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Abstract

Lipid and lipid biomarker components of various soils have been investigated using GC,
GC/MS and, where appropriate, GCC/IRMS. The resulting data have been used to trace
natural and anthropogenic derived lipids in the soil environment and furthermore elucidate
the archaeological and/or environmental processes responsible for their accumulation. This
work was performed in the context of four separate studies, each exhibiting a different
classification of soil.

Assessment of faecal biomarkers, i.e. 53-stanols, in an experimental, agricultural soil
(previously manured 124 years ago) revealed extant 513-stanols, of bovine origin, at
absolute abundances above those recorded for the same components in a soil which had
never been in receipt of a manure input. Additionally a further two components; 24-ethyl-
53-cholestanyl palmitate and C32 PP bishomohopanoic acid also facilitated differentiation
between the two soils. The detection of a viable manuring signal, in an active soil, supports
similar use of 513-stanol components in older, undisturbed archaeological soils.

Soils obtained from a Greek Minoan agricultural terrace, which exhibited archaeological
signs of ancient manuring practices (potsherd scatter), were analysed to ascertain whether a
complimentary chemical signature of manuring, based on 513-stanols, was extant within the
terrace soil profile. Use of a modified epimeric stanol ratio indicated the occurrence of
manuring episodes at soil depths attributed with an Early Minoan origin (ca. 2500 BC).
The relative abundance of the (3a,50) stanol epimer was proposed, in this context, as
indicative of pre-depositional accretion of the manure; most likely as midden heaps.

The combined assessment of lipid distributional data and compound specific 6 13C analyses
enabled the identification of grassy turves as the most probable material used in the
formation of three Orcadian, anthropogenic soil deposits. Appraisal of 5P-stanol
components indicated a probable faecal input to one of the soils which, on considering
distributional evidence, was ascribed a human or porcine origin. Further study of polar bile
acids revealed a distribution exhibiting a predominance of deoxycholic acid, thereby,
implying that the primary faecal source was human, although the minor occurrence of
hyodeoxycholic acid attested to a small porcine input.

Compound specific 8 13 C analyses were used extensively in determining the relative input
of a C4 temperate grass (Spartina anglica) to the biomass of salt-marsh sediments. Study of
lipid distributional data revealed a C32 n-alkanol homologue as a characteristically
dominant component of Spartina anglica whilst cohabiting C3 species typically exhibited
C26 or C28 maxima. After careful study, the C32 n-alkanol component was used to create an
isotopic mixing model, between Spartina anglica and the invading C3 grass Puccinellia
maritima, to estimate their relative contribution to sedimentary biomass. The submission of
sedimentary isotopic data to the model resulted in Spartina anglica incorporation values
ranging from 37 to 100 %. The model was extended to include a further two sources of C3

vegetation, namely: Scirpus maritimus and Phragmites australis. Whilst inclusion of the
former increased ranges of incorporation estimates (and hence uncertainty), inclusion of
Phragmites australis resulted in only a minor increase of uncertainty.



The world is like a ride in an amusement park. And when you choose to go on it, you think
it's real because that's how powerful our minds are. And the ride goes up and down and

round and round. It has thrills and chills and it's very brightly coloured and it's very loud
and it's fun, for a while. Some people have been on the ride for a long time and they begin
to question, is this real, or is this just a ride? And other people have remembered, and they
come back to us, they say, "hey - don't worry, don't be afraid, ever, because, this is just a

ride..."

And we...kill those people

Ha ha!

"Shut him up."

"We have a lot invested in this ride. Shut him up. Look at my furrows of worry. Look at
my big bank account and my family. This just has to be real."

Just a ride. But we always kill those good guys who try and tell us that, you ever notice
that? And let the demons run amok. But it doesn't matter because: It's just a ride. And we
can change it anytime we want. It's only a choice. No effort, no work, no job, no savings
and money. A choice, right now, between fear and love. The eyes of fear want you to put
bigger locks on your doors, buy guns, close yourself off. The eyes of love, instead, see all
of us as one. Here's what we can do to change the world, right now, to a better ride. Take

all that money that we spend on weapons and defences each year and instead spend it
feeding and clothing and educating the poor of the world, which it would many times over,
not one human being excluded, and we could explore space, together, both inner and outer,

forever, in peace.
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Abbreviations and Nomenclature

Abbreviations and Nomenclature

BSTFA	 N,0-bis(trimethylsilyl)trifluroacetamide

FYM	 farm-yard manure

CAM	 Crassulacean acid metabolism

CoA	 coenzyme A

CPI	 carbon preference index

DAG	 diacylglycerol

GC	 gas chromatography

GC/MS	 gas chromatography mass spectrometry

GCC/IRMS	 gas chromatography combustion isotope ratio mass spectrometry

MAG	 monoacylglycerol

m/z	 mass to charge ratio

Rubisco	 ribulose 1,5-bisphosphate carboxylase oxidase

TAG	 triacylglycerol

TLC	 thin layer chromatography

TLE	 total lipid extract

TMCS	 trimethylchlorosilane

TMS	 trimethylsilyl

TOC	 total organic carbon

This text utilises both IUPAC and trivial nomenclature depending upon the subject matter

and context of discussion. Wherever possible the system that facilitates greatest ease of

understanding and/or consistency of the subject under discussion has been adopted.

1



Chapter One

Introduction: The Chemistry of Soil Organic Matter



Chapter 1	 Introduction

1.1 The Soil Environment

1.1.1 The Environmental Role of Soil

Soil is a highly complex physical, chemical and biological system on which our very

existence and survival depends. It is a dynamic medium, the influence of which impinges

upon many areas of scientific study. Plants, which form a primary source in the terrestrial

food chain, rely on soil for anchorage as well as regulation of water and nutrients essential

for successful growth. Soil acts as a sink for organic detritus and as such supports a varied

microbiological population (bacteria, actinomycetes, fungi, algae and protozoa) which is an

important link in the major elemental cycles, i.e. carbon, nitrogen, phosphorous and

sulphur (Alexander, 1977). Water from overland precipitation will either pass through or

over soil, and therefore its composition is greatly affected by the chemical nature of the

associated soil(s). Pollutants are partially controlled by soil through complexing/bonding

mechanisms within the soil matrix or by being rendered innocuous through chemical

degradation. Above all, soil cannot be considered in isolation, but rather as part of a highly

interactive biotic and abiotic complex influenced directly by climate, geology, plants and

animals (Fig. 1.1).

Climate

AZ INI.
Flora,	 • Fauna

' 4k i AV
SOIL

I
Weathered Rocks

Figure 1.1	 A schematic depicting the interrelationship between soil, the environment
and living organisms

Man's interest in the soil dates back thousands of years probably to the point when man

first noticed that soil treated with manure (presumably accidentally) subsequently yielded a
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better growth of crop. The distribution of sherds across fields is widely recognised as a sign

indicative of manuring (Bintliff and Snodgrass, 1988). Indeed, it is hard to envisage any

process other than the application of anthropogenic and animal wastes that would result in

the distributional scatters of sherds observed. Since these times knowledge about soil and

its important environmental role has increased greatly. The Swedish scientist Berzelius

described soil as 'the chemical laboratory of nature in whose bosom various chemical

decomposition and synthesis reactions take place in a hidden manner'. A better definition

of soil was offered by Joffe (1949) who stated that 'The soil is a natural body of animal,

mineral and organic constituents differentiated into horizons of variable depth which differ

from the material below in morphology, physical make-up, chemical properties and

composition, and biological characteristics.' If the phrase `...through which the various

hydrological, biological and geochemical cycles operate.' was added, this general

description would be almost ideal. Joffe's definition adheres to the fact that at any

geographical point there will be changes in soil composition with depth, this often results

in the formation of a number of stratified layers called horizons which together constitute a

soil profile. Figure 1.2 depicts a typical soil profile with applicable soil horizons as well as

a description of the major classes of soil horizon found in Britain in accordance with

international usage.

Figure 1.2	 An example of a typical mineral soil profile
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Each major class of soil horizon can also have a number of sub-classes resulting from the

different conditions identical horizons may have been subjected to. A more detailed

account of soil horizon classification is, however, beyond the scope of this work and

further information regarding this topic may be found in more comprehensive texts

(Guthrie and Witty, 1982; Wilding et al., 1983). As might be expected hydrological,

biological and geochemical soil processes differ between various horizons, a direct

consequence of differing chemical composition and physical structure. A more informed

assessment of these differences requires a basic knowledge regarding the composition and

formation of soils.

1.1.2 Soil Composition and Formation

The subject of soil composition and formation is a well studied area which has been

extensively reviewed. The following summary (Section 1.1.2), for the purpose of this work,

has been largely drawn from Bridges (1978); for a more rigorous treatment of the subject

readers are referred to this volume.

Most soils in the British Isles date from the end of the Pleistocene glaciations —10000 years

ago although deep pockets of weathered soils in Scotland and Wales indicate earlier soil

formation in a warmer interglacial climate. Soil is a variable mixture of three phases: solid,

solution and gas. Generally solid matter constitutes —50 % of soil whilst the remaining 50

% is water and air (Fig. 1.3), however, it should be stressed that the proportion of air and

water can vary considerably depending on soil type and prevailing environmental

conditions.

Water (-25%)

Figure 1.3	 Approximate composition of soil by volume
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The mineral component of soil is formed both directly from a parent material and indirectly

via the precipitation of dissolved salts and it is this fraction which is responsible for the

texture of soil. The texture of a soil is determined by the content of sand, silt and clay

which in turn are classified as a function of particle size (sand, 2 - 0.05 mm; silt, 0.05 -

0.002 mm; clay, < 0.002 mm). From the relative proportion of these mineral constituents a

soil texture class description can be assigned. The texture of a soil has wide implications

regarding its inherent chemical nature. Clay dominated soils, for example, have a large

surface area, due to small particle size, resulting in increased chemical activity of inorganic

soil components. Furthermore, the small pore size of clay soils commonly results in poor

drainage which can lead to the formation of a reductive anaerobic environment.

Conversely, the open pore structure associated with coarse textured, sand based soils

results in a freely drained medium, probably susceptible to drought, in which oxidative

degradation would be prevalent.

The organic fraction of soil, often called humus, is a product of the synthetic and

decomposing activities of the soil microflora. Since it contains the organic carbon and

nitrogen needed for microbial development, it is also the dominant food reservoir for

microorganisms (Alexander, 1977). Soil organic matter can exist in a number of forms, for

example, it may be mixed with mineral components and buried or it may lie on the surface

as an organic layer. There are four types of surface organic matter formation, identified as

peat, mull, moder and mor. Peat describes >40 cm layers of poorly decomposed organic

matter where plant inputs are morphologically distinct and formation occurs under wet

anaerobic conditions. Figure 1.4 shows the thin surface forms of organic matter in typical

mull, moder and mor formations. Mor formation usually occurs beneath heathlands or

coniferous forests where degradation is hindered by acidic conditions generated by the low

base content of overlying vegetation thereby inhibiting soil fauna activity (degradation,

bioturbation etc.). This was found to be the case in tropical forest soils where acidic pH

was the sole factor limiting degradation of ' 4C-labelled blue grama grass (Bouteloua

gracilis; Motavalli et al., 1995). The result is a stratified organic layer with each horizon

representing a higher level of degradation where the majority of breakdown is achieved by

acid tolerant fungi. The soil fauna content of moder formations is higher than that of mor

and humified material is rapidly incorporated into the mineral A horizon. Soil fauna
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activity, however, is still sufficiently hindered to result in the formation of an F horizon

beneath the litter layer. Mull formations are generated in freely drained, base rich soils with

good aeration. They are rich with flora and fauna, e.g. microorganisms, worms, springtails

(Collembollae) and mites (Arachnidae), the latter degrading and bioturbating at a high rate

to produce a well mixed A horizon with an overlying litter layer.

Figure 1.4	 Diagrammatic representation of the thin surface forms of organic matter
accumulation in soil (Bridges, 1978)

As mentioned above, air and water have a complementary presence in soil. Much pore

space, in well drained soils, will be filled with air which can be driven out by water in

poorly drained saturated soils. Although the soil atmosphere can be considered an

extension of the above ground atmosphere, the actual composition may vary considerably

depending on the activity of microorganisms in the soil. Active soils will be more depleted

in oxygen and as a rule the soil atmosphere exhibits a higher carbon-dioxide content than

the above-ground atmosphere. The quantity of water retained in soils depends

predominantly on climate, availability, pore size, soil capillary forces and the action of

overlying vegetation against these forces. The soil atmosphere is generally saturated with

water vapour which provides an alternative route to gravitational and capillary flow for

water movement. Many chemical components, largely from minerals, dissolve to form the

soil solution from which plants obtain essential nutrients and in which ion/clay-humus

interactions may occur (see next section). The dissolution, transportation and precipitation

of minerals, by soil water, is an important factor in soil formation and alteration, e.g.

leaching, colloid formation, calcification etc.
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Figure 1.5	 Initial elementary formation of a typical mineral soil

Initial elementary soil formation is summarised in Figure 1.5; the property of a soil can be

related to various soil forming factors by the function:

S= f'(C1,0,R,P,T)

where S, a soil property, is dependent upon climate (Cl), organisms (0), relief (R), parent

material (P) and time (T) (Jenny, 1941), these factors shall now be considered.

(i) Climate itself is a function of many factors including temperature, humidity,

evapotranspiration and sunlight. Rainfall is a particularly important factor and depends on
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quantity, duration, intensity and regularity, all of which affect the input of water to the soil,

although the actual amount retained is less than the total rainfall. Temperature has

long-term effects on weathering and has an indirect effect on decomposition of organic

matter, e.g. both are higher in warm tropical regions.

(ii) Soil contains a vast array of organisms (bacteria, actinomycetes, fungi, algae, protozoa,

mites, springtails, earthworms and termites). These organisms are essential for soil fertility

and formation, through breakdown of plant tissue and subsequent incorporation via

degradation and bioturbation. The nature of the organic chemical components in a soil is

directly affected by the proportion of these different organisms which, in turn, is affected

by the soil type and vegetation cover. For example, in a study of Canadian agricultural soils

the dominant fungus beneath a crop of oats was Aspergillus fumigatus while Penicillium

Aniculosum was the most numerous under corn (Newton et al., 1939).

(iii) Relief can affect the formation of a soil through differing levels of environmental

exposure. For example, notice how the different quantity of solar warming on two sides of

the same hill results in the formation of two separate soil types (Fig. 1.6).

SHADED SLOPES	 SUN-FACING SLOPES

Colder soils	 Warmer soils

Wetter soils	 Drier soils

Restricted soil fauna	 Varied soil fauna

Surface accumulation 	 Organic matter
of acid organic matter 	 incorporated

Figure 1.6	 The effect of aspect and relief on soil formation (Bridges, 1978)

(iv) Parent material is generally described as 'the consolidated or unconsolidated material

little affected by the current weathering cycle from which the soil has developed'.
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It strongly affects the soil type so that, for example, different rocks when weathered will

produce different types of soil due to variations in mineral composition. In the Peak

District of Derbyshire, limestones exhibit a cover of brown earth whilst adjacent

sandstones and shales only support moorland with peaty gleys and peaty gley podzols.

(v) The last factor, time, concerns the effect of increased maturity and the changing

environment of a soil. An immature soil will exhibit many of the features of the parent

material and will continue to change with time as it interacts with the surrounding

environment. Once a soil has attained a state of equilibrium with its environment it can be

considered a mature soil. Disruption of this equilibrium, e.g. catastrophic effects (volcano,

earthquake), will initiate a new series of changes, in the soil, determined by the new

environment.

All of these factors influence a series of soil forming processes comprising: leaching,

eluviation, podzolization, calcification, rubefaction, ferrallitization, salinization,

alkalization, solodization, gleying, organic matter accumulation and pedoturbation; a full,

comprehensive description of these processes may be found in Bridges (1978).

1.1.3 Inorganic Components of the Soil

The overall aim of the previous section was to underline the many factors which affect the

soil environment (and hence soil chemistry) and to show the strong interdependence

exhibited by these factors. The chemical components of soil shall now be examined in

detail.

Rocks represent the primary parent material from which mineral soils are formed. They

generally originate from the Earth's outer crust and can be classified as three broad groups:

igneous (formed by the direct crystallisation of components in molten magma),

sedimentary (formed from sediments) and metamorphic rocks (igneous and sedimentary

rocks subjected to elevated temperature and pressure).

As molten magma cools, inorganic chemical components crystallise in a reasonably well-

defined order (Bowen, 1979; Mason, 1982). Hence, there is a gradual formation of a
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continuous series of rocks with various mineral compositions determined by the rate and

extent of cooling. As magma continues to solidify the rock formed contains lower

quantities of base cations such as aluminium (A13÷) and especially magnesium (Mg2+). This

results in solidifying rocks becoming progressively less basic as crystallisation proceeds,

with compositions increasingly dominated by silicon dioxide (Si0 2). For example, olivine

(MgSiO4) is usually the first constituent to solidify, forming basalt an ultrabasic rock

containing <45 % silicon dioxide. Rocks containing 45-55 % silicon dioxide are termed

basic rocks, 55-65 % intermediate igneous rocks and >65 % acid igneous rocks. After one

cycle of weathering only the most resistant minerals usually remain in the soil. These

inorganic components have a profound effect on the type of soil formed and the acid/alkali

nature of the parent rock will largely determine the pH characteristics of a soil. For

example, soils derived from acid igneous rocks will, under similar conditions, attain a low

pH more rapidly than soils derived from ultrabasic rocks. Therefore, the parent rock type,

through control of pH, has an indirect effect on the preservation of soil organic matter (see

next section).

