire, is an example of a site where @ewgt and subsequent
desiccation and destruction of the archaeological and palaeoengmtainrecords has
occurred (French and Taylor 1985). The middle Neolithic causewayedsare was under
threat from dewatering ahead of gravel extraction in theitycof the site, and provided a
good opportunity to record the effects of the rapid lowering ofdb& groundwater table on
the preservation of the organic material within the waterlogged demdshe archaeological
site (bid). The site was situated on a calcareous brown earth overTEmsice sands and
gravels, and the lower 20-50cm of archaeological deposits, upon discanesysemi-
waterlogged, preserving a rich organic recabidj. The site was capped loy 80-130cm of
silty clay to clay alluvium and the area was flooded seasounatll 1953 {bid). The site was
monitored before, during and after the groundwater table was lowedeithe results showed
that the natural fluctuations of the groundwater table did leave ther dposits subject to
oxidation, while the lower deposits were subject to seasonalrigged conditions instead
of more permanent waterlogginigi¢l). However, after six weeks of pumping ahead of gravel
extraction, the groundwater table was lowered and remainedsit30cm below the deepest
archaeological feature, therefore, exposing the organic rernmaindly oxidising conditions
(ibid). This, in turn, affected the preservation of the organic remains in archigabfegtures
at the site, including wood, bone, textiles and pottery, and within a nobiie lowering of

the groundwater table, desiccation of these remains had taken igffct (

The detrimental effects of exposing waterlogged organic remaiosidising conditions can
take place rapidly, and include the disintegration of textilesgkorg, shrinking and
crumbling of wood, and the dehydration of bone (Cronyn 1990). Further, nedhalant
remains are highly susceptible to destruction when exposed to oxidismdjtions and
biological activity (bid). The deterioration of waterlogged organic remains on exposure to
oxidising conditions can take place in a matter of seconds or moefhendaing on the state

of the remains and the type of material preseriad)( It is difficult to predict a timescale for

the preservation and/or deterioration of organic material once sedbje¢o oxidising
conditions, and it remains a complex issue. However, the depositionrnobxide in the
soil/sediment can occur within days when ferrous iron in reduced itkejgosxidised to ferric

iron (Stuckiet al. 1988), and the pattern of this deposition can reveal how damaging this
oxidation is likely to be to organic remains. That is, slow oxahatirom a naturally
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fluctuating groundwater table (iron staining) can have less daitah effects on organic
remains than the rapid oxidation caused by the mechanical lgnarihe groundwater table
(iron nodules), and/or excavation (i.e. total exposure to oxidising conditiohgshe
archaeological site (cf. Cronyn 1990; Frankel 1993; Startin 1993).

6.6 SUMMARY

The need to conserve and preserve archaeological siteseaswwéd resource of our past has
led to continued and highly debated research in the field. The develbpfren effective and
sensitive tool, which can be used to gauge the preservation of corgaaterial in
archaeological sites of varying geology/soil types — th& Glhas armed archaeologists with
valuable information for planning and conserving fragile archaeologitagin situ. This
chapter has discussed the issues involved in preservation and coosemithin Britain and
has illustrated how the information gleaned from the CDB can betosessist archaeologists
in the planning and protection of valuable sites, which are consyst@nder threat. The
identification of the hydrological/oxidation environment within archaeological site,
through the use of the type of iron oxide deposition present withirotlsésediments, may be
an effective means of evaluating the best method for the cotisandd a site, whether
recording through excavation, or throughsitu preservation as recommended by PPG16. By
comparing the iron oxide features present, the CDB can be usetbakfor monitoring the
hydrological/oxidation environment and evaluating the preservation patesftiorganic
remains. It can, therefore, be used as an effective tool faartimaeologists responsible for

deciding the curatorial future of sites in Britain.
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CONCLUSION TO GAUGING PRESERVATION

The use of iron oxide features, as sensitive indicators of oxidatioditons in soils and
sediments, has been applied in this research project to develop #&rtoghuging the
preservation potential of buried environments in Britain. Given tbat axide deposition is
sensitive to changing oxidation conditions within soils and sedinfentssites with different
soil/geology types were subjected to oxidation experiments amanhircation of bulk and
soil micromorphological analyses. The data were then used to buitdthgarative database
(CDB). Five archaeological sites, with similar soil/geolbgyes to the experiment sites, were
selected in order to test the CDB. Sediment samples werecteall from various
archaeological features, including pits, ditches and buried gsaibse which were associated
with obvious iron oxide deposition identified in the field, i.e. mottling andnpeay. The
patterns of iron oxide deposition reflected the specific oxidationdhygical conditions
currently present in the deposits for each site. Once the exisyidglogical/oxidation
conditions within the soils and sediments of both the experimentahr@ahdeological sites
were identified, the remaining organic material could then gesasd to determine how these
conditions affected the preservation of organic material in thedenvironment. Hence, the
development of the CDB enabled iron oxide deposition to be used to gaygedbevation
potential of organic archaeological material on sites of Bpesbil/geology types within

Britain.

Two main hydrological/oxidation environments were identified:sstteat were affected by
fluctuating groundwater tables, and sites that were not. While EH& Was able to identify
the post-depositional processes (e.g. biological activity, tramsbocand leaching) occurring
within the buried environments of the sites which were not affedtg fluctuating

groundwater tables, it was not able to provide a timescale foddtexioration of organic

remains; it was clear, however, that such conditions did not promaeiorgreservation.
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The sites which were influenced by groundwater tables revélaédédhere is a significant
difference in the preservation of organic material in rapid oxidising conditaisve to slow
oxidising conditions. Slow oxidising conditions occur as a result ofnétaral seasonal
fluctuations of the groundwater table, whereas rapid oxidising conditionsueiyuke result
of the mechanical lowering of the groundwater table, below tkel lef the deepest
archaeological deposits, usually through drainage activities.dtgued that slow oxidising
conditions are less detrimental, in the short term, to organicrpagiea than rapid oxidation,
as clay and organic-rich deposits hold moisture for short periodmef slowing down the
process of desiccation. However, if the groundwater table is penthanewered, the
deposits will be unable to maintain moisture levels and the orgamigims contained within
these deposits will be rapidly exposed to the process of desiceatibdecomposition. The
type of soil/sediment plays an important role in maintaining highsture levels in the
deposits. Clays and organic-rich soils/sediments are able to holdnmoistire due to their
impermeable nature and structure. Clay particles absorb watkscules into their platy
structure, resulting in the clay swelling when waterlogged stmthking when oxidised.
Organic material behaves like a sponge, absorbing water thrayojlary action into the
cells, which help to maintain its physical structure. Conversetye permeable sands have
low moisture contents due to the moisture being evaporated and/oeddeaway from the

deposits.

With in situ preservation of nationally and internationally important archaeologiies at the
forefront of conservation issues in Britain, the CDB is a usefuhtorial tool for both
identifying existing and past hydrological/oxidation conditions, ai as for monitoring the
burial conditions of sites that are currently preselnesitu. The CDB can be used as part of
the archaeological evaluation process ahead of necessarpmaeel to first, identify the
organic preservation potential of an archaeological site and subsgguenthonitor the
preservation conditions during and after development. It can alda diecisions regarding
the restoration of the original burial environment, such as whethawid be worthwhile to
reinstate the original groundwater levels in a once anaerobjondiich can then continue to

be monitored for changes in oxidation of the soils/sediments.

While there are many benefits to using the CDB as a twogduging the preservation of
organic material in archaeological sites, there are somiations to the scope of the
database. For example, the effect of microbial activity ordém®sition of iron oxide has not
been addressed, as this was outside the scope of this thesigl, ltteée6@DB was developed
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based on the chemical and physical processes of iron oxidation feh vaxidation
experiments could be easily designed. In addition, there are difearent types of iron oxide
minerals, each with specific oxidising environments. The ideniibicadf these minerals
could provide additional information about the buried environment and subsequewije

a more detailed picture of the preservation potential of armaeobbhgical deposit. Further, the
crystal structure of these minerals varies with the rateiofation, which could lend support
to the observed correlation between oxidation rates and differenges oxide deposition
patterns identified during the course of this research. Thisnmmafiton could be obtained

through microprobe and scanning electron microscopy.