As with igneous rocks, it is the acid/alkali nature of the sedimentary rock which determines

soil type via effects on soil pH. Calcium carbonate deposits, for example, may be

diagenetically converted to limestone or dolomite (calcium magnesium carbonate) which

can produce a soil more resistant to acidification than if formed from sandstone [quartz,

corundum (Al203) and hematite (Fe 203) cemented together with quartz (Cresser et al.,

1983)].

Silicates are a major component of the Earth's crust. It has been seen that they are a major

constituent in a high proportion of rock minerals and, as such, have a profound effect on

soil chemistry. The basic silica unit is the tetrahedral Siat structure, depicted in Figure 1.7.

The single unit carries an overall 4- charge and readily associates with cations, e.g. Mg2+,

Fe2+, Mn2+, Ca2+, to produce simple minerals with the general formula M 2 SiO4 (Cresser et

al., 1993). However, stronger structures, and hence minerals more resistant to weathering,

may be formed by joining Siat tetrahedra to give chains, rings or sheets. Such structures,

through additional phenomena such as isomorphous substitution of Si4+ ions with other

cations of similar size, generate the numerous minerals observed in soils (Brown et al.,

1978; Greenland and Hayes, 1978; Brady, 1990).
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In addition to sheet silicates a number of other sheet frameworks, of importance to soil,

exist. Combinations of particular sheet frameworks give rise to clay minerals, possibly the

most important minerals with respect to soil chemistry. The Al(OH) 3 structural unit can

form a sheet framework in an analogous manner to silicate sheets to form a series of

octahedrally co-ordinated aluminium ions (gibbsite). Figure 1.7 shows how the two sheet

frameworks can combine in a 1:1 ratio thereby forming a layered matrix; this is the

structure of the clay mineral kaolinite.

Figure 1.7 The arrangement of atoms in the clay mineral kaolinite and a diagrammatic
representation of the layered structure typical of the clay minerals (adapted
from Bridges, 1978)

Kaolinite possesses a very stable structure and has a widespread occurrence, being a stable

decomposition product of weathered granite or gneiss. Alternative components and

layering ratios generate other clay minerals, e.g. halloysite (1:1), serpentine (1:1), and

montmorillinite (2:1), a smectite clay mineral. As well as having an important role in soil

morphology, clay minerals are noted for their interaction with organic components of the
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soil. Figure 1.8 depicts a clay-humus particle or micelle surrounded by adsorbed cations.

Acid soil conditions result in the replacement of calcium and other base ions with cations

present in carbonated water and acid decomposed plant litter, e.g. hydrogen (H+),

aluminium (A13+), potassium (K+) and sodium (Na+) ions. Such changes can result in loss

of soil structure thereby inhibiting cultivation (Bridges, 1978). Clay minerals have been

observed to have a noted effect on the geochemical transformations of molecular

components of the soil organic fraction.

Figure 1.8 Diagrammatic representation of a clay-humus micelle with the adsorbed
ions of hydrogen (H+), calcium (Ca2+) and plant nutrients (IC) etc.
(Bridges, 1978)

Sieskind et al. (1979) report on such transformations, of sterols to steranes and sterenes,

catalysed by 'super acid' sites present in kaolinite and montmorillonite. In an investigation

into the effects of bentonite on the hydrocarbons in an A 1 soil horizon, Ambles et al.

(1989) observed the addition of bentonite to stimulate oxidation processes in the soil.

Furthermore, heteroionic bentonite was found to promote increased mineralisation whereas

Mg-bentonite only stimulated mild oxidative reactions. Further studies have revealed the

presence of clay minerals to have a profound effect on the fatty acid fraction of a podzol

soil. The supplementation of bentonite promoted a transfer of fatty acids to the bound

fraction whilst Fe-kaolinite caused much decomposition and/or biotransformation of

monoacids (Jambu et al., 1995). The association of clay minerals with organic moieties is

emphasised by Meyers and Quinn (1971) who found a direct relationship between the

amount of fatty acids removed from solution and the initial solution concentration. Hence,
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Cellulose is a polysaccharide composed from long unbranched chains of glucose and it

accounts for about half of the carbon in higher plants. Cellulose is rapidly degraded by a

number of fungi (Trichoderma, Fusarium, Aspergillus) and bacteria (Bacillus,

Pseudomonas) in the soil environment which utilise a suite of enzymes known collectively

as cellulases. Enzymatic depolymerisation can occur either randomly (endopolymerases) or

in steps of two or three glucose molecules on the periphery of the polymeric structure

(exopolymerases). Subsequent degradation of cleaved sub-units can be made by a wider

range of soil organisms which increases still further for single glucose molecules, the

eventual product being CO 2 and H20 in an aerobic environment or CO2 and CH3 CH2OH in

an anaerobic environment. This process of degradation initialised by a small number of

organisms followed by rapid degradation of sub-units by many more organisms is the mode

of degradation for most polymeric materials in the soil (Cresser et al., 1993).

Polysaccharides of pentoses, hexoses and uronic acids known collectively as hemi-

celluloses contain about 20 % of plant carbon although amounts can be as high as —30 %;

pectin, formed from galacturonic acid, is an example of a common hemi-cellulose.

Of all the polymeric material in higher plants, lignin is generally considered to be the most

resistant to degradation, although select organisms such as white rot fungi

(Phanaerochaete) are able to readily effect its decomposition. It has been suggested that

lignin degradation is a secondary metabolic function of some soil organisms, brought about

by nitrogen starvation (Kirk and Fenn, 1982). The availability of lignin in soil is also

affected by pH; for example, the lack of a high molecular weight signature in an

experimental soil was ascribed to rapid diagenesis influenced by the slightly alkaline pH of

the soil (van Bergen et al., 1997). Lignin signatures can be an invaluable source of

information, regarding higher plant input to soil, since lignin contains a number of sub-

units which can be indicative of specific plant groupings, e.g. angiosperm vs gymnosperm,

woody vs non-woody. Lignin is polyphenolic in structure and it is the high aromacity of the

sub-units which confers such high resistance to degradation. It is formed from three

glucose derived monomers: coumaryl, coniferyl and sinapyl alcohols, the proportion of

which varies between plant groupings. Analytical techniques such as alkaline oxidation

with Cu(II)0 cleave the polymer into structural units, the relative quantities of which may

be used to determine the origin of the lignin (Hedges and Mann, 1979; Hedges and Ertel,
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1982). These chemical moieties have also been observed to occur in similar studies of

humic substances in soil (Chiavari et al., 1994).

Humic substances are the macromolecular components which constitute —90 % of soil

organic matter. The structural composition of humics is both complex and substantial with

much that is still unknown. The release of vanillyl, syringyl and cinnamyl moieties from

humic acids would appear to give credence to the proposal that humic materials are the

result of incomplete degradation of lignin, structural polysaccharides and proteinaceous

material, this is known as the 'lignin theory' (Waksman, 1936). However, it has since been

found that fungi, which do not contain lignin, can also form humic substances (Russel et

al., 1983). An alternate thesis, the `polyphenol theory', proposes humic formation from

lignin derived quinones condensed with microbial products of low molecular weight (Flaig

and Sochtig, 1964). Humic substances are commonly separated into three categories

termed: humic acids, fulvic acids and humin. It should be emphasised that none of them

represent distinct molecular species but rather reflect fractions determined by their relative

solubility in acid and alkali solutions. The resulting three fractions differ in overall

proportions of various chemical functionality and an estimate of the relative proportion of

various functional groups may be made using solution and/or solid state 13 C NMR

(Schnitzer and Preston, 1986); for more detailed assessment pyrolysis-GC/MS may be

utilised (Hatcher and Clifford, 1994). Turnover rates of humic substances have been

investigated by Lichfouse et al. (1995) who determined from 8 13C measurements that

carbon turnover rates decrease in the order humic acids > bulk organic carbon > humin.

However, it should be noted that turnover rates of humic materials, compared with less

resistant organic matter, are very low, e.g. Jenkinson and Rayner (1977) assigned a first

order decay constant of 0.00035 yr -1 to humic material in an agricultural soil. Humic

substances play an important role in the regulation of pollution through their ability to

complex with organic or dissolved inorganic pollutants. Whilst some compounds are

rendered innocuous by this process others are merely retained transiently, e.g. compounds

chelated via transition metals can be released due to environmental changes such as soil

acidification. This may be the result of anthropogenic action or natural effects, e.g. the

transportation of pollutants by dissolved humics to a different soil environment and

subsequent release. Lipids and other low molecular weight components of soil can also
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chemically bind to humic substances and, as such, are afforded a measure of protection

from degradation compared with unbound components (Killops and Killops, 1993;

O'Neill, 1993).

Low Molecular Weight Components

The low molecular weight components of soil organic matter can be typically classified as

sugars, amino acids and lipids. As mentioned above, where there is overlying vegetation

soil organic matter will, under natural conditions, derive predominantly from decaying

vegetation and plant exudates. Low molecular weight components generally constitute —6

% of plant tissue, of which —5 % are sugars and amino acids and the remaining —1 % lipids

(inc. waxes and pigments; Fig. 1.9).

The simplest sugars are those existing as single cyclic systems, classified as

monosaccharides, sub-classification varies with ring size, e.g. tetroses (C 4), pentoses (C5),

hexoses (C6) and heptoses (C 7). Functionality also affects terminology, for example,

aldehyde and ketone derivatives of C6 monosaccharides give aldohexoses (e.g. glucose)

and ketohexoses (e.g. fructose), respectively; substitution with carboxylic acid groups

generates uronic acids. Saccharides function as food reserves, structural components and

antidesiccants in organisms, usually as highly polymeric homo- and heteropolysaccharides

depending on the composition of constituent monomers. D-glucose, stored as the

polysaccharides starch (plants) and glycogen (animals) is the most abundant

monosaccharide and is the initial component of the respirative process glycolysis, common

to all organisms (Voet and Voet, 1995). The process of polysaccharide degradation in soil

has been explored (see above) and the resultant monosaccharides are labile compounds

susceptible to both biotic and abiotic chemical attack. Despite this, attempts to relate

monosaccharides to source have been made; Cowie and Hedges (1984) proposed the use of

common monosaccharides (lyxose, arabinose, rhamnose, ribose, xylose, fucose, mannose,

galactose and glucose) in distinguishing marine from terrestrial sources. One main concern

with using monosaccharides as source indicators of soil organic matter, other than lability,

is the possibility of aqueous dissolution and subsequent transport owing to a high polarity

conferred by the many functional groups. This would appear to render site specific studies

of monosaccharides as free moieties unreliable, however, monosaccharides largely bound
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in polymers and other less defined complexes (Alexander, 1977) would be relatively less

mobile and therefore possibly valid for such studies.

Whilst free amino acids and peptides (medium length chains of condensed amino acids) are

present in organisms most (a-amino acids) exist as components of proteins (polypeptides

>8000 amino acids units, molecular weight >10 6). Proteins contain the majority of

organically bound nitrogen in living systems and function in a large number of capacities,

e.g. structural (collagen, keratin), enzymes, hormones (insulin), antibodies and

transport/storage units. Organic geochemical interest in amino acids predominantly

concerns morphologically extant remnants of once living materials. For example, the

natural racemisation of L-amino acids to D-amino acids in preserved proteinaceous

materials (e.g. mollusc shells) can be used to estimate the age of Quaternary sedimentary

strata (Kimber and Griffin, 1987). Similarly, since the rate of the epimerisation process is

affected by temperature it is possible to obtain further information on Quaternary climate

changes (e.g. Miller et al., 1987). Free and, to a certain extent, bound amino acids are

readily degraded and utilised by soil organisms. Indeed carbon mineralisation is limited by

the microbial need for nitrogen during the early stages of diagenesis (Jenkinson and

Johnston, 1977). However, pyrolytic investigations, in our laboratory, of high molecular

weight soil components have yielded toluene, pyrrole and alkylphenols as major

components (van Bergen et al., 1997); their presence has previously been ascribed to

amino acids presumably present as polypeptides (Bracewell and Robertson, 1984) or

possible melanoidin-type complexes (Eglinton and Logan, 1991; Lichtfouse et al., 1995).

Such structures are diagenetically robust and would appear to offer a conversely high

degree of amino acid preservation although their relative use in tracing sources of organic

matter is still open to speculation.

Lipids can be broadly classified as organic molecules insoluble in water and extractable by

various non-polar solvents. The description is both ambiguous and over-simplistic, seeking

to singly classify an astonishingly diverse series of organic compounds. Lipids vary

structurally from derivatives of complex inorganic or organic moieties (phospholipids,

sphingolipids and lipoproteins) to simpler functional classes such as hydrocarbons,

aldehydes, ketones, alcohols and carboxylic acids which can combine to form components
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such as wax esters, steryl esters, terpenyl esters, mono-, di- and triglycerides. Molecular

classes such as chlorophylls and carotenoids are also classified as lipids; however, they

occur in soils at low abundance relative to other lipids and are chemotaxonomically less

useful in studies involving soil. Lipids can be differentiated phytochemically into internal

and external lipids; such classification is also applicable to a number of other types of

organism, e.g. insects. Internal lipids vary depending on the metabolic character of an

organism but are generally labile and used as carbon sources by living organisms. They are

typified by polyunsaturated acids and triglycerides usually containing alkyl moieties

exhibiting relatively uniform chain lengths (C 16 to C20). Conversely, external lipids are

inherently unreactive, their function being to protect organisms from the surrounding

environment, i.e. drought, disease. Components are generally composed of a range of alkyl

moieties, e.g. n-alkanes (C25 -C33 ), wax esters (C 34-C72), n-alkanols (C20-C32) and n-

alkanoic acids (C3 0-C36) and due to their relatively high resistance to chemical attack they

constitute an important fraction of soil organic matter (Dinel et al., 1990). For a review of

lipid biosynthesis see Appendix 2.

Combined with the variations that occur in the lipid composition of different organisms,

lipids residing in soils and sediments may potentially be utilised in chemotaxonomic

applications. In certain cases lipids can be genus or even species specific, even after

diagenetic alteration. Such compounds are classified as biomarkers or molecular fossils

and are of particular value in organic geochemical investigations (Peters and Moldowan,

1993). Table 1.1 summarises a number of lipids or lipid biomarkers which may be found in

the soil environment.
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1.2 The Fate of Soil Lipids

Diagenetic Alteration and Degradation

The lipid profile of a soil or sediment represents the net sum of its synthetic, polymeric and

degradative processes. As mentioned above, the route and extent of lipid degradation is

determined by the soil environment and is therefore affected by a number of factors. Labile

compounds associated with refractory organics are afforded some protection and as such

have a longer survival time. For example, long chain aliphatic components (>C20)

associated with lignified plant remains will exhibit greater resistance to degradation than

short chain compounds (<C20) derived from soil microorganisms. However, the main factor

influencing the decomposition of soil lipids is the level of microbial activity since the

microbial population is primarily responsible for the losses which occur (Braids and Miller,

1975). It has been widely noted that aerobic conditions favour lipid degradation whereas

anaerobic environments greatly hinder such action (Waksman and Stevens, 1929; Springer

and Lehner, 1952; LukoshIco, 1965; Jambu eta!., 1985) and additionally affect soil

microbial populations (Dinel et al., 1990). Studies have shown that aerobic bacteria contain

the oxidising enzymes required to metabolise fatty acids via a common pathway utilising a

13-oxidative mechanism (Fig. 1.10; Randles, 1950; Ivler eta!., 1955). The same mechanism

has also been reported for fatty acid oxidation in actinomycetes (Webley, 1954; Webley et

al., 1955). In waterlogged, anaerobic environments certain bacteria can utilise other

inorganic compounds as oxidising agents in the absence of molecular oxygen, e.g. nitrate

(NO2- ; Micrococcus, Thiobacillus denitrificans), sulphate (SO42"; Desulfovibrio,

Desulfobacter) and methane (CH4 ; Methanobacillus, Methanococcus); they are most

numerous in permanently anoxic locations such as coastal or lake sediments. Extremely dry

soils can also exhibit enhanced lipid contents through the retardation and near cessation of

microbial activity (Jambu et al., 1978). However, in such circumstances limited

degradation may still occur via abiotic pathways. As previously alluded to, soil pH

determines the composition of the soil microbial population with an abundance of bacteria,

fungi and actinomycetes in neutral to slightly alkaline soils, whereas acidic soils play host

to a narrower range of acid tolerant fungi and actinomycetes, thereby exhibiting

appreciably less degradation of lipid components. Lipid content has been shown to grow

with increasing acidity and increases are mainly associated with polar fractions that are

complex and polymerised (Moucawi eta!., 1981).
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This can lead to a feed-back mechanism with some lipid components exerting inhibitory

actions on microorganisms, thereby affecting their ability to decompose (Dinel et al.,

1990); alkanes, fatty acids, monoglycerides and diglycerides are noted, in particular, for

their high inhibitory action relative to other lipid components (Fustec-Mathon et al., 1977).

Furthermore, free fatty acids can form waterproof films of orientated adsorbed molecules

on the surface of soil particulates which can cause an additional inhibitory effect on the

decomposition of organic matter.

Physical processes such as diffusion and sorption also have a more subtle effect on soil

degradative processes. Whilst short-term degradation of many compounds may be

adequately predicted using first-order kinetics, long-term extrapolation of chemical

persistence in the presence of aggregates overestimates the extent of degradation. Account

of the physical and chemical processes affecting a chemical compound's concentration may

greatly improve kinetic models of biodegradation in soil (Scow and Hutson, 1992).

Anthropogenic activity such as cultivation has been reported to increase the total lipid

content of organic soils whilst decreasing that of mineral soils. The chemical alteration of

specific lipids shall now be examined.

Consideration of the degradative pathways exhibited by n-alkanes serves as a useful

starting point for examining chemical decomposition in the soil environment since they

constitute the simplest class of lipids found in the pedosphere. The primary route of

degradation is I3-oxidation followed by a-13 cleavage of the carbon chain. Such a

mechanism produces a number of intermediate lipid classes, namely: methyl ketones, n-

alkanols and n-alkanoic acids; the chemical reaction is mediated by microbial exoenzymes.

Experiments instigated by Jambu et al. (1991) have shown the level of n-alkanes derived

from plant residues to decrease in soil subjected to fertilisation with inorganic chemicals (P

and NPK). The rationale for this observation was an increase in microbial activity, thereby

enhancing degradation and supporting the key role that soil microbes play. Another

pathway for n-alkane degradation involves double-bond insertion by desaturase enzymes

associated with soil bacteria. Aerobic and anaerobic transformation of n-alkanes to 1-

alkenes can be performed by a number of bacteria (Nocardia sp., Pseudomonas sp.,

Rhodotorula sp. and Micrococcus cerificans) and is already recognised as an established
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degradative process (Wagner et al., 1967; Parekh et al., 1977). However, recent studies

have also demonstrated the insertion of internal double-bonds resulting primarily in A9

unsaturated moieties (Parlanti eta!., 1994). The alkenes formed are considered to be

intermediates, both types undergoing further exo-oxidation by bacteria to produce alkenoic

monoacids (McKenna and Kallio,1965; Parlanti eta!., 1994). Additional endo-oxidation of

the double bond is also possible, generating a range of diols or epoxy compounds, with or

without a terminal carboxyl group.

Methyl ketones are present in soils at very low abundance relative to precursor n-alkanes,

an observation which led de Leeuw (1986) to classify their generation as a minor pathway

for n-alkane degradation. Since methyl ketones are generally not produced by higher plants

it has been proposed that they may be used as indicators of microbial activity (Brassell et

al., 1980). They are formed by microbial 13-oxidation of n-alkanes or 13-oxidation and

subsequent decarboxylation of n-alkanoic acids, the latter route having been observed as a

decomposition pathway of microscopic fungi (Zobell, 1963; Davis, 1968). Study of methyl

ketone distributional data led Ambles et al. (1993) to conclude that n-alkanes represented

the dominant source of methyl ketone generation. This is further supported by an earlier

study which observed hentriacontane (C 31 ) as the dominant n-alkane in Sphagnum and

Carex peats and C31 methyl ketone as a predominating member in the longer chain series of

methyl ketones of the same samples (Lehtonen and Ketola, 1990).

n-Alkanols represent one of the most abundant lipid classes found in the soil and are often

the most dominant. The majority of normal alkanols are of higher plant origin, existing in

the composition of epicuticular leaf waxes as both free and esterified components (Braids

and Miller, 1975; Kolattukudy, 1975). As mentioned above, they may also be formed from

the terminal oxidation of n-alkanes resulting in a distributional increase of odd chain length

homologues (Jambu et al., 1993), whilst further oxidation to form n-alkanoic acids is a

major route of microbial mediated loss (Ambles eta!., 1994). In plant waxes, free and

esterified components resemble one another in chain length distribution (Kolattukudy,

1975), usually with a central dominant n-alkanol homologue. However, esterified

components in the soil can be subjected to transesterification processes; such processes
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have been found to increase in the presence of certain clay minerals, e.g. bentonite (Jambu

eta!., 1985). This results in a wider range of esterified n-alkanol homologues.

n-Alkanoic acids are probably the most dynamic pool of lipids in the soil, both chemically

and physically. It has already been established that they may be formed from a variety of

different lipids and they usually represent the last stage of oxidation before cleavage of the

carbon chain. Ambles et al. (1994) concluded that even chain n-alkanoic acids in a soil

were derived from oxidised n-alkanols whilst odd chain homologues were derived from the

terminal oxidation of n-alkanes by a route free of any n-alkanol intermediates. Like n-

alkanols, soil n-alkanoic acids are involved in ceride transesterification processes although

the wider homologue range already exhibited by the n-alkanoic acid moieties results in a

less dramatic change in ceride constituents between higher plant and soil. Furthermore, n-

alkanoic acids can undergo transesterification with soil glycerides, a process which has

been confirmed by the presence, in soils, of branched bacterial alkanoic acids esterified as

glycerides (Ambles et al., 1994). In a separate study the degradation of tristearin in soil was

investigated. Results revealed rapid release of stearic acid and formation of stearate esters

with C 1 -C3 alkanol moieties. A number of hypotheses for these observations were made,

namely: bioesterification of stearic acid released by the hydrolysis of tristearin, alcoholysis

of tristearin and/or direct formation from tristearin involving C-C and C-0 bond cleavage

(Hita eta!., 1996).

The diagenetic transformations exhibited by sterols in soils and sediments have been the

focus of much attention (e.g. MacKenzie et al., 1982). This overview only concerns initial

changes resulting from early diagenesis; late diagenetic and catagenic related reactions

being beyond the scope of this work. It has already been established that higher plant

vegetation is the predominant source of lipid in soil with correspondingly lower microbial

contributions. Therefore, it follows that the main sterols observed in soils will be plant

derived and this is indeed the case. The primary phytosterols found in higher plants are 24-

ethylcholest-5-en-311-ol, 24-ethylcholest-5,22-dien-313-ol, 24-methylcholest-5-en-313-o1

with lower quantities of 24-ethylcholest-5,22-dien-3P-ol and cholest-5-en-313-o1 (Goad,

1991) existing as either free molecules or as components of larger molecules, e.g. steryl

esters. In a study including four soils from different environments Nishimura (1978)
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observed the occurrence of all five stenols; 24-ethylcholest-5-en-313-ol dominated the

distribution in all cases. Additionally, the reduction products 24-ethy1-5a-cho1estan-3f3-ol,

24-methyl-5a-cholestan-3f3-ol and 5a-cholestan-3f3-ol were observed; the former in a large

excess. This represents the action of a common reductive pathway of bacteria in soils and

sediments, the hydrogenation of the A 5 unsaturated bond of the sterol nucleus resulting in

the relatively more stable 5a(H) hydrogenate. The reaction is thought to proceed via a C3

ketonic intermediate under oxic conditions whilst evidence suggests that direct reduction of

the A5 bond can occur in anoxic environments (Mermoud et al., 1984). A further reversible

transformation of the stanol, to stanone has also been observed although this was in a non-

terrestrial environment (Edmunds et al., 1980). Study of the microbial transformation of

sterols reveal that a wide range of actinomycetes and bacteria are capable of decomposing

cholesterol. Cholest-4-en-3-one is formed initially then converted into either cholest-1,4-

dien-3-one or, through loss of side chain, androst-4-en-3,17-dione. Both of these latter

intermediates are transformed to androst-1,4-dien-3,17-dione which can subsequently react

to form non-steroidal intermediates; moulds and yeast were found to be only capable of the

initial oxidation of cholesterol to cholestanone. This pathway exemplified by cholesterol is

considered to be the general degradation pathway of sterols by their decomposing

microorganisms (Fig. 1.11; Arima et al., 1969; Nagasawa, 1969).

cholest-5-en-*-313-ol

F49,12:6C'Y

Further non-steroidal
compounds

o'Clicholest-4-en-3-one

,.

1

0	 cholest-1,4-dien-3-one

i
o

oCIPandrosta-1,4-dien-3,17-dione

I

3-hydroxy-9,1-secoandros-1,3,5(1 0)-trien-9,1 7-d lone

Figure 1.11 Degradation pathway of sterols by microorganisms (Nagasawa et al., 1969)
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Triterpenoids (e.g. taraxero1,13-amyrin) are fairly resistant to degradation during early

diagenesis where initial defunctionalisation can occur, leading to latter reduction or

aromatisation (Killops and Killops, 1993). Higher plant triterpenoids often contain an

unsaturation which can migrate about the pentacyclic skeleton. For example, lup-20(29)-

ene, the defunctionalised product of lupeol, a triterpenol found in higher plants, can

undergo a number of acid catalysed rearrangements. This initially produces a host of

triterpenes of the taraxastene, oleanene and ursene families which, with time, will

isomerise to the oleanene structure which is thermodynamically more stable (Bull et al.,

1993; Perkins eta!., 1995). One can envisage a similar rearrangement of the functionalised

precursor, lupeol, in highly acidic environments, perhaps catalysed by clay minerals. Jaffe

et al. (1996) reported on a number of ring-A-degraded higher plant triterpenoids, resulting

in carboxyl functionalities at the C3 position. Their occurrence was ascribed to the

degradation of a number of 3-oxy-triterpenoids in anaerobic microenvironments; the result

of seasonal flooding.

The occurrence of hopanoid compounds in soil is of particular importance since they can

be useful biomarkers of bacterial activity as well as indicators of sediment maturation at

later stages of diagenesis (Ries-Kautt and Albrecht, 1989). One ultimate precursor for

microbially derived hopanoids is bacteriohopanetetrol a C35 structural component of

prokaryotic membranes (Ourisson eta!., 1979; Rohmer eta!., 1984). Microbial oxidation

of the side chain during early diagenesis yields a suite of ketones and carboxylic acids often

with a predominance of the C32 acid component 1713,2113-bishomohopanoic acid (Quirke et

al., 1984). Epimerisation at the C17 and C21 positions and further epimerisation of the chiral

centre at C22 (in homologues containing more than thirty carbon atoms) are the result of

later diagenesis (Ries-Kautt and Albrecht, 1989).

Soil Lipids as Indicators of Anthropogenic Activity

The possibility of using molecular markers to assess organic inputs from plants or

animals/humans at particular locations of an archaeological or environmental site has been

largely neglected. Amongst the few studies that have been performed is that of Knights et

al. (1983) who used the presence of 513-cholestan-313-ol (coprostanol; a gut reduction

product of cholesterol in certain mammals) as an indicator of faecal material in a Roman
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ditch. In addition, Pepe et al. (1989) and Pepe and Dizabo (1990) analysed sediment

horizons of archaeological date for the presence of 513-cholestan-3(3-ol and confirmed cess

deposition. More recent work by our group established a set of criteria, based on the

specific molecular signature, to assess the presence of faecal matter in soil, independent of

the simple occurrence of coprostanol (Bethell et al., 1994; Evershed and Bethell, 1996;

Evershed et al., 1987). Moreover, additional data indicate that the relatively more polar bile

acids (e.g. lithocholic and deoxycholic acid) also persist in soils and may be utilised as

additional markers of faecal deposition (Elhnunali et al., in press). The volatile

aminoketone, 1-aminopropanone, has been used as an alternative faecal tracer in the

detection of recent raw sewage contamination (Fitzsimons et al., 1995). Changes in soil

vegetation cover are often the result of anthropogenic activity, usually agricultural

practices. Such changes can affect the soil lipid profile as the composition of source lipids

is altered with differing floral growth, an effect which may be detected via lipid analysis

and related to studies investigating archaeological or environmental anthropogenic activity

(van Bergen et al, 1997).

1.3 Stable Carbon Isotopes

Stable carbon isotopic analysis is another useful method providing a further possible

avenue of investigation in studies of anthropogenic activity. Carbon occurs naturally as

three isotopes; two are stable, 12C (-98.89 %) and 13C (-1.11 %), and the third is

radioactive, 14C (1 x 10 0 %). The same composition is not reflected in organic matter at

both bulk and molecular levels since physical and biochemical processes discriminate

against specific isotopes; this is reflected in the 13 C1 2C ratio of organic matter. 13c/12c

data are conventionally expressed, relative to an isotopic standard, using the 8 (delta)

notation and calculated using the equation:

glt=[
R

"mil* 
— R"d

iX 103

where Rsamp le is the isotopic ratio of the sample, Rstd is the isotopic ratio of the standard and

8 13 C is the delta value of the sample (McKinney eta!., 1950). Multiplying by one thousand

results in the dimensionless 8 13 C value which is expressed in parts per thousand (per mil,

Rstd
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%0). The original standard, against which all 6 13C values are expressed, is a calcium

carbonate standard known as PDB. This standard was a limestone fossil of Belemnitella

americana from the Cretaceous PeeDee formation located in Southern Carolina, USA

(Boutton, 1991). Its absolute ratio has been reported as 0.0112372 (Craig, 1957), however,

as the basis of the PDB scale it is assigned a 6 13C value of 0 %o. Unfortunately, PDB is no

longer available as a calibrative standard although other standards have been calibrated

against PDB and may be used to calibrate working standards, e.g. cylinders of compressed,

high purity (99.999 %) CO 2 . Samples measured against another standard may be related to

PDB by the equation:

where E(x-PDB) is the isotopic ratio of the sample relative to PUB, O(X-B) is the isotopic ratio

of the sample relative to some standard and 8(B-PDB) is the isotope ratio of the standard

relative to PDB (Boutton,1991).

Samples requiring stable carbon isotopic analysis are traditionally combusted, off-line, to

CO2 and H20. The H2O is removed via a cryogenic trap and the CO2 purified by fractional

distillation before introduction into the isotope ratio mass spectrometer (IRMS). The

instrument measures three separate beams of CO 2 ions using three Faraday cups measuring
,( 12c160 160) 45 (13c160 160, 12C17016,-..the abundances of m/z 44	 u) and 46 (12c180160) and

the 13 C/ 12C ratio is computed using 45/44 and 46/44 mass ratios and corrected for minor
17
0 contributions to the 45 mass signal (Craig, 1957; Santock et al., 1985). Calibration

CO2 is also measured in order to calculate the final 5 13 C value. Molecular measurements by

this method are problematic, requiring arduous wet chemical separations to isolate the

component of interest. Recent advances have enabled the connection of a gas

chromatograph to the IRMS via a small combustion interface, usually composed of CuO/Pt

wire (>700 °C, CuO regenerated via an on-line 02 stream) thereby facilitating on-line

analysis of individual molecular species in complex mixtures (GCC/IRMS; Matthews and

Hayes, 1978; Hayes, 1983). Once again, 6 13C values of samples are calculated by a

computer with individual compounds represented as a component of an m/z 44 trace
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(analogous to a GC trace) and m/z 45/44 integral trace. One essential requirement of this

method is the absolute chromatographic separation of eluting peaks at base-line level since

co-eluting components will seriously hamper the accurate calculation of 8 13C values of

single constituents.

Figure 1.12 Stable carbon isotope ratios of major components of terrestrial and coastal
ecosystems (Boutton, 1991)

1.3.1 CO2 Fixation-Related Fractionations

As well as kinetic and thermodynamic effects on the isotopic composition of source CO2

(Bigeleisen, 1965; Deuser and Degens, 1967; Wendt, 1968; Mook et al., 1974; Monson

and Hayes, 1982; Galimov, 1985), the primary process which determines the isotopic

composition of organic carbon in terrestrial plants is CO 2 fixation [although more minor

biosynthetic related fractionations also exist (Galimov and Shirinsky, 1975; Monson and

Hayes, 1982; Hayes, 1983; Melzer and Schmidt, 1987; Collister et al., 1994)]. Higher

plants may be divided into three groups chosen with respect to the different mechanisms by

which they metabolically fix CO 2, namely C3, C4 and CAM (O'Leary, 1980). Figure 1.12

depicts the mean bulk 8 13C values for these plant types as well as a number of other

important isotopic compositions. As may be seen, C3 and C4 plants have distinct, separate

ranges differing from each other by —14 %o (Smith and Epstein, 1971). Values for CAM

plants vary but are usually of an intermediate value relative to C3 and C4 ranges. Before

fixation, CO2 undergoes a fractionation effect resulting from diffusion through the
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stomatal pores of terrestrial plants which is assigned a value of 4.4 %o (Raven and

Farquhar, 1990). The following enzymatic fixation of CO 2 is the primary factor generating

the different isotopic compositions of C3, C4 and CAM plants.