Given the limitations outlined above, further work on the identificadiospecific iron oxide
minerals and the effects of microbial activity on iron oxide déposwould be beneficial,
and a solid starting point for improving the scope and accuracy ofBe Eor example, the
patterns and crystal structure of iron oxide mineral deposition @doysmnicrobial respiration
and consumption could be identified, and the rate of oxidation determined. This, in turn, could
be used to predict the effects of oxidation rates via microbtality on the preservation of
organic material, and could result in a timeframe for orgda@omposition. This timeframe
would be invaluable for determining the preservation potential of thiggsare not influenced
by groundwater table fluctuations, e.g. rendzinas and podzols. In additionanpe of
soil/geology types included in the CDB could be extended, expandingdpe of the CDB
and improving its accuracy as a tool for gauging preservationhdfurdifferent climatic
zones with more complex oxidising conditions could be examined, thémelsasing the
range of soil/sediment types to include those that develop in Madiéan, tropical and sub-
tropical environments. By expanding the CDB to include soil/geolgggst from different
parts of the world, the database could become a globally applicatdorair tool for
archaeologists and an invaluable resource for cultural resoumoeimd and management

policies worldwide.
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—APPENDIX A —

This appendix includes two tables. Table A-1 presents other autlemesarch on redox
processes and the effects these processes have on the preseivatidraeological sites.
Table A-2 presents the different types of iron identified thinoting literature, their magnetic
nature, and the environment in which they are likely to be found.
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Table A-1. This table summarises four of the sitem Britain which have undergone groundwater monitoling in order to assess the effects of redox processon the
preservation of archaeological sites.

Site and References

Archaeology

Monitoring Method

®undwater
Manipulation

Effects on Archaeology

Sutton Common

(Caple and Dungworth
1997; Chapman and
Cheetham 2002; Parker
Pearson and Sydes 1997
Van de Nooret al.2001)

Iron Age
enclosures and
palaeochannel

Placement of 50
piezometers across the site
and mapping of the
groundwater via GIS; redox
potential and monitoring of
soil microbial activity

Lowering of the
groundwater due to arabl
cultivation, irrigation and
water abstraction in the
vicinity

Significant reduction in the quality of
porganic preservation, the loss of
identifiable cut-marks in the wooden
remains and the generdsiccation

of organic remains

Flag Fen
(Lillie and Cheetham
2002; Pryoret al.1992)

A series of Bronze
Age man-made
wooden avenues/

Placement of piezometers
various locations and depth
across the site

at.owering of the
groundwater due to
drainage works in the

Serious threat to waterlogged organic
remains, andesiccation of a series
of wooden avenues/causeways

causeways vicinity
Etton Neolithic Monitoring points at 20m | Dewatering of site due to| Water table dropped 1m below the
(French and Taylor 1985) causewayed intervals running from southwater abstraction ahead jpfleepest parts of the normally
enclosure to north at the western edgegravel extraction in the | waterlogged enclosure resulting in
of the enclosure vicinity desiccation of the organic remains
Over Bronze Age Hydrological monitoring Dewatering of site due to| Water table dropped to 5m below th

(Frenchet al. 1999;
French 2004)

barrow mounds,
enclosures and
field systems

since 1994; water quality
assessment and
archaeological excavation

water abstraction ahead
gravel extraction in the
vicinity

ofjround surface and well below
previously waterlogged archaeology
resulting indesiccation of organic

remains
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Table A-2. This table summarises the soil environnmg and magnetic susceptibility of different types biron oxide minerals found
in soils. (Information for this table has been co#cted from Kapi¢ka and Petrovsky 2003; Loeppert and Inskeep 1996;t&ki et

al. 1988).
I[ron Mineral Soil Conditions pH Magnetic Susceptibiity
(x10°® (m¥kg™))
Goethite Well oxidised or arid or semi arid Acidic 70
(aFeOOH) environment
Hematite Well oxidised or arid or semi arid Alkaline 40
(aFe0s3) environment
Lepidocrocite Hydromorphic soil - temperate and subAcidic 70
(yFeOOH) tropical; requiresedox processes
Maghemite Sub-tropical and tropical soils; also Neutral to alkaline 26000
(YFe0s) burning up to 300-500°C
Magnetite Sub-tropical and tropical soils; also Neutral to alkaline 56500
(F&0,) burning up to 300-500°C. Can transform
to maghemite via fire in warmer
climates only.
Ferrihydrite Forms in most soils in minor quantities Neutral to alkaline = | 40

(5Fe03-9H,0)

but a major component @tictuating

chemical oxidation;

redox environments forms in presence acidic = microbial

of organics, often as a result of rapid
oxidation

oxidation

254




—APPENDIX B —

CALIBRATION OF THE TDR 300MOISTURE METER

The TDR 300 measures the volumetric water content (VWC) ofdihdased on the bulk
permittivity properties of soil. The VWC is “the ratio of tkelume of water in a given
volume of soil to the total soil volume. At saturation, the volumeteter content (expressed
as a percentage) will equal the percent pore space of théSmictrum Technologies 2003,

10). The meter’'s 20cm probes are pushed into the soil surface. Then,

The electronics embedded in the probe body sendva wown the rods. This signal travels the length
of the rods and is partially reflected when it te@the interface between the rod tips and the Bois
signal is transformed into a square wave outpuh witfrequency proportional to volumetric water
content. The measurement volume is an elliptichhdgr extending, radially, 3cm from the rods wéth
height equal to the length of the rods (20cm). Teasured volumetric water content is the average

over this entire volume (Spectrum Technologies 2003.

In order to calibrate the TDR 300 moisture meter two experimgats carried out in the
Geography Department. Nine litres of “dry”, moderately shrtenedium-size sand
(determined by PSD) were placed into a bucket and moisturengeathken with 10
repetitions. The level of moisture was gradually increased inne¥¢ments with moisture
readings taken at each increase in moisture. That is, 450 mlovfigksl water were added
using a mister (e.g. bottle used was Mr Muscle spray bottte3. Was to obtain maximum
mixing of liquid and solid. Once each 450ml was added the sand was mixexlbyg the
sand from one bucket into another and repeated three times. The deiwaisesvas added
until the sand reached its saturation point of 35% moisture. In additiat, samples were
taken at each increasing increment of moisture to be analysepl3l. These samples were
weighed, heated to 105°C for 3 hours and weighed again. The percentagstoferioss was
then calculated using the following formula:
weight before 105°C — weight after 105°C
weight before 105°C * 100
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The TDR 300 was also tested in 100% water using both tap water iamiselé water. The
two different types of water were used to ensure that thetun@imeter was not relying on
electrical conductivity to measure moisture. Both water types gaviasneadings.

The results of the experiments were statistically andlyss#ng SPSS13.0. There was a
significant relationship between the percentage of water éetdnt the TDR300 and the
percentage of water determined by LOI, r = .98({two-tailed) <.01. This would suggest that
the TDR300 was calibrated, and therefore, the in-field moisaa@imgs taken by this meter

are valid indications of actual soil moisture content.
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—APPENDIX C —

ACETONE REPLACEMENT , IMPREGNATION AND

THIN-SECTIONING PROCESS

ACETONE REPLACEMENT

It was necessary to treat the proxy group of samples fromstcin a way that would not
alter their original or in-field state, thereby reducingy ahanges that may occur during the
removal of moisture from the soil. As noted by MacLeod (1997), thevibeg to remove
moisture from samples prior to impregnation with a resin mitoiuse acetone replacement.
This method enables moisture to be removed from the sample witliaducing oxygen
and it is, therefore, ideal for protecting the original soil $tm&cand its chemical and/or

biological condition.

Acetone replacement can be done by two main methods: an acetore haétone vapour
replacement. An acetone bath requires the samples to be compldteitgrged in acetone
and is particularly good for waterlogged sediments, such as satagkss from a lake.
Acetone vapour replacement is used for wet, but not necessatédylagged, samples and

was the preferred option for this research.