C3 Plants

A schematic detailing CO 2 fixation in plants with a C3 metabolism is depicted in Figure

1.13a. Having passed through the stomatal pore CO 2 is fixed by the enzyme ribulose-1,5-

bisphosphate carboxylase-oxygenase (RuBisCO) converting ribulose-1,5-bisphosphate

(C5) to two molecules of phosphoglyceric acid (PGA), a C3 compound. The enzyme

RuBisCO actively discriminates against I3 CO2, resulting in an isotopic discrimination of

--29 %o relative to the carbon source (Farquhar et al., 1982). The extent of discrimination is

dependent on CO2 limitation to RuBisCO, with maximum limitation resulting in no kinetic

isotope effect. It has been proposed that this limitation of carbon for RuBisCO is related to

the ratio of internal and external pressures of CO 2 (Pi/Pa; Farquhar et al., 1982, 1989).

Phosphoglyceric acid then enters the Calvin cycle eventually forming carbohydrates from

which a host of metabolic products are made.

C4 Plants

Tropical and sub-tropical grasslands consist almost exclusively of C4 grasses and, as a rule,

the proportion of C4 species generally increases as latitude and altitude decrease (Teen i and

Stowe, 1976; Boutton et al., 1980). Figure 1.13b depicts the pathway for C4 CO2 fixation.

Transported CO2 is initially converted to bicarbonate by the enzyme carbonic anhydrase

which is then converted to malic acid, a C4 compound, by the enzyme

phosphoenoylpyruvate carboxylase (PEPc). CO2 is reformed in the bundle sheath cells of

the plant and fixed by RuBisCO via the Calvin pathway as in C3 plants. The isotopic

discrimination, against I3 C, of PEPc at 2.2 %o is lower than that of RuBisCO (Farquhar et

al., 1982). This, along with bundle sheath cell leakage of CO2 and PEPc recycling effects,

combine with the effect of RuBisCO fixation to give the relatively high 5 I3C values

observed for C4 vegetation.

29



metabolic intermediates

PRODUCTS

Assimilation and Fixation (a

Atmosphere Organism

Calvin Cycle 	 Cn(H20),

a = 4A 96.
CO2 a==e CO2.	 •CO Biosynthetic pathways

b = 27%. RuBisCO

2C
pG

Pa

Pa

Leakage
0

CO2

b = 27 96 RuBisCO

2C1
PGA

Chapter 1	 Introduction

CAM Plants

CAM plants (e.g. Cactaceae, Euphorbiaceae) are important components of many desert

plant communities. The acronym CAM stands for Crassulacean acid metabolism (named

after the Crassulaceae family of succulent angiosperms), another pathway for CO2

fixation. CAM plants are able to fix CO 2 during the night with PEPc via the same pathway

used by C4 plants. Fixed CO 2 is stored as malate in cell wall vacuoles and then, during the

day, is reformed by decarboxylation and passes into the Calvin cycle (Ting, 1985). The

whole process exists to conserve water usually lost via transpiration by enabling the plant

to keep its stomatal pores closed during the excessive heat of daylight hours.

(b

Atmosphere Organism

a = 4.4 %.
CO2 1	 CO2.-	
	

	• CO2

Assimilation and Fixation

58 96

c = 2 2 T6
HCO3	 4Pi	 PEPc

C3

Calvin Cycle

Biosynthetic pathways
as in (a)

Figure 1.13 Schematics of (a) the C3, and (b) the C4 pathways for fixation of CO2
(terrestrial plants; adapted from Hayes, 1993)
Pa = CO2 external pressure, P, = CO2 internal pressure,
a = isotope effect associated with stomatal conductance,
b = isotope effect associated with carboxylation by RuBisCO,
c = isotope effect associated with carboxylation by PEPc,
d = the combined action of carbonic anhydrase and PEPc, and
0 = isotope effect associated with leakage of CO2
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1.3.2 8 13C Studies of the Soil

The bulk and molecular isotopic composition of terrestrial soil components is a subject

which has received scant attention with a far greater interest having been attracted by

marine and lacustrine sediments (e.g. Rieley (1993), Grice (1995) and references therein).

In one of the few studies that have been made, the 8 13 C values of bulk organic matter and

individual hydrocarbons, found in three different upland soil profiles (peaty gley, podzol

and acid brown earth), were investigated (Huang et al., 1996). A general trend of 813C

enrichment with depth was observed in all soils and, for the podzol and acid brown earth,

attributed to increasing contributions of n-alkanes by soil microorganisms. A large 13C

enrichment (5-7 %o) for aliphatic hydrocarbon fractions and individual n-alkanes from a

peaty gley horizon, older than 10000 BP, was attributed to the effect of environmental

conditions on isotopic fractionation during photosynthesis. Hopanoids showed a mean

enrichment in 13 C of 4-5 %o compared with long chain n-alkanes derived from higher

plants. It was suggested that they derived from heterotrophic bacteria utilising isotopically

heavier carbohydrate as a carbon source and/or soil cyanobacteria using CO 2 dissolved in

water. By in vitro incubation of ' 3 C-labelled glucose, Lichtfouse et al. (1995) demonstrated

the fungal and/or bacterial origin of C 1 4, C16 and C18 n-alkanoic acids in soils. In another

study, soil organic constituents were observed to be 13C enriched by 1.5 %o to 4.3 %o

relative to plant constituents and not 13 C-depleted as might be expected from the selective

preservation of ' 3C depleted lignin and lipids. This provides strong evidence for the

formation of soil organic matter by recondensation of small molecules or by selective

preservation of biopolymers from soil microorganisms (Lichtfouse et al., 1995). The

majority of stable carbon isotopic studies have been concerned with environments other

than soil. 8 13 C measurements of specific monosaccharides extracted from peats have

shown that certain sugars retain the same isotopic composition with depth (rhamnose,

arabinose) whilst other sugars (xylose, galactose and glucose) become progressively more

depleted in 13 C (Macko et al., 1991). Such fractionation is consistent with the production of

new material and it has been proposed that such changes may provide information

regarding the lability and rates of utilisation and turnover (Macko et al., 1986, 1987). Such

studies may realise new routes for palaeoclimatic reconstruction through the analysis of

peat cores. Stable carbon isotope analysis has also been used to great effect in the marine

environment for detecting oil pollution since petroleum exhibits unusual stable carbon
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isotopic compositions relative to most marine materials (Botello et al., 1980; Botello and

Macko, 1980, 1982; Farran eta!., 1987). Given that pollution is detected via the deviation

from unpolluted sedimentary isotopic compositions in the range -15 to -20 %o (Macko et

al., 1981), extension of this application to terrestrial environments may well be problematic

due to the wider range of unpolluted terrestrial stable carbon isotope signatures, i.e. -13 to -

27 %o (Boutton, 1991). Although 8 13 C values have been used in archaeological

investigations concerning diet by analysis of extant archaeological remains [e.g. potsherds

and bone; DeNiro (1987) and references therein] there are little or no studies concerning

the isotopic compositions of archaeological soils.

1.4 Aims and Scope

The overall aim of this study is to further our knowledge of the effects that natural and

anthropogenic processes have on soils by studying their lipid constituents. This is achieved

through the use of established methods of chemical separation and analysis, e.g. gas

chromatography (GC), gas chromatography mass spectrometry (GC/MS) and furthermore

combines them with newer methods of analysis such as gas chromatography combustion

isotope ratio mass spectrometry (GCC/IRMS). Together, these techniques provide the

necessary molecular information to assist in assessing the origin and fate of the lipid

fraction of soil. This allows inferences to be made about previous extrapedological inputs

which other, more traditional, forms of soil analysis cannot reveal.

The study begins with the free lipid analysis of three treated soils (Unmanured, FYM-

residues and Continuous FYM) constituting part of a long-term agricultural experiment at

Rothamsted Experimental Station, Harpenden, UK. As well as investigating the chemical

behaviour and interrelationship of lipid moieties over the course of the experiment, the

survival of specific faecal biomarkers (513-stanols), with time, is also studied. This latter

study aims to address the viability of using pedologically extant 513-stanols as faecal

biomarkers in less exposed archaeological soils.

The subsequent two Chapters ('Greek Minoan Terrace' and 'Orcadian Farm Mounds') focus

primarily on the use of 513-stanols in detecting faecal inputs to actual archaeological soils.

The latter of these two investigations involves further study of other lipid moieties in an
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attempt to both classify additional inputs to the soil and define the exact source of faecal

material detected in some of the soils. Each study involves soil deposits formed and/or

altered in the Bronze Age; however, the environments involved in each case are vastly

different. The former concerns soil from an extremely dry, arid climate whilst the latter

involves soils excavated from profiles situated in a wet, temperate zone.

The final results Chapter (Spartina') is, in a sense, complimentary to the previous studies.

It involves the use of 5 13 C values obtained from chemotaxonomically less valuable lipids to

assess floral inputs to a soil/sedimentary environment rather than focusing on chemical

structure as the primary investigative parameter. Indeed, the study aims to provide a

potential method of quantifying relative contributions of floral derived biomass to soil in

the absence of structurally specific lipids, albeit in a more limited situation involving C3 vs

C4 floral inputs.
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2.1 Objectives

This chapter presents the results of an organic geochemical time-course study of three

agriculturally active soils. Each has been subjected to yearly cultivation of spring barley;

however, the amount of manure applied to each soil has differed. The aim of the current

research is to investigate the effect that the continuous cultivation of barley and the variable

application of manure have had on the free lipid content of soil. The study is particularly

concerned with the long-term behaviour of specific biomarkers of the aforementioned

inputs, over a long period of time. The results can then be used to provide information on

the pedological survival of these molecules which can be utilised in archaeological and

environmental studies.

2.2 Introduction

The use of manure as a means of fertilisation has long been a subject of interest dating

from chance observations, by ancient man, of its effects on crop yields to its intentional

modern-day use as part of a structured fertilisation regime in intensive agricultural systems.

Early studies of arable soils focused on the effects that inorganic compounds, containing

nitrogen, phosphorus, potassium, sodium and magnesium, had on soil fertility and hence

crop yield. The effects of inorganic fertilisers have also been compared with those of

manure although interest was initially concerned with the inorganic contributions of the

manure to the soil (Anon., 1991). More recent studies have concentrated on the importance

of organic matter in agricultural soils and have yielded much information on the crucial

role which soil organic matter plays in crop cultivation. For example, it has been shown

that it increases the cation exchange capacity in light textured soils (Johnston, 1986) and

that it may also increase the water-holding capacity of soil (Salter and Williams, 1969);

these are factors relevant to successful plant growth. During crop cultivation, the oxidation

of organic matter releases vital elements into the soil environment; such nutrient release is

difficult to mimic by merely applying inorganic fertilisers. Organic residues can also adopt

a physical role in maintaining the open structure of soil (Johnston, 1986). With the central

role, which organic matter plays in soil fertility and quality having been realised, it has

since become a vibrant area of agricultural research.

In contrast to the large body of research on bulk soil organic matter, comparatively little

work has focused on the structurally simpler lipid compounds present in the arable soil
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profile. Increasing attention is being given to these simple organic components as many of

them have been found to affect plant growth (Wang eta!., 1967). Wang eta!. (1971)

observed characteristic chromatographic peaks corresponding to unknown compounds

present in a soil subjected to the cultivation of sugar cane (Saccharum officinarum); this

enabled it to be differentiated from soils subjected to the cultivation of other crops. In

another study, fatty acids derived from phospholipids and liposaccharides were used as

indicators of the microbial biomass and community structure in agricultural soils. Special

attention was given to those fatty acids considered indicative of bacteria and subsequent

quantitative estimates of the microbial biomass correlated well with estimates made using

data obtained from other classical methods (correlation coefficient >0.97; Zelles et al.,

1992). Such studies serve to illustrate the specificity of particular lipids for the source from

which they were derived. The relative resistance to degradation of lipids in arable soils is

demonstrated in a study by Gonzalez-Vila et al. (1992) where specific bound lipid

components in a subsoil treated with vinasses (a by-product of the sugar industry) and a

compost made from olive oil vegetation were observed to increase in abundance. In

contrast, the total soil organic matter and humic acid contents were reported to remain at a

static level. In other studies, the expression of manure within an agricultural soil has been

demonstrated, relative to samples of unmanured soil, through the detection of characteristic

513-stanols amongst the free soil lipids (Evershed and Bethel!, 1996; Evershed et al., 1997;

Simpson et al., in press). Whilst potentially prone to greater degradation effects (cf. peat),

it is not unreasonable to expect a chemical signature indicative of former land use to persist

within the arable pedological record.

Obtaining insights into the changes in vegetation or land use is especially significant within

an archaeological context. Knowledge of the processes once affecting the soil at an

archaeological site may provide valuable information concerning the agricultural activities

practised by ancient man. Changes in crop, or natural vegetation, are also an important

aspect. Indeed it is not unreasonable to expect the environment surrounding an

archaeological site to have altered during the period of occupation with changes in soil

organic matter composition providing potential opportunities to utilise organic

geochemical techniques to monitor the impact of changes in vegetation and/or land-use.

One important aspect is the detection of waste disposal and manuring which provides
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insights into agricultural practises and site limits (Bethell et al., 1994; Evershed and

Bethel!, 1996; Evershed et al., 1997). A number of methods have already been utilised to

detect ancient manuring practises. These include the use of phosphorous concentration

(Eidt, 1984; Prosch-Danielsen and Simonsen, 1988), micromorphology (Limbrey, 1975),

potsherd scatter (Courty et al., 1989; Bintliff et al., 1992) and magnetic susceptibility

(Mullins, 1977). The use of highly diagnostic decay resistant biomarkers offers a

potentially robust and direct means of detecting manure inputs to archaeological soils.

Soils obtained from Rothamsted Experimental Station, Herts., UK, provide a unique source

of material for the study of soil organic geochemical processes related to changing land-

use. The various agricultural plots and other areas have associated records detailing

agricultural practices and soil treatments. Additionally, archived samples from a number of

long-term experiments, dating over 150 years, are available which provide opportunities

for various time-course studies. One such investigation of soils and vegetation from the

Broadbalk Wilderness (van Bergen et al., 1997) studied the effects of reversion from

cultivation of cereals to woodland and grassland. The investigation showed that, whilst low

molecular weight soil lipids were dominated by compounds derived from the overlying

vegetation, pyrolysis data from the corresponding high molecular weight fractions did not

reflect the vegetation composition. The lack of a high molecular weight signature was

ascribed to rapid diagenesis, influenced by the slightly alkaline pH of the soil thereby

emphasising the significance of soil lipid analysis.

2.3 Description of Sample Site

The samples studied are from the Hoosfield Spring Barley experiment at Rothamsted

Experimental Station in southeast England. The soil is a Stagnogleyic paleo-argillic brown

earth, with a loamy surface layer overlying Clay-with-flint; Batcombe Series (Warren and

Johnston, 1967). It can be further classified as a Chromic Luvisol (FAO, 1990) or as an

Aquic Paleudalf (USDA, 1992).

The Hoosfield Spring Barley experiment was started in 1852 thereby making it the longest

running cereal experiment in the world with the exception of the adjacent Broadbalk Wheat

experiment. Figure 2.1 shows a plan of the experiment. It consists of a number of large,
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unreplicated strips receiving different combinations of phosphorous (P), potassium (K) and

magnesium (Mg). Each strip was originally divided at right angles to test various forms of

nitrogen (N), this test was discontinued in 1966. Additional plots included a farmyard

manure (FYM) treatment which was divided after 20 years to test the effect of FYM

residues. Since 1968 each main plot has been divided to test 4 rates of inorganic N. Fuller

details are given by Warren and Johnston (1967); Jenkinson and Johnston (1977) and the

Guide to the Classical Field Experiments (Anon., 1991).

Soils from three different treatments were used in this study: one has received no manure

since 1852 (Unmanured); one received FYM for twenty years from 1852 to 1871 but none

since (FYM-residues); the third has received FYM each year since 1852 (Continuous

FYM). Treatment details are given in Table 2.1. Fresh soils were sampled in May 1995 to a

depth of 23 cm using a 2 cm diameter auger. Air-dried, archived soils from 1882, 1913,

1946 and 1965 were also sampled. These were stored in large, corked bottles (-- 2.5 1)

except those from 1965 which were stored in paper bags in cardboard boxes. The archived

soils were also taken to a depth of 23 cm. A dried, finely ground sample of the FYM that

had been applied in autumn 1994 was obtained together with a fresh sample of the standing

barley crop.

Table 2.1	 Details regarding sample codes and various soil treatments

Original Plot No. a Current Plot No.b Treatment Code' Descriptiond

1.0 111 Unmanured No manure or PK fertilzer
since 1852

7.1 711 FYM-residues 35 t ha-1 yr-1 FYM 1852-
1871, none since

7.2 721 Continuous FYM 35 t ha-` yr-I FYM since
1852

a	 Main plots were originally 42 x 17.5 m (1.0) or 42 x 11.4 m (7.1, 7.2) 
b
	

Following the introduction of wider discards and divisions to test 4 rates of N,
sub-plots are now 10.5 x 12.2 m (111) and 10.5 x 9.1 m (711, 721) 

c	 All treatments have received inorganic N since 1968 (calcium ammonium nitrate
until 1985, ammonium nitrate since) supplying an average 72 kg N ha -1 yr-I 

d
	

35 tFym ha-1 contains ca. 20 % dry matter and ca. 235 kg N ha-'
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Figure 2.1	 A plan of the Hoosfield Spring Barley experiment. White areas represent
the treatments sampled for this study

N-, 1, 2, 3	 0 48, 96, 144 kg N ha' since 1968, as 'Nitro-chalk' 1968-85, `Nitram' since 1985
The rates of N shown on the diagram are those applied to barley in 1991; they change cyclically, every
year in order N3 following N- following Ni following N2.

FYM	 35 t ha-I farm-yard manure
35 kg P ha-I as triple superphosphate (47% P205 ) discontinued to series C since 1980
90 kg K ha' as sulphate of potash (50% K20) discontinued to series C since 1980
450 kg ha' silicate of soda since 1980, (S) each year until 1979

Mg	 35 kg Mg ha-I as kieserite (15°o Mg)
Na	 15 kg Na ha-I as sodium sulphate discontinued an 1974 (applied with K and Mg)

None
A	 48 kg N ha-I as sulphate of ammonia, until 1966
AA & AAS	 48 kg N ha-I as nitrate of soda, until 1966

48 kg N he as castor bean meal, until 1966

(Anon., 1991)
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2.4 Results and Discussion

2.4.1 Elemental Analyses

Despite lacking in the qualitative detail of lipid data, analysis of the total organic carbon

(TOC) content of the soil provides useful information regarding the quantity of organic

material resident in each soil plot. In Figure 2.2 the effect of manure application can clearly

be seen by the enhanced levels of TOC in the FYM-residues and Continuous FYM soils.

2 0 —

-0

o	
.5—1	

i
u)	 ic.)

0	 I
I--	 i

1850	 1870	 1890	 1910	 1930	 1950	 1970	 1990	 2010

Time / years

A Continuous FYM
• FYM-residues
• Unmanured

Figure 2.2 Total organic carbon (TOC) levels of the Unmanured, FYM-residues and
Continuous FYM soils (the broken line represents a hypothetical prediction
of previous TOC levels
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The TOC level in the Continuous FYM soil is observed to increase gradually until an

apparent equilibrium is reached at which point the higher rate of degradation of organic

matter is about equal to the rate of accumulation from FYM, barley and other sources

(Jenkinson and Johnston, 1977). The Unmanured soil appears to be degrading at a minimal

rate with a level of TOC about one third of that exhibited by the Continuous FYM soil. The

FYM-residues soil exhibits an initial higher rate of degradation before assuming a minimal

rate as observed for the Unmanured soil. It is interesting to note that, despite exhibiting a

similar rate of degradation as the Unmanured soil in the latter years, the FYM-residues soil

exhibits a TOC level that is 0.5% higher. This represents the reservoir of recalcitrant

organic matter remaining 124 years after the cessation of manure application, augmented

by the addition of organic matter from spring barley cultivation, the growth of which is

enhanced by nutrient release from the FYM-residues on applying inorganic nitrogen

fertilisers (Jenkinson and Johnston, 1977).

2.4.2 Lipid Distributions

The Hoosfield Spring Barley experiment has a well-documented history spanning 144

years. Since the experiment started there have been only two primary extra-pedological

sources of lipid to the soils studied, namely the stubble and roots of the barley crop and

FYM. FYM may have been applied to the site prior to the experiment starting but amounts

are likely to have been small. Initial analyses were conducted on these two inputs to

identify characteristic lipid components to provide the starting point for monitoring

changes in the soil lipid composition during the course of the experiment. The results

obtained from the soil analyses will be discussed with reference to the lipids derived from

these two inputs and their expression within the soil environment. Furthermore, the

behaviour of these lipids over time will be reviewed, subsequently, with particular

emphasis on the longevity of specific biomarkers relating to the initial input of FYM.

Analysis of Soil Inputs-Barley

The non-polar hexane fraction, obtained from the extract of the modern barley crop is

dominated by n-alkanes ranging in carbon number from C 19 to C35. The distribution

maximises around C33, however, the overall distribution describes a skewed bimodal

pattern due to a slightly elevated abundance of the C25 component (Fig. 2.7a). Wax esters
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from the TLE elute in the DCM fraction and are represented in Figure 2.3a. The observed

distribution ranges from C36 to C60 with those components of chain length C42 to C48

predominating. There is no single maximum because the C42 to C48 components are of

almost equal abundance; they are almost exclusively based on a C26 alkanol moiety. The

isolated n-alkanols exhibit a much narrower homologous series ranging from C22 to C28

(Fig. 2.4a). A peak corresponding to n-hexacosanol (C 26) dominates (13620 1.ig g-I ch,,,t) and

peripheral n-alkanol components describe a monomodal pattern. The even carbon number

n-alkanoic acid distribution is observed to range from C12 to C34 (Fig. 2.5a) with a

maximum at C16. However, the latter part of the series is clearly dominated by n-

hexacosanoie acid (C26) thereby generating a bimodal distribution. C 18-2 and C18:3

unsaturated acids are also detected at relatively high abundance. Analysis of the isolated

sterol fraction (Fig. 2.6a) reveals a chromatogram dominated by 24-ethylcholest-5-en-313-ol

(4c); cholest-5-en-33-ol (4a), 24-methylcholest-5-en-3f3-ol (4b), 24-ethylcholest-5,22-dien-

313-ol (4e), 24-methyl-5a-cholestan-313-ol (3b) and 24-ethyl-5a-cholestan-313-ol (3c) are

also present at lower concentration. As stated earlier only a proportion, perhaps 25 % of

those components measured in the whole crop, would have been incorporated into the soil

as roots and stubble.

Analysis of Soil Inputs-FYM

The non-polar FYM hexane fraction exhibits a homologous series of n-alkanes which

range from C21 to C35. Odd components are dominant and describe a monomodal

distribution maximising at C31 (Fig 2.7b). Inspection of the DCM fraction reveals wax

esters ranging from C36 to C60 with two maxima at C48 and C52 (Fig. 2.3b); as with barley

each is almost solely based on the C26 alkanol and no homologue is significantly more

abundant than any other. The n-alkanol (Fig. 2.4b) distribution is narrow and monomodal

ranging from C22 to Cm and maximising at n-hexacosanol (C26); this homologue is

considerably more abundant than the other n-alkanol components although not to the same

extent as in the barley extract. The distribution of n-alkanoic acids is wide, ranging from

dodecanoic acid (C 12) to hexatriacontanoic acid (C 36 ; Fig. 2.5b). The series is dominated by

hexacosanoic acid (C 26) although hexadecanoic acid (C1 6) is an abundant component

amongst the early eluting homologues. The slightly higher abundance of the C22 component
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causes the overall shape to deviate from a perfect monomodal distribution of latter

components (>C 18). Homologues ranging from C13 to C33 are observed in the normal odd-

chain fatty acid distribution and are dominated by long-chain homologues centred around

the C25 component. C32 PP-hopanoic acid is also present at low concentration (2239 ng g

-idwt). The sterol fraction is complex and contains a large number of compounds (Fig. 2.6e).

Cholest-5-en-313-ol (4a), 24-methyl-cholest-5-en-3 0 -ol (4b), 24-ethyl-cholest-5,22-dien-

33-o1 (4e) and 24-ethy1-cholest-5-en-33-ol (4c) are all present at relatively high

concentration with the latter component exhibiting the highest abundance of the four. Also

present are the associated stanols: 513-cholestan-313-ol (la), 513-cholestan-3a-ol (2a), 5a-

cholestan-33-ol (3a) and the corresponding C28 and C29 congeners (lb, 2b, 3b, lc, 2c, 3c);

24-ethy1-5a-cholestan-33-o1 (3c) is the dominant peak in the chromatogram. Minor

quantities of 24-methy1-5P-cholest-7,22-dien-33-o1 (5d), 24-methy1-513-cholest-7,22-dien-

3a-ol (6d), 24-ethyl-5 P -cholest-22-en-3P -ol (1e) and 24-ethy1-513-cholest-22-en-3a-ol (2e)

are also present, as is the reduction intermediate 24-ethy1-5p-cho1estan-3-one (8c; Ren et

al., 1996). The triterpenol components, p-amyrin (12) and lupeol (14) are also observed at

low abundance.
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Figure 2.6	 Partial GC-FID chromatograms of the sterol fractions from the modern day
samples
Peak assigments are: 5P-cholestan-33-ol (18), 24-methyl-50-cholestan-30-01 (lb), 24-ethy1-53-cholestan-3P-ol
(1c), 24-ethyl-50-cholest-22-en-3p-ol (le), 513-cholestan-3a-ol (2a), 24-methyl-5P-cholestan-3a-ol (2b), 24-
ethy1-5P-cholestan-3a-ol (2c), 24-ethy1-513-cholest-22-en-33-ol (2e), 5a-cholestan-313-ol (3a), 24-methy1-5a-
cholestan-33-ot (3b), 24-ethy1-5a-cholestan-33-ol (3c), cholest-5-en-30-ol (4a), 24-methyl-cholest-5-en-313-ol
(4b), 24-ethyl-cholest-5-en-33-ol (4c), 24-ethyl-cholest-5,22-dien-3p ol (4e), 24-methy1-53-cholest-7,22-dien-3P-
ol (5d), 24-methyl-5P-cholest-7,22-dien-3a-ol (6d), 24-ethylcholest-4-en-3-one (7c), 24-ethy1-513-cholestan-3-
one (8c), taraxerol (10), P-amyrin (12), lupeol (14). A proportion of unlabelled peaks (.) represent n-alkanols
'carried-over' in the urea adduction procedure. For structures see Appendix I.
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Analysis of the Soil Extracts

Hydrocarbon fractions obtained from the archived samples yield results indicative of

petroleum contamination (Fig. 2.7c), most likely from paraffin wax used to seal the corks

in the jars used for storage. The hydrocarbon distributions of the modern day (1995) soil

samples from the different plots are very similar. For each, a range of n-alkanes from C19 to

C35 are identified with the most abundant components being C27, C29, C31 and C33 which

exhibit a C31 maximum (Fig. 2.7d).

Figure 2.7	 Partial GC-FID chromatograms depicting n-alkane distributions of: (a)
Barley, (b) FYM, (c) Unmanured soil (1882) and (d) Unmanured soil (1995)

Wax esters in the soil samples (Figs. 2.3c-3o) range from C36 to C60 with a number of other

homologues present at trace level; the C42 to C56 homologues generally dominate the

distributions. For the FYM-residues and Continuous FYM soils the total abundance of wax

esters varies little with time; however, that of the Unmanured soil increases; possibly due

to slightly lower microbial activity in this soil. Within any one year total abundance is in

the order Continuous FYM > FYM-residues > Unmanured. Each distribution is skewed

towards the higher homologues with increasing time. It is interesting to note that the C50

components are slightly less abundant than their immediate peripheral homologues in all

but the earliest three Unmanured and initial FYM-residues samples. Unlike the two inputs
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no single alkanol moiety dominates the wax-ester compositions; they vary in the range C24

to C32, although the C26 component is often dominant. Although the wax ester profiles of

the inputs are somewhat different, the major components in the barley exist at a

concentration an order of magnitude greater than of those in FYM. However, despite

containing a greater abundance of wax esters on a dry weight basis, only the barley stubble

and roots are ploughed back into the soil. It can be estimated that approximately 28, 44 and

84 tcarbon ha-I from crop dry matter has been ploughed in on the Unmanured, FYM-residues

and Continuous FYM treatments respectively (Poulton, pers. comm.). In addition ca. 56

and 400 tcarbon ha' from FYM dry matter has been added on the FYM-residues and

Continuous FYM treatments respectively. Table 2.2 summarises estimated quantities of

each major class of lipid added to the soil by virtue of stubble ploughing and FYM

treatments. The order of increase in total wax ester abundance (Unmanured < FYM-

residues < Continuous FYM) could be attributed to the identical order of increasing crop

yields for any particular year (Warren and Johnston, 1967). However, the low abundance of

wax esters is not surprising given that only the crop stubble and roots are ploughed back

into the soil. Interestingly, despite the higher estimated wax ester input from barley to the

Continuous FYM soil, the latter homologues are of greater abundance in the sample from

1995. The distributional shift to longer homologues, with time, is most likely the result of

in situ transesterification combined with selective degradation of the shorter homologues,

and their constituent n-alkanol and fatty acid moieties (Jambu et al., 1995). This would

also explain why the C26 n-alkanol component of the soil wax esters is less abundant

compared with those from the two extra-pedological inputs.

Table 2.2	 Approximate estimates of the total quantity of major lipid classes applied
to each soil treatment over the course of the experiment

Wax Esters	 g ha- ' Even n-Alkanols g ha-1 Even n-Alkanoic Acids / g ha-1
Treatment Barley FYM Barley FYM Barley FYM

Unmanured
(blank)

92 - 1016 - 76 n

FYM-
residues

140 21 1600 133 116 79

Continuous 268 152 3052 949 224 564
FYM
ca. 70, 110 and 210 t ha -1 of crop dry matter has been ploughed in on the Unmanured, FYM-residues and
Continuous FYM treatments respectively. In addition, ca. 140 and 1000 t ha -1 of FYM dry matter has been
added to the FYM-residues and Continuous FYM treatments respectively (Poulton, pers. comm).

48



Chapter 2	 Rothamsted

Inspection of the n-alkanol results reveals a series of distributions which exhibit very

similar relative abundances (Figs. 2.4c-4o). The significant homologues show monomodal

distributions in the C18 to C34 range always maximising about n-hexacosanol (C26). The

same trends are seen in the concentrations of n-alkanols, with varying manure treatments,

as are observed for the wax esters. Both inputs exhibit very similar n-alkanol distributions

although, as with the wax esters, the barley components are far more abundant on a total

dry weight basis and their estimated contribution to the soil much higher, i.e. triple that of

FYM in the Continuous FYM soil. While initially it might be expected that these

homologues will dominate the n-alkanol components of the soil, a number of longer chain

n-alkanols occur in the soil samples that are not observed to any great extent in the two

inputs. The source of these compounds is most likely microbial reduction of long-chain

fatty acids as suggested by Jambu et al. (1993) and/or homologues released via hydrolysis

of previously transesterified wax esters, i.e. old carbon, since weeds are actively controlled;

thereby minimising additional floral inputs. The n-alkanols exhibit a lower abundance in

the samples from 1913 and 1965 compared with those taken in other years. Both of these

soils were sampled in October [1882 (Feb), 1946 (Aug) and 1995 (May); Poulton, pers.

comm.], therefore, the differences in abundance of n-alkanols may result from differing

degrees of assimilation, i.e seasonal effects on lipid concentration or localised differences

in soil organic matter content. Overall, there is probably no significant change in the n-

alkanol content with time for the sequence of samples taken from the different treatments.

It is interesting to note the dominance of C22 over C24 in all of the fractions except those

from FYM-residues 1995 and Continuous FYM soil from 1946 and 1995 (Figs. 2.4n, 2.4k

and 2.40). The relative dominance of the C22 component is also seen in the FYM

distribution (Fig. 2.4b), whilst, conversely the C24 homologue is more abundant in the

barley distribution (Fig. 2.4a). This implies that the majority of this component is derived

from the FYM input. Although the Unmanured treatment has received no FYM since the

start of the experiment possible pre-experimental recalcitrant compounds might still affect

experimental distributions. Certainly it would appear that the inclusion of barley dry matter

only had an observable effect on the C24 components in three distributions, namely: FYM-

residues 1995, Continuous FYM 1946 and Continuous FYM 1995. This may well result

from the levels of n-alkanols, derived from Barley, being lower than the estimated values

due to differences in abundance between the root and aerial sections of the plant. The total
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concentration of n-alkanols varies in the order Unmanured < FYM-residues < Continuous

FYM, which is analogous to the trend observed for the wax esters and can be attributed to

increased crop yields (Warren and Johnston, 1967).

The even n-alkanoic acid components of the soils range between C8 and C36 (Figs. 2.5c-

2.5o). In this case a steady decrease in the abundance of the n-alkanoic acids in extracts

from the Unmanured and FYM-residues treated soils is clearly evident. The overall

abundance of n-alkanoic acids in the Continuous FYM soil does not decrease with time and

there is an overall increase in the abundance of the higher carbon number homologues.