Four large Tupperware cake boxes were used. Cake airing rackscut to size and placed
on top of empty Kubiéna frames inside the cake boxes. The sangreshen placed on the
cake racks and a mud-map of the placement of the samples was idrany laboratory
notebook. In addition, the lids and sides of the cake boxes were labéhetth@vpositions of
the samples. Acetone was siphoned into the cake boxes until theflagetone reached half
way up the side of the empty Kubiéna frames. The lids of the cake boxes wesedhezrl and

the date was recorded on the cake boxes. The samples were left for no more than one day.
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Table C-1. Calibration table for acetone vapour refacement, taken from MacLeod (1997, 5).

% water in % water in sp. gravity at sp. gravity at sp. gravity at

acetone viv acetone w/w 18°C 20°C 22°C
0 0 0.793 0.791 0.79
1 1.26 0.796 0.795 0.793
2 2.52 0.8 0.798 0.796
3 3.76 0.803 0.802 0.8
4 5.01 0.807 0.806 0.803
5 6.24 0.81 0.809 0.806
6 7.46 0.814 0.813 0.81
7 8.68 0.818 0.817 0.8135
8 9.9 0.8215 0.82 0.817
9 11.11 0.8255 0.824 0.82
10 12.32 0.828 0.827 0.823

Following the experiments carried out by MacLedsd), a small volume of “wet” acetone
was siphoned from the cake boxes into a glass cylinder, the tomegewas recorded using a
standard glass thermometer, and a 0.790 — 0.800 hydrometer was pléoedyhinder to
measure the specific gravity. This was recorded and comparte tstandard calibration
table in MacLeodibid) to determine the percentage of water still remaining fltoeracetone
vapour replacement (table C-1). The remaining “wet” acetonesypi®ned from the cake
boxes into an empty drum for disposal. Fresh acetone was then siphtmn#eicake boxes,
the lids were sealed and the date and percentage of water regnaare recorded on the lids.

This procedure was repeated until the amount of moisture measurdesa/éisan or equal to

0.5% and the samples were ready for impregnation.

| MPREGNATION

Following drying or acetone replacement, the samples were platedarge ice-cream
containers and impregnated with resin mix. Two different reskesrwere used depending

on the soil type to be impregnated. The first, a general reequenmended by the McBurney
Laboratory, was 1500ml of unsaturated crystic polyester rdsia4Q), 500ml of acetone,

30ml of catalyst MEKP (methyl ethyl ketone peroxide) and aihdrystic accelerator G. The
second recipe, a variant on the first, was designed for more ichkayoils and had an
increased amount of acetone: 1000ml resin, 1000ml acetone, 30ml MEKP and 1ml accelerator
G. Each ingredient was mixed in turn and then poured into the contaniégrssare not to
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disturb the soil samples. The containers were then placed intcattvem chamber for 24
hours at 20 psi, at which point the samples were topped up with theactes mixes and
placed back into the vacuum chamber at 20 psi for a further 24 hoursoiitaeners were
then removed from the vacuum chamber and placed into storage fumerdspbozure. The
curing process took from 6 to 12 weeks, at which point the resin hadnbdra@ad the

containers were placed in the oven at 25°C overnight in preparation for cutting.

THIN-SECTIONING PROCESS

The hardened blocks were cut using a disc bladed saw (an MK Dianterahd Brick Saw)
to remove the exterior surface of the block and expose a fresdcesud slice S5Smm in
thickness was then cut from the fresh surface, providing a flibseThe section was then
temporarily mounted on prepared glass and an A. G. Broét micromath@nce
grinder/polisher was used for an initial grinding in order to peefiae slice for a permanent
mount to a glass slide. Two grinding wheels were used: a coiessd that ground the slice
down to 4mm thick; and a fine wheel that ensured that the surface of the slismaats and
flat, with as few marks as possible, providing a clean finishkerAdrying and removal of
excess oil resulting from the initial grind, the prepared sfdiée slice was glued onto a 3mm
prepared glass slide using an altered resin mix of 20ml resin, O/&WP and 0.7ml of
accelerator G. The samples were then clamped in a geotmfiesample press to ensure
constant pressure for approximately 12 hours. The samples wereecketto the Brot for
further grinding, first with the coarse wheel to remove the bulthefsection, then with the
fine wheel to finish the section to 25-30um. The section was thestdihiby hand polishing
where necessary. The final process was to cover the sectiomdggoh thin slip of glass
over it. The resin mix used for the permanent mount was also adexhdl the glass slip to

the section.
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—APPENDIX D —

BULK ANALYSES PROTOCOLS FROM THE DEPARTMENT OF

GEOGRAPHY, UNIVERSITY OF CAMBRIDGE

All the protocols described here are taken directly from thmaBment of Geography website
and remain unaltered. The website URL is:

http://www-labs.geog.cam.ac.uk/protocols/

PARTICLE SIZE ANALYSIS - MALVERN MASTERSIZER PROTOCOL (V. 1-2)

The Malvern Mastersizer X is a laser particle sizerduse measure the particle size
distribution of soils and sediments. It has a variety of lenseshwéan measure particles
ranging from 2mm to 0.1um. The Mastersizer is connected tosar@drcomputer, on which
the particle size data can be displayed in both table and graph Thendata can also be

exported to a spreadsheet for more sophisticated analyses.

= 50ml plastic tubes should be used; they should be clean and numberedrmehqre
marker.

= A lump of sediment approx. 1-5g is put in the bottom of the tube.nipks have
been processed for magnetic susceptibility then this sample dsfarsearticle size
analysis.

= Each tube is topped up with 4.4% sodium pyrophosphate (wear gloves asebsglas
when handling) and put in a water bath at 90°C for approximatelg tiours, stirring
once with a glass rod.

» The samples are removed from the water bath and centrifuged at@B&0f@r 13
minutes. It is important to use the scales to balance the topesd up with water if
necessary.

» The tubes are then removed from the centrifuge and the liquid decanted off.

= Samples are now ready for the Malvern.
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Switch on the power, check the drain tubes are in the sink and swititte avater supply
(tap). Open the Mastersizer software on the PC. Samplesirarsvice with two different
lenses - 45 and 1000um to get a full range of particle sizésreB&tarting it is important to
check which lens is being used, and that the software recognse&dthio the Setup menu,

then hardware, and adjust the lens range as appropriate.

Switch on the sample suspension unit, and put the cell stir, ultrasonic stir and pamplon

at about 75%. Using the fill and drain switches on the front of thglsammit, fill the bath

approximately two-thirds full with water. On the software aittleck the Go button with the
mouse, or more usually when using the monitor and keyboard next to lhermigress Shift
Alt 2, and a window will come up where you enter the sample namiee Inates section it is
useful to put the lens size i.e. 45 or 1000. Then press enter. The Medeerautomatically
checks the water in the bath, moves the laser and so on. Whendabispkete it will have a
background reading of the obscuration value of clean tap water. 1§ thedow 1% it is now

OK to add the sample.

Before adding the sample, mix it on the whirlimixer. It isportant to ensure the entire
sample is moving freely within the tube and that there are no luhpky stuck to the
bottom of the tube. A few drops of the sample should be added to the haghtsom the
whirlimixer so all the particles are evenly mixed and disteduCheck the obscuration value
given on the screen. An ideal value is 15%, between 10 - 20% is acceptable. If the tadue
low, add another drop or two of sample, if it is too high add morerwesting the fill switch
to dilute the sample. When the value is correct hit the spa@ntdahe analysis will proceed.
When this has finished and the graph is plotted drain the sample Bmag. the bath and
tubes three times to flush the sample away, ensuring that tidgsaare left on the inside of
the bath. You are now ready for the next sample.

All samples should be run for 45um, then 1000um. The data is autofgageadd during
analysis. At the end it is necessary to combine the two se@tafto produce one record for

each sample. This is done by opening a new Excel file. ThereiM#stersizer programme

go to the Control menu and choose the run programme option, then load ‘blend.bsc’. Enter the
filenames which contain the data, sample numbers and so on, thestecataummary will

be sent to the Excel file. The data in the Excel file t@n be manipulated and plotted in

Psimpoll.

261



L ossON-IGNITION ProTOCOL (V. 1.2)

This technique may be used to measure % water, bulk density, % org@argalcium
carbonate and % silicate residue in a variety of soils and eatimThe 105°C oven is used
to dry the samples, while the muffle furnace is employed at 5@@W950°C to remove
organic matter and break down carbonate respectively. Electronic éalghand 3 dp) are
routinely used to determine the loss in mass at various stagibe @nalysis. However,
analytical balances are available for work with very small samples.
Equipment

= Balance - 2 or 3 decimal place, e.g. in 1g, 10% accuracy = 0.1g¢cd%acy = 0.01g,

0.1% accuracy = 0.001g

= Crucibles of an appropriate size for the samples - differently numbered

= Desiccator - with purple silica gel, if white put in 205°C oven for 6 hours to dry out.

= Drying oven - Must be booked in advance!

= Heat proof gloves.

» Muffle Furnace - capable of up to 1000°C - Must be booked in advance!

= Tongs.

» Trays & stack - capable of withstanding 1000°C.

= Volumetric Sampler.

= |If you have large batches of samples, using a Sartorius balanoected to a pc is a

useful way to speed up collection of data.

Protocol (%water, bulk density, %organic, %calcigarbonate, %silicate residue)

= Clean, dry, numbered porcelain crucibles are weighed empty.

= Approximately 1g of wet sediment is placed in the crucible, @redwet weight
recorded. If bulk density of the sample is required a calibrated iass volumetric
sampler should be used and the sample should be weighed, allowingpenasst
volume to be calculated.

»= Crucibles should then be placed on trays, the tray rack may be tedguiarge
numbers of samples are being processed.

» The samples are dried for 6 hours (until constant weight is\ahi@isually overnight
at 105°C in either the Drying Oven or Muffle Furnace. Removes tcayefully using
the heat proof gloves. Use tongs to place crucibles in desiamatibithey reach a

temperature at which they can be handled safely. The desiccaeents the
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absorption of water from the atmosphere, and therefore, weight Ta&m weigh
samples again.

» The samples are transferred to a muffle furnace then heat&0G for at least six
hours (overnight), the furnace should then be reduced to ~100°C, when this
temperature has been reached samples should be allowed to cool iccataiet a
temperature at which they can be safely handled, then weighed.

» The samples are then returned to the furnace and heated to 950°@édst six hours
(overnight) the furnace should then be reduced to ~100°C, when this a&im@dras
been reached samples should be allowed to cool in a desiccattertperature at

which they can be safely handled, then weighed.

Results

= The weight loss when the samples are dried at 105°C (wet weidhyt weight)
represents of the amount of pore-water held within the sample. Thenfmge of
water should be expressed as a proportion of the wet weight. If thmeaf the
sample taken is known then the "Bulk Density" can be calculatedtfigmexpressed
as weight of sample per unit volume, e.g. g/égcn®).

= The weight loss between 105°C and 550°C as a percentage of tharigptel dry
sample weight is the % organic material. This probably also inelwd¢er loss from
clay minerals, this is likely to be an insignificant addition.

= The weight loss between 550°C and 950°C is representative of the avhdiOg
released from the sample. This can be used to calculate the avh@a€Q present
in the sample by using the ratio between the molecular weightsessed as a

percentage of the total original dry sample weight, this is the % carbon.

Calculation (molecular weights in brackets)

= Ca(40.08) + C (12.01) +{3 x 16.00) = CaC€(100.09)

= C(12.01) + Q(2 x 16.00) = CQ(44.01) Removed between 550 - 950°C

= Ca(40.08) + O (16.00) = CaO (56.08) Remains in sample

= So to calculate the quantity of Cagthe weight of CQ@lost must be multiplied by a
factor to account for the CaO remaining in the sample.

= CaCQ (100.09)/CQ(44.01)=2.274

» So the part of the sample that is represented by the CaO is Bi&&lthat of the
known CQ.
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So to calculate the quantity of Cagi@ a sample the weight lost between 550 - 950°C
must be multiplied by 2.274.

The weight of the residue remaining after 950°C, minus the awgastfor carbon, as

a percentage of the total original dry sample weight is esprkas the % silicate

residue.

% Charcoal

When analysing samples for % charcoal, a slightly differenthogeis used. The
samples are prepared as above, and dried at 105°C, but then heated tarmtD0°C
480°C instead of 550°C and 950°C. This distinguishes between organic @anadter

charcoal.

MAGNETIC SUSCEPTIBILITY ProTocoL (V. 1-1)

The Bartington Magnetic Susceptibility Meter is used to meagwe magnetic susceptibility

of a variety of soils and sediments. Magnetic susceptibility rtdgpen the amount, type and

particle size of the ferro-magnetic minerals present. Temmay be used with a scanning

loop to measure cores of sediment, or with a well-type sensor for discretesampl

Equipment

Bartington magnetic susceptibility meter.

Either, pot (discrete sample) coil or a (core) reader attachment.
Plastic pots and lids (if using discrete samples).

Recording sheet appropriate to method.

Booked bench space to use the equipment in!

Preparation of Discrete Samples

Sediment samples are put into 10°@tastic pots so that the pot is full to the top, and
weighed. An average weight of empty pots is taken to subtract the full pot
weight. The pots are labelled with permanent marker pen.

Samples are put in a drying oven overnight at no higher than 105°C catekaot to
melt the plastic pots!

The samples are then removed from the oven, the lids fasteremt the dry weights

recorded.
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The magnetic susceptibility meter is set up and zeroed, ittak@ysome time for the
meter to stabilise so it is worth setting up the machine halfoan before you start
taking readings. Any large metal objects such as meta, tregtches or belt buckles

should be kept away from the meter.

Analysis of Discrete Samples

The readings are taken as follows:

The machine beeps at regular intervals (15.01 sec.). At thddiep the sample hole
is empty and the value noted (A).

The sample is then lowered into the hole and the second beep vabuedigs this
covers the time whilst the pot was being placed into position.

The third and fourth beep values are recorded (B & C) the sample is then removed.
The fifth beep is ignored and the sixth beep value recorded (i2)values recorded
measure a background magnetic field before and after the sample value.

The next sample is then measured in the same way.

When a routine is established there is usually enough time to moyaes so that
blank value D can become blank value A for the subsequent sample. Tredsegwo
readings allows compensation to be made for natural drift irednlh’'s magnetic
field.

As a final reading an empty pot is measured.

Calculation

The magnetic susceptibility of a sample is calculated in the following way:

(B+C)/2 - (A+D)/2
dry weight of sample

This gives the magnetic susceptibility of the sample in Sl units /g dghivei
Then the magnetic susceptibility value for the empty pot is suibttdo allow for the

magnetic properties of the sample pot, to give a final value.
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—APPENDIX E —

PROTOCOL FOR PH, EC AND REDOX

| wrote this protocol for the benefit of the McBurney Laboratargmbers and made it

available on the McBurney shared space on the PWF at the University of Ggenbri

PREPARATION OF SAMPLES

1. First dry your samples either on the shelves provided or in an oven at a low, constant
temperature (e.g. 30°C).

2. Sieve your samples through a 2mm sieve and grind with a mortar and pedtfeeto a
sediment.

3. You will need approximately 30ml of sediment in order to do three repeats for each
samplé?

4. Be sure to clean the mortar and pestle with deionised water between samples.

5. You may wish to draw up a table Microsoft® Excel for example, to record your
readings, with three columns for each measurement to accommodate thepbete r
for each sample.

6. Calibrate the meters following the instructions below.

7. Be sure to rinse each of the plastic 50ml beakers with deionised water before
beginning.

8. Fill one or two (as needed) 100ml beakers.8ml with deionised water for each of
the meters.

9. Pour 10ml of the same sample into three 50ml beakers (30ml of sample in total).

2 Taking three readings for each sample (n=3) isrsifically accepted practice to obtain an avenageling for
the sample.

% See either Julie Millerji§10001@cam.ac.)kor Charly French daif2@cam.ac.Ukto get access to the
deionised water in the George Pitt-Rivers Labosator
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10. Top up each beaker with deionised water to 50ml. This is a 1:5 sdlution.

11.You may wish to do three samples at one time i.e. nine 50ml beakers.

12. Stir, using a glass rod, each beaker for approximately 30 seconds to ensure the
solution is mixed through.

13.Be sure to rinse the glass rod with deionised water between samples to present
contaminatiorf.