Again, the trend in concentration (Unmanured < FYM-residues < Continuous FYM) for a

single year is clearly discernible. The trends in the distributions of odd-chain n-alkanoic

acids parallel those observed for the even-chain homologues, except for the Continuous

FYM soil, where there is a slight decrease in overall abundance with time. In addition to

the n-alkanoic acids each sample contains various branched-chain components;

predominantly the iso- and anteiso- isomers of the normal components. The C15

homologues of these two isomers (Fig. 2.8a) are present in all samples whilst other iso- and

anteiso- homologues are more sporadic in occurrence. C321313 hopanoic acid is detected in

the samples from the FYM-residues and Continuous FYM soils (Fig. 2.9a). The

concentration of this component fluctuates between 0.1 and 0.2 lig g -l awt in the Continuous

FYM soil, whilst in the FYM-residues treatment it gradually drops in concentration from

0.19 to 0.05 lig gi cIwt. The Unmanured soils do not contain this compound at detectable

levels. Similar distributions are noted for the even carbon number n-alkanoic acids of both

barley and FYM. The former, however, possesses a greater abundance of n-hexadecanoic

acid (C1 6) and n-octadecanoic acid (C 18) whilst in the latter, higher, homologues are more

abundant especially those >C 28 chain length. The n-alkanoic acids in the Unmanured and

FYM-residues soils exhibit appreciable variation over time, whilst there is an apparent

overall increase in the abundance of the longer homologues in the soils of the Continuous

FYM treatment. This can be explained by the addition of manure to the latter soil with n-

alkanoic acids from the manure off-setting any losses due to uptake and assimilation by soil

microbiota. Estimates of n-alkanoic acid incorporation, for the Continuous FYM soil,

predict —2/3 to derive from the FYM input (Table 2.2) and this is supported by the

similarity displayed between the distribution of the 1995 Continuous FYM soil (Fig. 2.5o)
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and that of the FYM (Fig. 2.5b). Samples from the 1995 soils clearly exhibit the result of

selective degradation of short-chain n-alkanoic acids and similar trends have been observed

in studies of a hydromorphic forest podzol (Ambles et al., 1994). Iso- and anteiso-fatty

acids are well known lipid constituents of bacteria and have been used to assess bacterial

activity, as a ratio with the corresponding normal component, i.e. (iso-C 15-Fanteiso-C 15 )1n-

C15; Killops and Killops, 1993). Figure 2.8b depicts a plot of this ratio, for all three soil

treatments, with time.

Time / mins

	

1.0	 Manuring
Stopped

(1871; FYM-

	

0.5	 residues)

0
1850 1870 1890 1910 1930 1950 1970 1990 2010

Time / years

A Continuous FYM
• FYM-residues
• Unmanured

Figure 2.8	 (a) A partial GC-FID chromatogram of the 1995 FYM-residues fatty acid
fraction, and (b) A plot of (iso-C is fatty acid + anteiso-C 15 fatty acid)/n-
C15 fatty acid vs time for each of the soil treatments
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The observed decrease in the ratio, for the unmanured soil with time, would seem to

indicate a general decrease in soil microbial biomass. However, the implication that

microbial activity is significantly lower in the Unmanured soil compared with the

Continuous FYM soil, in the latter years, is counter-intuitive given the implied reversal of

this trend in 1882 (after —30 years of FYM input to the Continuous FYM soil). Additional

measurements of the microbial biomass using alternative techniques, e.g. chloroform

fumigation (e.g. Oades and Jenkinson, 1979), could enable the significance of the observed

differences to be determined thereby enabling calibration of this ratio as a parameter for

use in studies of soil microbial biomass. Interestingly, in a previous study of a Danish

agricultural experiment, a minimal difference, in bacterial population, was observed

between manured and unmanured soils (Eiland, 1980). C32 pp hopanoic acid is a diagenetic

degradation product of bacteriohopanetetrol, a structural membrane component in bacteria

(van Dorsselaer et al., 1974). Figure 2.9b shows the variation in concentration of this

compound for the three treatments. In the Continuous FYM soil the concentration is

maintained with time whilst in the FYM-residues soil there is an overall reduction in

concentration; the difference in initial concentration between the FYM-residues and

Continuous FYM soils could be related to sampling. In the Unmanured soils C32 I31

hopanoic acid remained below the level of detection throughout the experiment. Since C32

rip hopanoic acid is present in FYM, the presence of this compound can probably be

attributed to successive applications of manure. The decrease in the concentration of C32

1313 hopanoic acid observed for the FYM-residues soil is analogous to the trend seen for 513-

cholestan-313-ol (la) and 24-ethyl-513-cholestan-313-ol (lc) which are also known to derive

from the manure (Evershed et al., 1997). The lack of detectable C32 pp hopanoic acid in

the Unmanured samples provides strong evidence for its derivation from the bacteria

intimately associated with the manuring episodes.
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Figure 2.9	 (a) A partial GC-FID chromatogram of the 1995 Continuous FYM soil fatty
acid fraction, and (b) the absolute concentration of C321313 hopanoic acid
in each of the soil treatments

The sterol constituents of all three soils are dominated by cholest-5-en-313-ol (4a), 24-

methylcholest-5-en-3 13-01 (4b), 24-ethylcholest-5,22-dien-313-ol (4e) and 24-ethylcholest-5-

en-313-ol (4c; Fig. 2.6b,c and d); the latter component is the major peak in all fractions
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analysed. The most significant differences in the steroidal lipids concern the abundance of

the saturated stanols 513-cholestan-313-ol (1a), 513-cholestan-3a-ol (2a), 5a-cholestan-33-o1

(3a) and the corresponding C28 and C29 congeners (lb, 2b, 3b, lc, 2c, 3c). Soil treated with

manure, either continuously or for the first 20 years of the experiment only, exhibits higher

concentrations of the 513-stanol components, especially 24-ethy1-50-cholestan-33-ol (1c)

(Figs. 2.6c and 2.6d). In contrast, soils which have been unmanured since at least 1852

contain very low concentrations of these compounds (Fig. 2.6b). The higher plant

triterpenols: taraxerol (10), P-amyrin (12) and lupeol (14) are detected in the majority of

samples irrespective of treatment. Given their absence in the barley extract, the higher plant

triterpenols are most likely derived from either previous vegetation cover, growing prior to

the start of the experiment in 1852, or hydrolysis of high molecular weight lipids which are

undetected under the current analytical protocol. The variations in concentration of the two

major 513-stanol components (obtained via TLC separation), 53-cho1estan-3P-ol (la; Fig.

2.10a) and 24-ethy1-53-cholestan-3P-ol (lc; Fig. 2.10b), with time provides important

insights into the longevity of these compounds in the Rothamsted soils. In both cases a

general 'background' of each compound is observed for the Unmanured soil. This level

gradually decreases from 6 ng gsoil dwt-1 to below detection limits for 53-cholestan-3P-ol

(la), whilst the concentration of 24-ethyl-5P-cholestan-3P-ol (lc) oscillates between 16 ng

gsoil dwt-1 and 37 ng gsoil dwt • The FYM-residues soil nevertheless exhibits levels of 5P-

stanols above that of the Unmanured soil despite apparent degradation with time.

Remarkably, values for the 1995 samples still exceed the corresponding Unmanured

'background' values; 11 ng gsoil dwt -1 for 513-cholestan-3P-ol (la) and 64 ng gsoil dwt-1 for 24-

ethy1-513-cholestan-3P-ol (lc). From the Continuous FYM soil it can be observed that the

annual application of manure has a pronounced effect on the abundance of 5P-stanols; the

concentration of 513-cholestan-313-ol (la) reaching 65 ng gsoil dwt-1 and that of 24-ethyl-5p-

cholestan-313-ol (lc) vastly increasing to 464 ng gsoil dwi l . An analogous study of the C27

and C29 5a-stanol (3a and 3c) components shows an overall increase vs time, for each

compound, in all three soil series, the only exception is 24-ethyl-5a-cholestan-3P-ol (3a) in

the Continuous FYM soil where a slight decrease in the 1995 sample is observed. The

largest relative increases are seen in the FYM-residues soil.
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Analysis of the sterol and triterpenol components reveals more significant differences

between the Unmanured and Continuous FYM soil than are observed with the straight

chain components. The most profound difference is the increase in both number and

concentration of stanols in the Continuous FYM soil with the FYM-residues soil

containing a higher abundance of stanols than in the Unmanured soil but lower than those

in the Continuous FYM soil. The Unmanured soil is dominated by the phytosterols, 24-

methylcholest-5-en-313-ol (4b), 24-ethylcholest-5,22-dien-313-ol (4e) and 24-ethylcholest-5-

en-313-ol (4c) along with somewhat smaller quantities of taraxerol (10), P-amyrin (12) and

lupeol (14), and apart from taraxerol (10) all are detected in the more complex FYM-

residues and Continuous FYM soils. None of the components observed can be considered

specific biomarkers of barley. However, applications of FYM may be identified through

the analysis of stanol components, in particular, 513-stanols.

2.4.3 Biomarker Expression and Survival

Whilst addition of manure has undoubted effects on the aliphatic lipid content of the soil

(be they primary, or secondary due to enhanced plant and possibly microbial activity), they

appear too common to be of viable use in the detection of manuring. 5P-Cholestan-3P-ol

(la) is a product of microbial reduction of cholest-5-en-313-ol (4a) in the mammalian gut

(Macdonald eta!., 1983; cf. 5a-cholestan-33-01 (3a) as the natural aerobic reduction

product in the soil environment). This compound has previously been used in the detection

of human faecal material in sewage pollution studies (Hatcher and McGillivary, 1979;

Muller et al., 1979; Brown and Wade, 1984; Readman eta!., 1986), and to detect inputs to

soils and sediments at archaeological sites (Knights eta!., 1983; Pepe et al., 1989; Pepe

and Dizabo, 1990; Bethell eta!., 1994; Evershed and Bethell, 1996). As mentioned before,

this approach has been successfully extended to include the use of the C29 513-stanol

homologue to monitor manure application to modern day soils (Evershed and Bethell,

1996; Evershed et al., 1997). Extending this technique to include the higher homologue is

important since ruminant mammals ingest high quantities of 24-ethy1cholest-5-en-313-ol

(4c) through the consumption of vegetation. Hence, the reduction product 24-ethyl-513-

cholestan-313-ol (1c) is a compound which may be utilised in the detection of manure from

cattle.
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Rumen

•

Figure 2.11 The stomach of a ruminant. Arrows indicate the course of food
(Walker, 1987)

As an aside, one point of particular interest is the relatively high level of 3a,513-stanols

(e.g. 2c) present in FYM relative to the more abundant 313,513 epimers (e.g. 1c). In

comparison, human derived faecal material exhibits, almost exclusively, a single 313,513

configuration of 513-stanols (Elhmmali, pers. comm.). Increased levels of the 3a,513-epimer

may well be an artefact of the ruminant nature of bovine digestion. Figure 2.11 is a

schematic of the intestinal tract of a cow. Consumed plant matter and saliva accumulate in

the rumen, where the vegetation is mixed with anaerobic bacteria and protozoa. The initial

stage of digestion takes a significant amount of time during which the contents of the

rumen are periodically regurgitated, remasticated and reswallowed (Walker, 1987). This

intimate association of sterols and anaerobic bacteria, in the rumen, may well be

responsible for a similar increase in the abundance of 3a,513-stanol epimers to that

observed by McCalley et al. (1981), who reported on increases of 513-cholestan-3a-ol in

digested sewage sludge, attributing it to anaerobic bacterial reworking. However, it should
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be stressed that accumulation of 3a,513-epimers may also be post-excretive, occurring

during bulk storage of FYM, and the resultant abundances of 513-stanols, the net sum of

both processes.

It can be seen from the results obtained thus far that the 513-stanols are important steroidal

components of soils subjected to manure treatments. The study concerning their absolute

concentration with time clearly shows, that whilst 513-stanols will degrade within the

environment of an active agricultural soil, the concentration in a previously manured soil

remains greater than that of the background, represented by the Unmanured treatment, for

at least 124 years (Fig. 2.10a and b). The actual trends observed are analogous to those

published by Jenkinson and Johnston (1977) in a study of total organic carbon in soils from

the same treatments and the more recent study of TOC (Fig. 2.2). The 'smoother' trend

observed in these studies originates from the bulk nature of the total organic matter.

Previous studies concerning faecal pollution have utilised the ratio 53-stanol/(5a-stanol +

5P-stanol) as an investigative parameter, superior to and independent of absolute

concentration, in determining pollution events (Grimalt et al., 1990; Jeng et al., 1994).

Figures 2.10e and f show the ratios obtained by applying the parameter to the concentration

results obtained for the C27 and C29 stanols respectively. Whilst it may be observed that

there is an appreciable difference between the ratios of the Unmanured and Continuous

FYM soils, the values obtained for the FYM-residues soil do not adequately differentiate it

from the Unmanured soil. The trend in Figure 2.10f actually infers a higher input of FYM

to the Unmanured soil! The apparent failure of the ratio may be explained by considering

the levels of 5a-stanols in the soils. As mentioned above, the largest increase in 5a-stanol

abundance, with time, is observed in the FYM-residue soil, most likely due to an enhanced

input of sterols which may be attributed to the higher crop yields recorded for the FYM-

residues treatment (Warren and Johnston, 1967). Since the latter increases in crop yield

appear to result from FYM-residues, a modern input of 5a-stanols will not be matched

with a modern FYM derived 5[3-stanol input. The ratio is determined from both old and

new carbon sources and as a result is excessively low due to the unmatched increase of the

denominator. This result emphasises the requirement that the components used to calculate
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the ratio originate from the same time-period. Fortunately, this is usually the case with

sealed soils and marine sediments.

513-Stanols are also observed to occur in manure as constituents of steryl esters. Figure 2.12

depicts the wax ester distribution derived from FYM. Amongst the wax ester homologues

24-ethyl-5f3-cholestanyl palmitate is observed to occur, as are the C27 and C2g steryl

congeners, albeit at lower abundance. The absolute concentration of 24-ethy1-53-

cholestanyl palmitate in FYM and the 1995 sample of each treatment is also included. As

may be observed, the concentration of the compound in FYM (26 lig edwt) is much higher

than levels determined for the three soil samples. However, the effect of manuring can still

be clearly seen by comparing the levels determined for the Unmanured and Continuous

FYM soils; the former being an order of magnitude lower than the latter. Furthermore, the

value determined for the FYM-residues soil is also significantly higher than that of the

Unmanured sample (-400 % higher) thereby providing compelling evidence to support the

possible use of this steryl ester in the detection of former bovine manuring episodes.

Figure 2.12 A partial GC-FID chromatogram of the wax ester fraction from FYM
Inset: Absolute concentrations of 24-ethyl-513-cholestanyl palmitate in FYM
and the three soil treatments
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2.4.4 Archaeological Implications

As mentioned in the Introduction, understanding the changes in vegetation and/or land use

are of significant importance for archaeological and Quaternary environmental studies.

Information gained on possible application of manure to the soil has an important role to

play in the spatial identification of site limits, field systems and their utilisation. The results

obtained during this investigation show the 513-stanols to be highly resistant biomarkers of

manuring. Since a clear signal was detectable in the FYM-residues soil after 124 years of

continual cropping and ploughing one might anticipate that such a signal would persist for

a substantially longer period in less disturbed environments. Thus, 513-stanol distributions

provide a highly reliable criterion on which to base assessments of manure inputs.

However, it must be stressed that such analyses may well be site specific, due to the

different types of manure that might be utilised and variations in the background of 513-

stanols.

2.5 Conclusions

Fractionated total lipid extracts from soils of three Hoosfield Spring Barley plots, together

with archived samples from the same plots (from 1882, 1913, 1946 and 1965), and the two

major soil inputs (barley and farm yard manure) were studied to reveal the expression of

the latter two inputs in the soil samples. Aliphatic components exhibited a number of

trends giving insights into the process of diagenesis.

(i) Soil wax ester distributions were not dominated by either input. Evidence supports the

action of in situ transesterification processes coupled with selective degradation exhibiting

an inverse relationship to homologue chain length.

(ii) n-Alkanol profiles within the soil are most likely derived from the FYM input although

the occurrence of higher homologues probably results from microbial and hydrolytic

processes within the soil environment.

(iii) Soil n-alkanoic acids exhibited appreciable variation over time with the Continuous

FYM treatment being the only soil to show an overall increase in homologue abundance

emphasising the important contributory effect of FYM on the composition of soil

carboxylic acids.
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Study of the survival of a number of biomarkers also provided some new insights.

(iv) The bacterially derived biomarker C32 pp hopanoic acid was introduced to the soil as a

constituent of manure and appears to provide an independent means of assessing the

contribution of the manure related bacterial population.

(v) Assessment of faecal biomarkers, i.e. 513-stanols, revealed that by measuring the

absolute concentration of 513-stanols a viable signal could be detected in a soil which had

received no manure for 124 years. Furthermore the signal could also be detected through

measurement of the absolute concentration of the faecally derived steryl ester: 24-ethyl-53-

cholestanyl palmitate. The residence of a signal indicative of manuring in an active,

agricultural soil supports the use of this technique on older, less exposed sediments in a

wide range of archaeological studies.
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3.1 Objectives

In the previous chapter, the survival of a characteristic manuring signal (based on 513-

stanols), after 124 years of intensive cultivation with no additional manuring, was

established. The aim of this chapter is to investigate an agricultural soil, of much older

date, to determine whether such a signal persists over a much longer period of time (up to

ca. 4500 years). Although other functional classes are investigated, the sterols are the

compounds of primary concern. Additionally, the sterol components of a modern-day soil

profile were analysed to investigate the formation and/or occurrence of saturated stanols.

The detection of faecal deposition (equivalent to manuring) of archaeological origin has

been compared with studies concerned with the detection of modern-day faecal pollution

and inherent differences and similarities discussed.