14.Follow the instructions below to measure your samples. It is up to you how far you
immerse the probes, (e.g. if you rest it on the bottom of the beaker or place it in half
way) as long as the probes are fully immersed and you are consistenbwith y
method.

15.Rinse the probes between samples with deionised water to prevent cross-
contamination.

16.Place the meters in the 100ml beakers of deionised water in between santpkes as t
will help rinse them. Be sure to replace the water when it becomes dirty.

17.When disposing of used samples wash out the beakers in the sink (with a sediment
trap) using tap water, and be sure to give them a final rinse using deiontsed wa

18.Dry the beakers and, if required, repeat steps 9 to 18.

OPERATION INSTRUCTIONS FOR THE P H/EC METER

1. Remove the protective cap.

2. Press and hold th(b /MODE button for 2-3 seconds. All the used segments on the
LCD will be visible for a few seconds, followed by a percent indication of the
remaining battery life (e.g. %100 BATT).

3. Set thepH mode by pressing the SET/HOLD button.

4. Submerge the electrode in the solution to be tested.

5. The measurements should be taken when the stability syfnbalthe top left of the
LCD disappears.

6. ThepH value, automatically compensated for temperature, is shown on the primary

LCD, while the secondary LCD shows the temperature of the sample.

* It is entirely up to you which ratio you use asdas you are consistent with all your samples.

® Again it is up to you whether you stir the sedimaile taking measurements or give them one stihe
beginning and then take the measurement. You neusbbsistent with your method.

® Use a squirt bottle of deionised water and a d¢onetanarked “waste: soil + D.I.4@” to rinse off the glass rod

and meters between samples.
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7. To measur&C, press the SET/HOLD button until uS is displayed in the top right
corner of the LCD.

8. The measurement should be taken when the stability syilool the top left of the
LCD disappears.

9. TheEC value, automatically compensated for temperature, is shown on the primary
LCD, while the secondary LCD shows the temperature of the sample.

10.When not in use remember to turn the meter off to conserve battery power.

11.Rinse the electrode with tap water to minimise contamination and replacapthe

12.Do not use distilled or deionised water for storage purposes.

PH CALIBRATION 8

1. Rinse thregébeakers with deionised water, dry, and pour enough of each buffer
solution into a beaker (one for pH 4.01, one for pH 7.01 and one for pH 10.01) so as to
sufficiently immerse the probes.

2. Remove the protective cap from the meter.

3. Press and hold thcb /MODE button for 2-3 seconds. All the used segments on the
LCD will be visible for a few seconds, followed by a percent indication of the
remaining battery life (e.g. %100 BATT).

4. Set thepH mode with the SET/HOLD button.

5. From measurement mode, press and hold@e /MODE button until TEMP and the
current temperature unit are displayed on the lower LCD (e.g. TEMP °C).

6. Press th(b /MODE button again to show the current buffer set: pH 7.01 BUFF
(4.01/7.01/10.01 calibration) or pH 6.86 BUFF (NIST 4.01/6.89/9.18 calibration).

7. Press the SET/HOLD button to change the buffer value to pH 7.01 BUFF.

8. Press th({b /MODE button to return to the normal measuring mode.

9. From measurement mode, press and holctbe /MODE button until CAL is
displayed on the lower LCD. Release the button.

10.The LCD will display pH 7.01 USE. The CAL tag blinks on the LCD.

" uS will appear if using a micro-siemens meterusgfing a milli-siemens meter then mS will be displhy
Unless you have highly organic sediment (e.g. pé&af) recommended you use a uS meter.

8 | recommend calibrating the meter between usktisey haven't been used for a while, or when yink the
results are erroneous. Use your own judgement.

° One beaker is sufficient if using a single-poiatiloration but you may wish to test the meter véththree

buffer solutions — see below.
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11.For a_single-point calibratigmlace the electrode in any buffer from the selected

buffer set (e.g. pH 7.01 or pH 4.01 or pH 10.01). The meter will recognise the buffer
value automatically.

12.1f using pH 4.01 or pH 10.01, the meter will display OK for 1 second and then return
to normal measuring mode.

13.1f using pH 7.01, after recognition of the buffer the meter will ask for pH 4.01 as a
second calibration point. Press @ /MODE button to return to measurement mode
or, if desired, proceed with the 2-point calibratifn.

14.For a_two-point calibratigrplace the electrode in pH 7.01 buffer solution. The meter

will recognise the buffer value and then display pH 4.01 USE.

15.Rinse the electrode thoroughly to eliminate cross-contamination.

16.Place the electrode in the second buffer value (pH4.01 or pH 10.01).

17.When the second buffer is recognised, the LCD will display OK for 1 second and the
meter will return to the normal measuring mode.

18.The CAL symbol on the LCD means that the meter is calibrated.

EC CALIBRATION

1. Set theEC mode by pressing the SET/HOLD button until uS (or mS) is displayed in
the top right corner of the LCD.

2. From measurement mode, press and holctbe /MODE button until CAL is
displayed on the lower LCD.

3. Release the button and immerse the probe in the proper calibration solution: HI7031
(1413 pS/cm) for the uS meter and HI7030 (12.88 mS/cm) for the mS'heter.

4. Once the calibration has been automatically performed, the LCD will gdi§¥afor 1
second and the meter will return to normal measurement mode.

5. The CAL symbol on the LCD means that the meter is calibrated.

191t is easiest to use a single point calibratiomgipH 4.01 or pH 10.01. If you want to confirm thecuracy of
the meter then test it by taking readings in edcth® buffer solutions being sure to rinse thordydietween
each solution.

! These solutions can be borrowed from Dept of Gagaty — contact Chris Rolfejt46@hermes.cam.ac.uér

Steve Borehanspl39@cam.ac.)k
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OPERATION INSTRUCTIONS FOR THE REDOX METER

1. Remove the protective cap.
2. Turn the meter on with the ON/OFF switch located on the top of the meter.

w

Immerse it in the solution to be tested without exceeding the maximum immersion
level (noted on the back of the meter).

Stir gently and wait for the reading to stabilise.

After use, rinse the electrode with tap water to minimise contamination.
Remember to turn the meter off when not in use so as to conserve the battery.

Always replace the protective cap after use.

© N o 0 bk

Do not use distilled or deionised water for storage purposes.

REDOX CALIBRATION 2

1. Check the meter by immersing it in HI7020 ORP solution.

2. The reading should be between 200 and 275 mV at 20°C.

3. If not between this range, clean the platinum tip of the electrode by rubbing & wit
soft cotton or lint-free cloth soaked with HI7061 cleaning solution.

4. For more accurate readings, condition the meter by immersing it inteepteent
reducing (HI7091) or oxidising (HI7092) solution for half an hour before taking
measurements.

5. In case of erroneous readings even after an accurate conditioning andicalitie
reference junction might be contaminated or clogged.

6. Pull out 2mm of the cloth junction to renew the electrode reference (it is
recommended to cut the cloth leaving at least 2mm over the reference compartme
and repeat the maintenance and conditioning procedure.

7. The cloth junction can be pulled out approximately 20 times. After that the electrode

should be replaced.

12 This meter should already be calibrated. Chech Witie Miller or Charly French for access to siolns.
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—APPENDIX F—

This appendix is a CD which is included in the back of this disgmrtalhe contents of this

CD include the database which was used to analyse the 206 thamsetd0 for the CDB

and 66 thin sections from archaeological contexts. Also includedsrCtiare the raw data

from the bulk analyses performed by the author and the ICPré&ifits carried out by ALS

Chemex, Canada. The file names are as follows:

ReadMeFirst.pdf
SMM_CDB.pdf
SMM_ArchSites.pdf
ICP_AES_CDB.pdf
ICP_AES_ArchSites.pdf
LOI_CDB.pdf
LOI_ArchSites.pdf
PSD_CDB.pdf
PSD_ArchSites.pdf
MS_CDB.pdf
MS_ArchSites.pdf
pH_EC_Redox_CDB.pdf
pH_EC_Redox_ArchSites.pdf

Copyright protection for all data contained in the CD
Soil micromorphology database for CDB sites

Soil micromorphology database for archaeology sites
ICP-AES results for CDB sites

ICP-AES results for archaeology sites

Loss on ignition results for CDB sites

Loss on ignition results for archaeology sites
Particle size distribution results for CDB sites
Particle size distribution results for archaeology sites
Magnetic susceptibility results for CDB sites
Magnetic susceptibility results for archaeology sites
pH, EC and redox potential results for CDB sites

pH, EC and redox potential results for archaeology sites
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—APPENDIX G —

The tables presented here are the results of ICP-AES anfdysiach of the four CDB sites
and relate directly to the plant nutrient uptake. There are ttoegs of nutrients on which
plants rely: major, macro and micro (Courtney and Trudgill 1976, GRIgilt 1977, 25). The
major nutrients include carbon (C), hydrogen (H), oxygen (O) andgeitrgN), which were
not measured in the ICP-AES analysis. The macro-nutrients incilutinium (Al),
phosphorus (P), sulphur (S), potassium (K), calcium (Ca), iron (Fe) agiesiam (Mg) all
of which are included in tables G-1, G-2, G-3 and G-4. Finally, tleeoAmutrients include
sodium (Na), manganese (Mn), copper (Cu), zinc (Zn), molybdenum (Mog &ti), boron
(B), chlorine (CI) and cobalt (Co), of which silica and chlorine raoteincluded in the ICP-
AES results.
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Table G-1. The ICP-AES results for the plant nutriets from the samples collected from the Over CDB &i.

Over CDB

Site Plant Macro-Nutrients Plant Micro-Nutrients

Sample Al Ca Fe K Mg P S B Co Cu Mn Mo Na Zn
Name* (ppm) | (ppm) (ppm) | (ppm) | (Ppm) (ppm) | (ppm) | (ppm) | (ppm) | (ppM) | (PPM) (ppm) (ppm) | (ppm)
10/03 1.1 480( 1600 21500 600 600 370 <100 <10 5 8 108 1 100 46
10/03 1.2 340( 1100 21500 400 400 370 <100 <10 5 6 88 1 100 41
10/03 1.3 270( 900| 19900 300 300 320 <100 <10 4 5 80 1 100 34
10/03 1.4 280( 900| 26600 400 300 390| <100 <10 5 6 109 2 100 36
10/03 1.5 240( 700| 21500 300 300 370 <100 <10 4 6 78 2 100 33
10/03 1.6 220( 700| 23900 300 300 470 <100 <10 4 6 76 1 100 34
10/03 2.1 420( 1400 23100 600 500 410 <100 <10 5 7 111 1 100 44
10/03 2.2 410( 1300 24100 500 500 410 <100 <10 5 7 107 1 100 44
10/03 2.3 300( 1000 20600 400 300 410 <100 <10 4 6 82 2 100 38
10/03 2.4 270( 800| 21400 400 300 420 <100 <10 4 6 78 1 100 36
10/03 2.5 270( 800| 22900 400 300 430 <100 <10 5 6 85 2 100 37
10/03 2.6 200( 600| 24000 300 300 520 <100 <10 4 6 80 1 100 33
01/04 1.1 350( 1200 20500 400 400 330| <100 <10 5 6 70 2 100 40
01/04 1.2 300( 900| 20500 400 300 350 <100 <10 4 6 75 1 100 36
01/04 1.3 310( 1000 23500 400 300 480 <100 <10 4 7 87 1 100 38
01/04 1.4 250( 800| 22800 300 300 480 <100 <10 4 6 76 1 100 34
01/04 1.5 210( 600| 22600 300 300 490 <100 <10 4 6 76 1 100 32
01/04 1.6 200( 500| 22500 300 300 470 <100 <10 5 6 75 1 100 32
01/04 2.1 400( 1300 22200 500 500 380| <100 <10 5 9 80 1 100 48
01/04 2.2 290( 800| 19400 400 300 310| <100 <10 4 6 68 2 100 35
01/04 2.3 260( 800| 21300 400 300 360| <100 <10 4 6 79 1 100 34
01/04 2.4 240( 800| 24200 300 300 470 <100 <10 4 6 76 2 100 34
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01/04 2.5 220¢ 800| 25800 300 300 580| <100 <10 4 6 85 2 100 33
01/04 2.6 190( 600| 22000 300 300 470| <100 <10 5 5 75 1 100 31
04/04 1.1 430(¢ 1400 21800 500 500 390 <100 <10 5 7 83 2 100 45
04/04 1.2 350( 1100 20000 400 400 340| <100 <10 4 7 79 1 100 40
04/04 1.3 330(¢ 1000| 23200 400 400 420| <100 <10 4 7 94 2 100 39
04/04 1.4 280( 900| 23200 400 300 470| <100 <10 4 7 88 1 100 38
04/04 1.5 270( 900| 26700 400 300 540| <100 <10 4 7 93 2 100 37
04/04 1.6 230(¢ 700 24100 300 300 500| <100 <10 4 7 85 1 100 35
04/04 2.1 380(¢ 1200| 22000 500 400 380 <100 <10 4 6 83 1 100 43
04/04 2.2 390( 1200| 23400 500 400 380 100 <10 5 7 88 1 <100 42
04/04 2.3 370( 1100 27000 400 400 430 100 <10 5 7 106 2 <100 42
04/04 2.4 330(¢ 1000| 23600 400 400 420 100 <10 4 6 91 1 <100 39
04/04 2.5 280( 900| 25800 400 300 490 100 <10 4 7 96 2 <100 39
04/04 2.6 220( 600| 24600 300 300 480 100 <10 4 6 88 1 <100 34
07/04 1.1 670( 2100 24400 800 800 400 200 10 5 10 97 2 <100 50
07/04 1.2 330(¢ 1100| 22000 400 400 350 100 <10 4 8 84 1 <100 40
07/04 1.3 300( 1000| 22000 400 300 380 100 <10 4 8 83 1 <100 40
07/04 1.4 290(¢ 1000| 25100 400 300 490 100 <10 4 9 83 1 <100 42
07/04 1.5 270( 800| 23600 400 300 450| <100 <10 4 9 78 1 <100 39
07/04 1.6 250( 800| 25000 400 300 590 <100 <10 6 7 85 1 <100 38
07/04 2.1 480( 1500 20900 600 600 330 100 <10 4 7 79 2 <100 44
07/04 2.2 330(¢ 1000| 20300 400 400 320 100 <10 4 6 78 1 <100 39
07/04 2.3 320¢ 1000 22200 400 400 360 100 <10 4 6 85 1 <100 40
07/04 2.4 280( 900| 23800 400 300 420 100 <10 5 6 78 1 <100 38
07/04 2.5 260(¢ 800| 22600 400 300 420| <100 <10 5 6 75 1 <100 37
07/04 2.6 230( 700| 24100 400 300 520| <100 <10 5 6 78 1 <100 37

* Where 10/03 = month/year of collection; 1.1 = o\dried 0-5cm, 1.2 = oven dried 5-10cm etc; 2.Ir=daed 0-5cm, 2.2 = air dried 5-10cm etc
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Table G-2. The ICP-AES results for the plant nutrients from the samples collected from the Wandlebur{CDB Site.