3.2 Background

To help define the correct historical context of the archaeological soil samples which are

the subject of this investigation a brief history of Pseira Island and its occupation has been

included below. The subsequent section reviews a number of modern-day faecal pollution

studies and their relevance to detecting manuring episodes of archaeological date.

3.2.1 History of Occupation of Psiera Island, Crete

The Minoans were a civilisation of Bronze Age Crete named, by the British archaeologist

Sir Arthur Evans, after the legendary King Minos. They were the most advanced of the

Aegean civilisations, possessing a highly sophisticated material culture composing, among

other skills, architecture, pottery and painting. A written language was also evident in three

forms: hieroglyphics (c.1900-1700 BC), Linear A (c. 1700-1450 BC) and Linear B (c.

1450-1400 BC). The Minoan Age is conventionally split into three time periods: Early

(2500-2000 BC), Middle (2000-1700 BC) and Late (1700-1400 BC; Isaacs, 1983).

The Island, Pseira, is located off the north-eastern coast of Crete. Measuring about two

kilometres in length it has a terrain composed predominantly of steep hills and sheer,

precipitous cliffs. Initial human habitation of the island, on the south-eastern coast, is dated

to the Final Neolithic with a greatly expanded populous by the Late Minoan. At this time

catastrophic events led to the destruction of the settlement on the island which remained
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mostly uninhabited until the Early Byzantine period (Betancourt and Simpson, 1992).

Formations of soil on Pseira are extremely dry, calcareous and shallow, however, the use of

fertile land, in this marginal environment, was maximised through the construction of

terraces. Historical agricultural activity on Psiera Island may be divided into three time

periods. Over the first period, from Final Neolithic to Middle Bronze Age, there was a

gradual increase in the use of land, available both naturally and artificially, reclaimed

through the process of terracing. In the second period, dating to Late Minoan I, land-use

increased still further as a result of settlement expansion and two stone dams were built

across ravines. Finally, after a period of abandonment, a final bout of agricultural

cultivation occurred in Late Minoan III; however, there is no evidence regarding a

resumption of the intensive practices previously used (Betancourt and Simpson, 1992). The

presence of pottery sherds (potsherds) and other village debris has been noted in soils

associated with the first and second periods of agricultural land-use. In a study concerning

similar distributional scatters of potsherds, Bintliff and Snodgrass (1988) proposed that

they originated from systematic collection of animal and human excrement, together with

household rubbish, followed by a regular spread of the mixture across the cultivated

landscape as fertiliser. This would explain the potsherd scatter observed in the terrace soils

with village wastes and water being regularly transported to the terraces. The building of

dams in the second time period would have facilitated the agricultural use of water as well

as providing a probable terrace input in the form of silt collected from behind the two

dams. Tillage in the first time period was particularly deep with Early to Middle Minoan

sherds existing in soils just above bedrock. During the third period of agricultural use the

absence of associated potsherd scatter infers that this process of fertilisation was most

likely discontinued although the population associated with this time period would also

have been much smaller (Betancourt and Simpson, 1992).

3.2.2 Coprostanol as a Biomarker of Faecal Deposition

513-cholestan-313-o1 (coprostanol) is a reduction product of cholest-5-en-313-ol (cholesterol),

its most common origin being a microbially mediated hydrogenation in the intestinal tracts

of most higher mammals (Murtaugh and Bunch, 1967; Hatcher and McGillivary, 1979).

The mechanism by which this reaction proceeds has been a topic of some debate. In

radiolabelled studies, Rosenfeld and Gallagher (1964) noted the transformation of
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cholesterol-3-3 H to coprostano1-3- 3H primarily with retention of tritium at C-3, thus

concluding that the reaction largely proceeded without oxidation of the hydroxyl group.

Conversely, more recent studies have demonstrated that the conversion of cholesterol to

coprostanol proceeds via a series of intermediates involving oxidation of the C-3 hydroxyl

moiety, the intermediates being cholest-5-en-3-one, cholest-4-en-3-one and 513-cho1estan-3-

one respectively (BjOrkhem and Gustafsson, 1971; Eyssen et al., 1973; Ren et al., 1996).

As well as the support of persuasive evidence, e.g. other radiolabelled studies and

intermediate uptake into proposed reaction pathways, the hypothesised route of reduction is

also more likely on a synthetic basis since A 4-steroids are less predisposed to the

production of 5a(H) hydrogenates (cf. A5-steroids; Shoppee et al., 1957). The reduction of

A4- and A5 - sterols in anoxic sedimentary environments generates both 5a(H)- and 513(H)-

epimers with the latter being a potential marker for oxic-anoxic deposition conditions

although the predominant product is the thermodynamically more stable 5a(H)-compound

(Gaskell and Eglinton, 1975; Taylor et al., 1981; Nishimura, 1982; Robinson eta!., 1984;

Boudou eta!., 1986; Robinson eta!., 1986).

The faecal origin of coprostanol has made it a useful analytical tracer in a large number of

studies covering several different topics. Its production, from cholesterol, has been the

subject of some medical interest with additional studies investigating the effect that

specific medical disorders, e.g. familial adenomatous polyposis, have on production

(Barker eta!., 1993; Midtvedt and Midtvedt, 1993). The largest area of interest, however,

has been the use of coprostanol as a biomarker of sewage pollution in environmental

investigations. The majority of studies involve the analysis of coprostanol associated with

sediments or suspended particulates in marine ecosystems (e.g. Green et al., 1992;

Venkatesan and Mirsadeghi, 1992; Nichols et al., 1993; Sherwin et al., 1993; Gendre et al.,

1994; Jeng and Han, 1994; Takada eta!., 1994; Chalaux eta!., 1995). However, despite its

widespread utilisation, the use of coprostanol as a sewage biomarker in the marine

environment is not without its problems. The generation of 513-stanols in anoxic sediments

has led Grimalt et al. (1990), to propose the use of an epimeric ratio of sterol components

as a proxy for absolute concentration in the elucidation of pollution levels, i.e
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513 

5a+5/3

However, it is further noted that even this ratio, in a marine setting, may be invalidated by

5a(H)-stanol contributions from algal sources and in such cases a corroboratory

measurement of the corresponding stanone epimeric ratio is required (Grimalt et al., 1990).

Another parameter, proposed by Hatcher and McGillivary (1979) is the ratio of coprostanol

to total sterols. Such a ratio, whilst susceptible to change from extraneous inputs of sterols,

will not be altered to the same extent given the large number of components which

generally constitute the denominator. Studies involving aquatic pollution continue to utilise

different parameters, based on personal preference and/or opinion, making comparative

appraisal of investigations problematic. This point is further remonstrated by Hawkins-

Writer eta!. (1995) who observed that, in a freshwater study, the potential differences in

lipid binding characteristics due to the difference in ionic strength between a marine system

and a freshwater system make direct comparison of ratio levels difficult. For certain types

of measurements coprostanol has proved somewhat unreliable. For example, Fitzsimons et

al. (1995) concluded that aminopropanone was a superior biomarker of raw sewage in the

dissolved phase due to its higher solubility, whilst coprostanol was prone to resuspension

effects. The preferential association of coprostanol with the solid phase is further

emphasised by its detection as the dominant sterol in peat filters used for waste water

depuration (del Rio et al., 1994).

The detection of faecal deposition in the terrestrial environment is somewhat less

complicated since an algal input of 5a(H) epimers is of minor concern and the problem of

anaerobic 53(H)-epimer production is largely replaced by that of oxidative degradation. As

well as its occurrence in extant archaeological remains such as bog bodies and coprolites

(Lin eta!., 1978; Evershed and Connolly, 1994), coprostanol has been detected in a number

of archaeological soils, providing strong evidence for the specific position of

archaeological cess-pits at sites dating to 2nd century AD (Knights et al., 1983; Pepe and

Dizabo, 1990; Bethell et al., 1994). The pedological survival of a 513-stanol signal under a

rigorous agricultural regime has been demonstrated (Bull et al., in press; Chapter 2) and

undisturbed archaeological soils can only enhance the longevity of such a signal. As

(i)
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observed in the previous chapter, the validity of the stanol epimeric ratio proposed by

Grimalt et al. (1990), can be rendered unreliable in circumstances which result in an

increased contribution of the 5a(H)-epimer (probably due to aerobic reduction of enhanced

A5-sterol inputs), a situation analogous to that of marine algal contributions. However,

sealed archaeological soils are, by their very nature, not in receipt of substantial organic

inputs from modern-day sources. Additionally, cholesterol is a minor steroidal component

of most higher plants [cf. campesterol (24-methylcholest-5-en-3p-ol) and p -sitosterol (24-

ethylcholest-5-en-313-01)] and as such any generation of 5a(H)-stanols will yield a

correspondingly low amount of the C27 homologue. For these reasons, the ratio proposed

by Grimalt et al. (1990) is generally applicable to the detection of faecal deposition in

studies involving archaeological soils. The occurrence of 5f3-cholestan-3a-ol

(epicoprostanol) in samples of (and contaminated by) faecal matter is particularly

interesting. In a study of faecal sterols found in sewage sludge, McCalley eta!. (1981)

noted the increased abundance of epicoprostanol, in samples of digested sewage sludge,

relative to coprostanol. This was attributed to anaerobic reworking by bacteria although the

question of whether the increase resulted from a different pathway of cholesterol reduction

or arose from epimerisation of coprostanol remained unresolved. Mackenzie eta!. (1982)

stated that epicoprostanol (and related homologue) production was a result of the latter

epimerisation route; it being a diagenetic pathway in shallow sediments. In light of this, the

ratio used by Grimalt eta!. (1990) can be refined thus:

5,8+ epi5P 

5a + 5,6 +epi5,3

thereby creating a parameter which better represents the incorporation of faecal material in

both oxic and anoxic environments. Indeed a simple summation of the two C27 513-stanol

abundances has already been recognised as a more accurate, if somewhat inappropriate,

parameter for singular use in marine studies (e.g. Venkatesan and Mirsadeghi, 1992). The

ratio of coprostanol to epicoprostanol has also been utilised to differentiate between human

and seal faecal sources (Green et al., 1992); however, similar studies involving terrestrial

sources are better served through the additional analysis of the C28 and C29 congeners.

Figure 3.1 summarises the major pathways involved in stanol formation.
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Figure 3.1	 Routes of reduction for A 5 unsaturated sterols [adapted from Mackenzie et
al. (1982) and Ren eta!. (1996)1

3.3 Description of Sample Site

All samples were collected from the profile of a trench dug in soil (red/brown

Mediterranean lithosols) retained behind an ancient terrace wall (Terrace G2) in the

predominantly limestone area north of the main archaeological site (one time SE

settlement). The terrace was on a 25° slope, 90 m above sea level; overlying vegetation was

scarce and the soil very dry when sampled. There was a faint horizonation present down

the profile which is described in Figure 3.2. Samples were taken at depths of 0, 15, 25, 35,

40, 50, 60, 70, 80, 85 and 95 cm and a control sample was obtained from the site of an

archaeological building, as unlikely to contain manure as any other sample which could be

collected on the island.

Samples used in the latter study concerning early sterol diagenesis were obtained from the

wooded Gees Croft experiment, Rothamsted Experimental Station, Harpenden, Herts., UK.

67





Chapter 3	 Greek Minoan Terrace

3.4 Results and Discussion

3.4.1 Elemental Analyses

Figure 3.3 depicts the results of analyses performed to ascertain levels of total organic

carbon (TOC) in the profile of Terrace G2. As can be seen, the quantity of organic carbon

is highest in the sample from 15 cm depth (2.3 %), rising from a surficial level of 1.9 %.

Samples from >15 cm depth exhibit a rapid decrease in TOC with all values at >35 cm

depth residing in the 0.6-0.9 % range. The TOC content of the profile is relatively low

compared with an average TOC of 5 % for mineral soils (Bridges, 1978). The higher values

obtained from the shallow samples can be attributed to input of organic matter from

modern-day vegetation, with the highest value at 15 cm depth resulting from the intimate

association of rhizomaceous matter. The rate of decomposition appears to lessen in sub-35

cm layers in accordance with pseudo-first order kinetics (Pinck et al., 1950; Floate, 1970;

Martel and Paul, 1970). These results provide little evidence of recent disturbance of the

archaeological soil since major bioturbation would have resulted in higher TOC inclusion

at lower depths. TOC measurements are, however, unable to provide information regarding

the source and/or age of specific inputs.
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% TOCsdii dwt

Figure 3.3	 % TOC levels of soils taken from the profile of Terrace G2

3.4.2 Aliphatic Components

Two classes of aliphatic components, n-alkanols and n-alkanoic acids, were analysed so

that any disturbances or irregularities in the soil profile resulting from vegetation, i.e.

rhizomaceous inputs, might be detected. Analysis of n-alkanoic acids was restricted to

homologues generally considered indicative of higher plant input, i.e. �C20.
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n-Alkanols

Figure 3.4 is a schematic depicting the homologous series of n-alkanols determined for

each sample of the soil profile. Analyses reveal n-alkanols to be the most abundant class of

free compounds with the overall trend in abundance of homologues paralleling that of the

TOC. Homologues can be observed at highest concentration in the 15 cm sample followed

by a general decrease with depth reaching a minimal background level in the deepest soils.

Similar decreases with depth, in a hydromorphic forest-podzol, were reported by Jambu et

al. (1993) despite distinct differences in soil type. Samples of 5_50 cm depth generally

exhibit bimodal distributions centred about the C22 and C26/C28 homologues whilst in lower

samples (70 and 85 cm) bimodality is replaced by monomodality although there is little

difference in abundance between the C24, C26 and C28 homologues. The latter 85 cm

distribution is also strikingly similar to the control sample, lacking only the more dominant

central C28 component. As noted, roots from modern-day vegetation infiltrate depths of up

to —50 cm and are most likely responsible for the dominant C22 and C26 homologues in

shallow soils; the sample at 15 cm depth being the best example. The similarities between

the 85 cm sample and the control probably arise from a combination of long-term oxidative

degradation and lack of any recent input although the slightly enhanced C28 homologue of

the control is most likely the result of minor incorporation of vegetation, probably in the

form of wind-swept detritus.

n-Alkanoic Acids

Figure 3.5 depicts the n-alkanoic acid homologous series (�C20) obtained from all soil

samples. There is a general decrease in homologue abundance with depth and highest

quantities are associated with the surficial soil sample rather than that at 15 cm depth. The

three shallowest samples (0, 15, 25 cm) all exhibit significantly more abundant

distributions than deeper samples; strongly paralleling the levels of TOC. Additionally, the

distribution at 0 cm is monomodal (C26 maximum) whilst those associated with 15 and 25

cm soils are bimodal (C24 and C30 maxima). This most likely results from different depths

of homologue incorporation for various types of vegetation and/or release of bound fatty

acids. Distributions in samples �35 cm decrease in abundance at a low rate and nearly all

possess monomodal distributions centred about a C24 maximum. As with the n-alkanol

distributions, similarities with the control sample, suggest that n-alkanoic acid distributions
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of deeper soils have been subjected to long-term oxidation with no recent input of lipid

material. Furthermore, differences in concentation trends with depth, imply that n-alkanol

and n-alkanoic acid sources may not be directly related.

The most important piece of information obtained through the analysis of n-alkanol and n-

alkanoic acid components is the knowledge that whilst shallow soils have received a minor

lipid input from aerial plant detritus and the incursion of rhizomes, lower sediments exhibit

no similar evidence of recent disturbance and/or input. Having established this, analysis of

faecal biomarkers may be effected with little concern regarding anomalous inputs from

extraneous sources.

3.4.3 Sterol Components

In many of the samples from terrace G2 the concentration of free sterols was too low to

utilise GC as a routine method for detection. This problem was overcome through the use

of selected ion monitoring (SIM) GC/MS. Table 3.1 lists the specific ions used for the

analyses and their origin.