Wandlebury
CDB Site Plant Macro-Nutrients Plant Micro-Nutrients

Al Ca Fe K Mg P S B Co Cu Mn Mo Na Zn
Sample Name* | (ppm) (ppm) (ppm) | (ppm) | (PpM) (ppm) | (ppm) | (ppm) | (PPM) (ppm) (ppm) | (ppm) (ppm) | (ppm)
10/03 1.1 9300 103000 19000 900 1500| 1290 900 10 6 14 650 1 100 62
10/03 1.2 10300 104500 20300 900 1600, 1240 800 10 7 14 687 1 100 64
10/03 1.3 10000 102500 20400 800 1500 1140 700 10 7 14 664 <1 100 61
10/03 1.4 10800 110000{ 21000 900 1600| 1190 800 10 7 16 707 1 100 65
10/03 1.5 10700 115500{ 20400 900 1600| 1210 800 10 6 15 702 1 200 67
10/03 1.6 10200 108000 19700 800 1500 1140 700 10 6 14 666 <1 100 60
10/03 2.1 10100 99900| 19400( 1000 1600, 1360 900 10 6 15 668 1 100 64
10/03 2.2 10100 111500{ 19600 900 1600| 1260 800 10 6 15 669 <1 100 62
10/03 2.3 9900 102000; 20000 800 1500, 1170 700 10 6 14 660 1 100 61
10/03 2.4 10000 107500 20500 800 1500 1160 800 10 6 14 665 1 100 62
10/03 2.5 9900 121000 18800 800 1600| 1170 700 10 7 14 661 <1 100 58
10/03 2.6 9600 121500f 17800 800 1500| 1120 700 10 6 13 644 <1 100 57
01/04 1.1 9300 103000] 18400( 1100 1500 1250 800 10 6 15 642 <1 100 60
01/04 1.2 9600 99700 20000 900 1500| 1180 800 10 7 15 659 1 100 60
01/04 1.3 10000 110500{ 18800 900 1500| 1140 700 10 6 15 667 <1 100 59
01/04 1.4 10300 115000 19200 900 1600, 1160 700 10 6 15 682 <1 100 60
01/04 1.5 9900 116000 18900 800 1500 1140 700 10 6 15 658 1 100 58
01/04 1.6 10000 110500{ 19700 800 1500| 1130 700 10 6 18 668 <1 100 59
01/04 2.1 9900 111500{ 18800/ 1000 1600| 1260 800 10 6 14 663 1 100 61
01/04 2.2 9100 120000| 17500 900 1500 1160 600 10 7 16 611 1 200 56
01/04 2.3 9900 112500 18900 900 1600| 1210 600 10 6 17 640 1 200 59
01/04 2.4 10100 107000; 18700 900 1600| 1170 600 10 7 16 651 1 200 58
01/04 2.5 9100 105000 17600 800 1400, 1030 500 10 5 15 599 1 200 53
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01/04 2.6 7800 180000; 13800 600 1400 890| <100 10 5 16 540 1 200 43
04/04 1.1 8600 110000/ 16800, 1000 1500/ 1170 600 <10 6 17 582 1 200 54
04/04 1.2 9200 91300 17400, 1000 1400| 1230 700 10 6 17 597 <1 200 57
04/04 1.3 8600 122500; 17400 800 1500 1090 600 10 6 17 591 1 200 53
04/04 1.4 9400 113000/ 18100 900 1500/ 1090 600 10 6 18 616 <1 200 55
04/04 1.5 9200 122500 17400 800 1500/ 1070 500 10 6 16 608 <1 200 53
04/04 1.6 9600 113500] 17900 800 1500 1100 600 10 6 16 625 1 200 54
04/04 2.1 8900 112000; 17000, 1000 1500 1160 600 10 6 16 589 1 200 54
04/04 2.2 9100 102500/ 17100 900 1500/ 1180 600 10 5 16 595 1 200 57
04/04 2.3 9700 105500; 18100, 1000 1500 1150 600 10 6 16 619 1 200 56
04/04 2.4 9900 114500; 18900 900 1600| 1120 600 10 6 16 635 1 200 55
04/04 2.5 9800 120500, 17400 900 1500| 1120 600 10 5 16 624 1 200 55
04/04 2.6 8300 158000 14800 800 1400 970 500 <10 5 16 554 1 200 46
07/04 1.1 9400 111500; 17100, 1000 1500 1310 700 10 6 19 628 1 200 58
07/04 1.2 9800 112000; 18300 900 1500 1200 700 10 6 18 629 <1 200 57
07/04 1.3 9800 105000/ 18500 900 1500 1150 600 10 6 17 623 1 200 56
07/04 1.4 9600 108500] 17600 900 1500 1110 600 10 5 17 608 <1 200 56
07/04 1.5 10200 116000; 18400 900 1600| 1140 600 10 6 17 641 1 200 56
07/04 1.6 7100 219000/ 13000 700 1700 770 <100 10 4 11 490 <1 100 37
07/04 2.1 8800 97400 17700, 1000 1400 1240 700 10 5 16 598 1 200 56
07/04 2.2 9600 110500; 17600 900 1500| 1240 700 10 7 17 642 1 200 57
07/04 2.3 9200 119000/ 17000 800 1500/ 1160 600 10 6 16 615 1 200 53
07/04 2.4 9600 110500 17800 800 1500/ 1160 600 10 6 16 635 1 200 58
07/04 2.5 9100 116000; 16700 800 1500 1080 600 10 7 16 616 1 200 52
07/04 2.6 5500 229000/ 9600 500 1400 690| <100| <10 4 14 402 <1 300 30

* Where 10/03 = month/year of collection; 1.1 = o\dried 0-5cm, 1.2 = oven dried 5-10cm etc; 2.Ir=laded 0-5cm, 2.2 = air dried 5-10cm etc
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Table G-3. The ICP-AES results for the plant nutrients from the samples collected from the SavernakelB Site.

Savernake

CDB Site Plant Macro-Nutrients Plant Micro-Nutrients

Sample Al Ca Fe K Mg P S B Co Cu Mn Mo Na Zn
Name* (ppm) | (ppm) (ppm) | (ppm) | (PpM) (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (PpmM) (ppm) (ppm) | (ppm)
10/03 1.1 910( 500 30100{ 1000 700 380 500 10 10 8 433 1 <100 40
10/03 1.2 10800 200| 33500{ 1000 900 280 300 10 10 6 280 1 <100 37
10/03 1.3 11000 100| 30700 1100 900 200 200 <10 10 5 284 <1 <100 36
10/03 1.4 11800 100| 32200{ 1100 900 210 200 <10 13 5 331 1 <100 37
10/03 1.5 12900 100| 33400{ 1200 1000 180 200 <10 13 5 260 1 <100 40
10/03 1.6 20300 100| 57200{ 2100 1700 170 200 10 13 8 309 1 <100 60
10/03 2.1 960( 400| 28400| 1000 800 350 500 10 9 7 286 <1 <100 38
10/03 2.2 11300 100| 31700; 1100 900 240 200 <10 12 5 408 1 <100 36
10/03 2.3 11400 100| 27400{ 1100 900 190 200 <10 8 5 151 <1 <100 36
10/03 2.4 11900 100| 28000 1100 1000 180 200 <10 9 4 136 1 <100 37
10/03 2.5 14000 100| 46700| 1300 1100 190 300 <10 22 6 654 <1 <100 46
10/03 2.6 18300 100| 57300| 1900 1600 150 200 10 13 8 320 1 <100 57
01/04 1.1 790( 700| 32200 900 700 400 600 10 14 10 641 1 <100 43
01/04 1.2 990( 300 32700 1000 800 260 300 10 13 8 443 1 <100 38
01/04 1.3 11000 200| 31900| 1100 900 190 200 <10 8 8 186 1 <100 37
01/04 1.4 11700 100| 38900| 1000 900 220 200 <10 13 8 356 1 <100 40
01/04 1.5 12000 100| 37300 1100 900 160 200 <10 19 7 665 <1 <100 41
01/04 1.6 14000 100| 35100{ 1300 1100 130 200 <10 9 7 216 <1 <100 46
01/04 2.1 840( 500| 28600 900 700 370 500 10 8 13 280 1 <100 48
01/04 2.2 990( 200| 30900/ 1000 800 280 400 10 9 7 279 1 <100 38
01/04 2.3 10900 200| 34500{ 1000 900 200 300 <10 14 5 444 <1 <100 39
01/04 2.4 11800 100| 33300f 1100 900 180 200 <10 15 5 378 1 <100 39
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01/04 2.5 12800 100| 39600/ 1200 1000 180 200 <10 15 5 450 1 <100 41
01/04 2.6 13300 100| 34400, 1200 1100 130 200 <10 10 5 241 1 <100 44
04/04 1.1 960( 600| 36000{ 1100 800 370 500 10 9 9 359 1 <100 46
04/04 1.2 11800 300| 40500{ 1200 1000 260 300 10 10 8 326 1 <100 47
04/04 1.3 11800 100 33200, 1100 1000 180 200 <10 12 8 256 <1 <100 40
04/04 1.4 11700 100| 36000, 1000 900 170 200 10 21 7 611 1 <100 40
04/04 1.5 11600 100| 39900/ 1000 900 200 200 <10 16 7 437 1 <100 41
04/04 1.6 13600 100| 48000/ 1200 1200 150 200 <10 13 10 302 1 <100 50
04/04 2.1 750( 1200 24800 900 700 480 800 10 7 12 407 1 <100 58
04/04 2.2 11900 200| 40100; 1200 1000 250 300 <10 11 7 329 1 <100 42
04/04 2.3 12600 100| 41600/ 1200 1000 210 200 <10 12 6 358 1 <100 43
04/04 2.4 11500 100 32900, 1000 900 150 200 <10 11 5 221 <1 <100 39
04/04 2.5 12100 100| 39300, 1100 900 190 300 <10 19 5 507 <1 <100 40
04/04 2.6 12300 100 43600/ 1100 1000 180 200 <10 15 5 434 1 <100 44
07/04 1.1 780( 1300 27700 900 700 470 700 10 7 11 355 1 <100 108
07/04 1.2 10900 400| 38700/ 1200 900 320 400 10 8 9 242 1 <100 59
07/04 1.3 13800 200| 50500| 1400 1200 210 300 10 18 8 582 1 <100 54
07/04 1.4 13500 100| 42900/ 1300 1100 210 300 <10 10 7 235 1 <100 48
07/04 1.5 14500 100| 46100, 1400 1200 190 200 <10 11 8 268 1 <100 49
07/04 1.6 20400 100| 60300, 1900 1700 190 200 10 10 10 180 1 <100 66
07/04 2.1 740( 1600 27300 900 700 500 800 10 7 10 417 1 <100 104
07/04 2.2 11800 300] 43700] 1200 1000 290 400 <10 10 7 307 1 <100 57
07/04 2.3 13000 200| 48000f 1200 1100 230 300 <10 14 6 353 1 <100 51
07/04 2.4 13300 100| 43600/ 1300 1100 160 200 <10 14 6 349 1 <100 47
07/04 2.5 13300 100| 42400/ 1300 1100 210 200 <10 11 6 260 1 <100 47
07/04 2.6 20000 100| 65300/ 1900 1700 180 200 10 9 10 158 <1 <100 65

* Where 10/03 = month/year of collection; 1.1 = o\¥ied 0-5cm, 1.2 = oven dried 5-10cm etc; 2.Ir=laded 0-5cm, 2.2 = air dried 5-10cm etc

278




Table G-4. The ICP-AES results for the plant nutrients from the samples collected from the Sherwood B Site.

Sherwood

CDB Site Plant Macro-Nutrients Plant Micro-Nutrients

Sample Al Ca Fe K Mg P S B Co Cu Mn Mo Na Zn
Name* (ppm) | (ppm) (ppm) | (ppm) | (ppm) (ppm) | (ppm) | (ppm) | (ppm) | (pPm) (ppm) (ppm) (ppm) | (ppm)
10/03 1.1 840( 300 22900 600 600 450 600 <10 1 18 118 2 100 28
10/03 1.2 970( 900| 26800 600 700 360 400 <10 2 23 136 1 100 34
10/03 1.3 10600 100| 27800 600 800 340 300 <10 3 13 196 <1 100 27
10/03 1.4 13400 200| 29200 700 1100 340 300 <10 4 11 243 <1 100 34
10/03 1.5 17200 100| 33500/ 1000 2000 390 400 <10 6 14 226 <1 100 55
10/03 1.6 19100 100| 32000/ 1300 3100 340 300 <10 12 20 266 <1 100 94
10/03 2.1 820( 300 22200 600 600 590 900 <10 3 22 112 3 100 31
10/03 2.2 990( 100| 26500 600 700 350 400 <10 2 14 121 <1 100 24
10/03 2.3 11700 100| 29200 700 900 330 400 <10 3 13 196 <1 100 29
10/03 2.4 14100 100| 29600 800 1300 340 400 <10 5 11 235 <1 100 37
10/03 2.5 17100 <100| 33500 900 1800 380 400 <10 7 13 264 <1 100 51
10/03 2.6 19000 100| 31700/ 1400 3100 330 300 <10 13 20 277 <1 100 104
01/04 1.1 930( 100| 26200 600 700 390 500 <10 2 19 158 1 100 27
01/04 1.2 11200 100| 28300 700 800 330 300 <10 3 16 241 1 100 32
01/04 1.3 12800 100| 28800 700 900 340 400 <10 4 14 280 <1 100 37
01/04 1.4 16100 100| 32000 800 1500 370 400 <10 6 16 238 <1 100 52
01/04 1.5 18700 <100| 34100/ 1100 2500 380 400 <10 8 19 210 <1 100 79
01/04 1.6 19500 <100| 32700 1300 3100 350 300 <10 12 22 240 <1 100 91
01/04 2.1 880( 200 23200 600 600 540 900 10 3 22 120 3 100 32
01/04 2.2 11400 100| 28600 700 900 340 300 <10 4 13 192 <1 100 30
01/04 2.3 14800 1000| 29300| 1000 1100 330 400 <10 4 11 265 <1 100 35
01/04 2.4 17800 800| 32400 1200 1700 370 400 <10 5 13 272 <1 100 48
01/04 2.5 21600 100| 34200f 1700 3100 370 300 <10 12 21 228 <1 100 99
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01/04 2.6 22400 200| 34800] 1700 3200 400 400 <10 12 19 215 <1 200 111
04/04 1.1 10300 200| 25500 800 700 400 500 <10 2 19 138 2 100 27
04/04 1.2 12000 100| 27000 900 800 330 400 <10 4 36 215 <1 100 30
04/04 1.3 14100 100| 28200 900 1000 320 400 <10 5 18 273 1 100 37
04/04 1.4 17600 100| 31400] 1100 1700 350 400 <10 6 19 238 <1 100 49
04/04 1.5 21600 100| 34200 1600 3000 380 400 <10 11 21 204 <1 100 90
04/04 1.6 22200 100| 34700, 2000 3500 360 300 <10 13 21 254 <1 100 96
04/04 2.1 10900 200| 26100 900 700 430 600 <10 3 18 155 2 100 28
04/04 2.2 12700 100| 29100| 1000 900 330 400 <10 3 18 220 <1 100 28
04/04 2.3 13900 100| 29100/ 1000 900 340 300 <10 4 15 266 1 <100 37
04/04 2.4 17800 100| 33600, 1200 1700 350 400 <10 6 16 264 <1 <100 54
04/04 2.5 21300 100| 36100] 1500 2900 390 300 <10 9 21 198 <1 <100 91
04/04 2.6 21600 100| 35200] 1900 3300 340 300 <10 14 21 255 <1 <100 104
07/04 1.1 840( 300| 22600 700 500 550 900 10 3 28 122 4 <100 39
07/04 1.2 10200 100| 24800 800 700 410 500 <10 3 25 138 1 <100 31
07/04 1.3 11800 100| 28600 800 800 340 300 <10 3 18 212 <1 <100 31
07/04 1.4 15100 100| 30000/ 1000 1100 320 300 <10 4 16 258 1 <100 43
07/04 1.5 20400 <100| 36000] 1400 2700 400 400 <10 8 22 182 <1 <100 86
07/04 1.6 23700 100| 38100] 1900 3400 420 300 <10 14 26 253 <1 <100 104
07/04 2.1 930( 200| 24500 800 600 480 700 10 3 21 143 2 <100 31
07/04 2.2 11300 100| 27200 900 800 370 400 <10 3 16 153 1 <100 27
07/04 2.3 12300 100| 29100 900 900 330 300 <10 3 16 197 1 <100 31
07/04 2.4 14100 100| 29500 1000 1000 310 300 <10 4 12 290 <1 <100 36
07/04 2.5 20900 100| 37000f 1500 2600 380 400 <10 9 18 205 1 <100 78
07/04 2.6 22300 100| 36800/ 1800 3300 390 300 <10 11 21 256 <1 <100 103

* Where 10/03 = month/year of collection; 1.1 = o\dried 0-5cm, 1.2 = oven dried 5-10cm etc; 2.Ir=daed 0-5cm, 2.2 = air dried 5-10cm etc
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