Table 3.1 Diagnostic fragment ions used to detect target stanols and stenols by
GC/MS with selected ion monitoring (SIM; Evershed and Bethel!, 1996)

M Z Parent compounds Fragment origin

129 6,5-sterols [M-Side Chain-216r
213 A5-sterols [M-Side Chain-TMSOH (90)-42r
215 5a and 513 stanols [M-Side Chain-TMSOH (90)-42r
368 cho1est-5-en-30-ol [M-TMSOH (90)r
370 5a and 513-cholestanols [M-TMSOH (90)r
382 24-methylcholest-5-en-30-o1 [M-TMSOH (90)r
384 24-methyl-5a and 24-methy1-513-cholestano1s [M-TMSOH (90)r
396 24-ethylcholest-5-en-313-ol IM-TMSOH (90)r
398 24-ethyl-5a and 24-ethyl-513-cholestanols [M-TMSOH (90)r

Figure 3.6 is a schematic of the total sterol ion trace for the fraction separated from the

sample taken at 85 cm depth. As can be seen, the method yields a fairly simple series of

sterol components thereby facilitating relative quantitation. Each distribution generally

comprises cholest-5-en-313-ol and the phytosterol congeners 24-methylcholest-5-en-313-ol,

24-ethylcholest-5,22-dien-313-ol and 24-ethylcholest-5-en-3f3-ol. A number of saturated

reduction products are also observed, namely: 53-cholestan-313-ol, 513-cholestan-3a-ol, 5a-
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cholestan-30-01, 24-ethyl-513-cholestan-313-ol and 24-ethyl-5a-cholestan-313-ol. Figure 3.7

summarises the abundances of the most common sterols, in each sample, relative to 24-

ethylcholest-5-en-3P-ol. This is the dominant component in every terrace soil except that

taken from 85 cm depth, the next most abundant compounds being the C27 and C28

homologues, cholest-5-en-30-ol and 24-methylcholest-5-en-30-ol respectively. The profile

at 85 cm exhibits a dominant peak corresponding to cholest-5-en-313-ol with that of the C29

homologue residing at a slightly lower abundance. Interestingly, this is also the form of

sterol distribution exhibited by the control sample although the difference in component

abundance is much greater. Already, with this evidence alone, it may be surmised that the

soil at 85 cm contains a lower proportion of plant derived material, given the lower

quantity 24-ethyl-cholest-5-en-33-o1, a sterol of terrestrial higher plant origin, that is

observed (Goad, 1991). Additionally, this sample is observed to contain the highest relative

proportion of 513-cholestan-313-ol, a biomarker of faecal matter (Hatcher and McGillivary,

1979; Knights et al., 1983; Evershed and Bethell, 1996; Evershed et al., 1997); values

obtained for the same component in the 40, 60 and 95 cm samples are also fairly high but

not to such a great extent. Such observations are promising with respect to the detection of

ancient faecal deposition, however, more reliable criteria, as discussed above, must be

satisfied in order to affirm these tentative conclusions.

RIC (Sample at 85cm)

Figure 3.6	 A partial GC/MS (SIM) chromatogram of the sterol fraction of the soil from
85 cm depth in the profile of Terrace G2, scanning ions at m/z 129, 213,
215, 368, 370, 382, 384, 396 and 398.
Peak assignments are: 5p-eholestan-313-ol (la), 24-ethy1-513-cholestan-313-o1 (1c), 513-eholestan-3a-ol (2a), 5a-
cholestan-3i3-01 (3a), 24-ethyl-5a-cholestan-3f3-ol (3c), eholest-5-en-313-ol (4a), 24-methyleholest-5-en-313-ol
(4b), 24-ethyleholest-5-en-33-ol (4c) and 24-ethyleholest-5,22-dien-33-ot (4e).
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The ratio of stanol epimers [equation (i)] has been proposed and further used as a more

reliable parameter for faecal deposition than mere concentration. Ratio values >0.7 are

generally considered to indicate sewage pollution (Grimalt et al., 1990), however, it should

be appreciated that this theoretical threshold was determined from modern-day sewage

investigations. Similar studies of ancient archaeological soils may well demand a lower

threshold due to disproportionate degradation of the 53-epimer, with time, giving a ratio

which indicates a lower level of pollution derived input of 513-cholestan-3P-ol. Despite this

reservation the ratio was applied, as a parameter, to the sterols detected in the G2 terrace

soil profile. Whilst ratios associated with most depths do not meet the 0.7 threshold, that

pertaining to the 85 cm sample (0.73) does; additionally, the 95 cm sample ratio (0.62) is

also quite close to the threshold (Fig. 3.8a). This result, which meets the original threshold

criteria of the ratio, is very encouraging and provides strong evidence for the ancient

inclusion of faecal material in the lowest levels of the terrace profile.

Additional study of the relative abundance of 50-stanols in the 85 cm sample can provide

further useful information with regard to the ancient faecal source. Bethell et al. (1994),

and more recently Evershed and Bethell (1996), proposed criteria to enable identification

of human faecal deposition, these being:

• higher absolute levels of 5P-stanols,

• generally, higher absolute abundances of 5a-stanols,

• a percentage of 5P-cholestan-313-ol, relative to the total 5f3-stanol content, of 55 %o

or more, and

• a ratio of 53-cholestan-33-o1:24-ethy1-50-cho1estan-313-o1 of 1.5:1 or greater [the

ratio for human faeces is 5.5:1 whilst that of ruminants (sheep and cows) is 1:4].

Faecal inputs of samples meeting these criteria were ascribed to human or porcine sources

whilst samples failing the latter criteria were considered to have received a faecal input

from a ruminant animal (large quantities of 24-ethylcholest-5-en-33-o1 ingested in plants,
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producing a predominant C29 513-stanol gut reduction product). Inspection of the 85 cm

profile reveals that criteria are met indicating a probable human or porcine derived faecal

input to the lower terrace soils.

Ratio

Figure 3.8 Ratio plots of (a) [5 13-cholestan-3 f3-ol/(5 a-cholestan-3 13-o1+513-cholestan-
313-o1)] and [(5 f3-cholestan-313-01+513-cholestan-3 a-o1)/(5a-cholestan-3 13-

ol+5 f3-cholestan-3 13-o1+513-cholestan-3a-01)1, (b) 5 f3-cholestan-3 f3-o1/513-
cholestan-3a-01 and (c) cholest-5-en-3f3-o1/5a-cholestan-313-ol for soils
from the profile of Terrace G2
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As mentioned above, potsherd scatter is considered to be indicative of ancient manure

application and has been detected in both of the lower horizons which constitute the

majority of the soil in terrace G2. Whilst this agrees favourably with chemical evidence,

based on 5f3-stanols, for the occurrence of manuring episodes in the Early to Middle

Minoan (according to the chronological assignment of sherds in the lower soils) initial

appraisal reveals less support, on a chemical basis, for latter manuring episodes in

shallower soils despite the observed potsherd scatter. Inspection of the 513-stanol

distributions associated with the shallower soils reveals samples with disproportionately

high amounts of 513-cholestan-3a-ol relative to its more common epimer 513-cholestan-313-

ol. The possibility of conversion from the 3a(H) to 313(H) epimer under anaerobic

conditions has already been discussed above and a modified ratio proposed [equation (ii)]

as a more accurate parameter for ascertaining faecal pollution.

On applying this ratio to the terrace 513-stanol data all ratios are enhanced with samples

from depths of 40 and 60 cm exceeding the threshold for faecal pollution (0.73 and 0.76,

respectively) thereby providing corroboratory evidence, of manuring episodes, for all of the

potsherd scatter results. Furthermore, the ratio at 85 cm and 95 cm is enhanced (0.77 and

0.71, respectively). Figure 3.8b shows the ratio of 513-cholestan-313-ol to 513-cholestan-3a-

ol with depth. It can be observed that values associated with shallower soils representing

the Early to Late Minoan all yield fairly low ratios (<1.6) and in some cases the amount of

the 313(H) epimer actually exceeds that of the 3a(H) epimer (35 and 40 cm; 0.6 and 0.7,

respectively). Conversely, ratios generated by the surficial and lowest soils are all relatively

high (>2.1), especially that of the 85 cm sample (3.8). Whilst McCalley et al. (1981)

ascribed epimer formation to bacterial reworking under anaerobic conditions in sewage

sludge, it is difficult to envisage this process existing to any significant degree in the dry,

arid environments which constitute the soil formations of Pseira Island. However, it is

conceivable that increases in the abundance of the 3[3(H) epimer could arise from

predepositional accretion of the faecal matter. For example, long-term composting of faecal

matter could generate the conditions necessary for epimer conversion. Hence, information

about the predepositional use of faecal material may be tentatively derived from soil sterol

distributions. Samples associated with the very Early Minoan (85 and 95 cm) do not appear

to have received the same predepositional treatment. Likewise, the ratio associated with the
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surficial soil indicates an aerobic environment as might be expected for, what is most

likely, a modern-day background of faecal sterols. Similar analysis of the cholest-5-en-31-

o1:5a-cholestan-313-ol ratio, an indicator of microbial reduction, in the terrace soils reveals

that whilst there is initial rapid reduction, it decreases to a low rate for all soils � 10 cm

depth (Fig. 3.8c; Mermoud et aL, 1984; Peakman and Maxwell, 1988). The absence of any

sudden increase in microbial reduction at middling depths would appear to support the

action of predepositional treatment of faecal material in increasing the relative content of

5 [3-cholestan-3a-ol .

In order to strengthen the argument for faecal deposition in Greek Minoan terrace G2, a

final question regarding the possible pedogenic formation of 513-cholest-313-ol must be

resolved. To this end samples from L, F and A horizons beneath a woodland environment

were obtained and the associated sterol distributions determined. Since each horizon

represents accumulations of sequentially older organic matter, pedogenic formation and

degradation of compounds may be studied. Figure 3.9 is a schematic depicting the sample

site and gas chromatograms of each of the horizon sterol fractions isolated. The most

notable difference between the three layers is the rapid degradation of 24-ethylcholest-5-

en-313-ol resulting in a pseudo-enhancement of less abundant (and more resistant

compounds) in the F and A horizons, e.g. lupeol and taraxerol. Inspection of the C27 sterol

components reveals the minor occurrence of cholest-5-en-3P-ol in the L horizon. In the F

and A horizon fractions the presence of 5a-cholestan-313-ol is observed, however, more

importantly, cholest-4-en-3-one and 513-cholestan-3-one are detectable. It has already been

established that these latter two compounds are intermediaries in the formation of 513-

cholestan-313-ol; however, the presence of 513-cholestan-313-ol is not observed in any of the

three samples (Eyssen et al., 1973; Ren et al., 1996). It may be recalled that cholest-4-en-3-

one is also an intermediate in the oxidative degradation of A 5 -sterols by microorganisms

and as such is not solely an intermediate in the reduction of cholesterol to various C27

stanols. (Arima eta!., 1969; Nagasawa eta!., 1969). This point is emphasised by the

presence of 24-ethylcholest-4-en-3-one, an intermediate in an analogous C29 pathway

which would have yielded a large quantity of C29 stanols were reduction the only route of

transformation.
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Figure 3.9
	

Partial GC-FID chromatograms of the sterol fractions of the L, F and A
horizons from the soil profile of the wooded Gees Croft experiment,
Rothamsted Experimental Station, Harpenden, Herts., UK.
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However, the abundance of 24-ethyl-5a-cholestan-33-o1 in the A horizon is minimal

compared with the presence of 24-ethylcholest-5-en-33-ol in the L horizon and the

presence of 24-ethyl-53-cholestan-313-ol is not detectable in any horizon thereby qualifYing

518-stanol formation as an unfavourable and unimportant route of /15-sterol reduction in

aerobic soil environments. The presence of 5I3-cholestan-3-one is minor and most likely

derived from the background faecal pollution of indigenous fauna.

3.4.4 Archaeological Implications

In light of these results, it would appear that an organised manuring regime of agricultural

terrace soils was practised on Pseira Island from the Early to Late Minoan periods. Manure

was formed from excrement (most likely human given that there exists no evidence of pig

husbandry) and household detritus most likely retained as heaps for a short period of time

before transportation to the terraces. With an increasing populous, over time, the rate of

urban manure formation would have increased probably leading to the formation of long-

term heaps of composting manure which could be transported to the terraces as and when

required. This could result in the generation of large quantities of 5P-cholestan-3a-o1,

relative to its epimer, as determined for many of the younger samples.

The detection of a manuring signal in Greek Minoan terrace G2 is extremely encouraging

and, in the lower samples, represents the oldest manuring regime ever detected by this

method (ca. 4500 years). Furthermore, in specific environments, the relative abundance of

53-cholestan-3a-ol would appear to provide further information regarding ancient

predepositional accretion of manure.

3.5 Conclusions

The aim of this chapter has been to investigate an ancient, agricultural soil and establish

whether it has ever been subjected to a manuring regime and thereby extend the limits of

geochemical faecal detection. Analysis of TOC levels and abundances of aliphatic

components (n-alkanols and n-alkanoic acids) revealed little information other than the

terrace was relatively undisturbed and, at deeper levels, not in receipt of any modem-day

organic material. Subsequent analysis of steroidal components revealed several interesting

points, namely:
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(i) Using a modified ratio of C27 stanol epimers episodes of faecal deposition were

confirmed in the two lower soil horizons thereby supporting the results of potsherd

distributional analysis,

(ii) The faecal material was tentatively classified as human in origin, and

(iii) Analysis of relative 513-cholestan-3a-ol levels provided potential information

regarding manure composting regimes over the course of Pseira Island's agricultural

history.

Detection of a structured manuring regime in Minoan times, using 513-stanols, represents

the oldest positive identification of this type (ca. 4500 years) made using organic

geochemical methods.
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4.1 Objectives

In previous chapters the chemical behaviour and survival of lipids under an agricultural

regime has been examined, and the use of biomarkers extended to investigate the history of

a Bronze Age agricultural soil. The general aim of this chapter is to widen the scope of

analysis to encompass several soil profiles of limited geographical spread using lipid

distributions, specific lipid biomarkers and compound specific 8 13C analyses. The focus of

the study concerns various ancient anthropogenic sedimentary deposits located in the

Orkney Isles. These sediments have already been studied using a number of more

traditional soil analysis techniques including thin section micromorphology, bulk 8 13 C and

total phosphate. It has been hypothesised that these anthropogenic deposits arose from the

deposition of specific organic inputs (e.g. natural vegetation, cereal grains, animal manures,

seaweed, fish and ash) and that the relative proportion of these inputs is indicative of the

economy maintained by associated human settlements (Simpson, pers. comm.). Therefore,

the overall aim of this work is to utilise various techniques of lipid analysis to obtain

information regarding the origin of organic matter in these ancient sediments so that, in

combination with traditional soil analyses, specific information may be obtained

concerning the economy of ancient settlements.

4.2 Background

4.2.1 Early Habitation of the Orkney Isles

The Orkney Isles are a group of between 70 and 90 islands located geographically about

latitude 590 N within the North Atlantic Ocean, just off the northern coast of Scotland from

which they were separated —11000 BC. The Isles still possess a wealth of archaeologically

interesting sites (e.g. Skara Brae, Ring of Brodgar, Stones of Stennes etc.) due to a

combination of local conservation efforts and relatively slow encroachment of modern-day

society. Human activity on the Isles is thought to have occured as early as the Mesolithic

period (-4000 BC) with inherently rich fishing grounds attracting transitory populations

with hunter-gatherer economies. The earliest radiocarbon dates, from a domestic settlement

at Knap of Howar in Papa Westray (3600-3100 BC), indicate fully fledged Neolithic

occupation although permanent habitation most likely occured at an earlier date. The

population associated with this later Neolithic period would have exhibited a subsistance

farming economy and at Tofts Ness, Sanday, there is evidence of intensive cultivation in
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Neolithic times. Crops initially consisted of wheat and barley although due to a drop in

temperature (-2 °C) around 3800 BC hardier varieties, e.g. barley and oats, proved more

reliable. The Isles of Sanday and North Ronaldsay possessed few deposits of peat so

seaweed, turf and animal dung were used as primary fuel source, the burning of turves

(with a high iron content) giving rise to the orange/red soil deposits observed at Tofts Ness.

Due to increasingly adverse weather conditions and increased anthropogenic activity, by

3000 BC the only remaining vegetation in the Orkneys consisted of scrub and open

grassland. By the late Neolithic, Orcadian society was tending towards centralised

organisation; however, by the end of the third millenium BC the Isles were experiencing a

form of economic recession. Around 2700 BC there was a major advance in Orcadian

technology, with the onset of the Bronze Age, stimulating regrowth but close to the first

millenium BC there was another lull in anthropogenic activity which, it has been proposed,

arose from the atmospheric effects of dust and ash spewn from a volcanic eruption at

Hekla, Iceland (1159 BC). Compared with previous periods the Bronze Age left little in the

way of historical sites although the great cist at Sand Fiold is a notable exception. Slight

evidence exists concerning Roman contact with the Orkneys although the presence of the

Orcades was certainly known to the Empire. The geographical location of the Isles is the

most likely reason for little contact and, by 600 AD, Orkney was part of Pictland

experiencing the introduction of Christianity. During the 8 th-9th centuries AD the islands

were subjected to Viking raids and became a location for subsequent settlement. Norse

occupation had a profound effect on the culture of the Orkneys, today enabling

archaeological chronologies to be established using place name association (Simpson,

1993). Having existed for 5000 years on the periphery of civilisation the Viking Age saw a

shift of attention to this new world in the North Atlantic; many related structures still

survive to this day. The majority of information for this short review has been extracted

from Ritchie (1995) and Ashmore (1996); both should be consulted for a more

comprehensive account of Orcadian history.

4.2.2 Farm Mounds and Anthropogenic Soils

As alluded to above, around 3800 BC deterioration in the Orcadian climate resulted in

lower temperatures and an increase in prevailing winds. This led to greater transport of

calcareous sands across the islands combined with the erosion of existing soils. In order to
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counteract these environmental effects farmers adopted a system of paring whereby turves

from redundant land were dug and used as bedding for animals then applied to fields,

possibly with supplementary quantities of manure and seaweed, thereby forming fertile

anthropogenic `plaggen' soils (German: `plaggen', to cut sods; Pape, 1970; de Bakker,

1980; van de Westeringh, 1988; Mucher et al., 1990). Recent surveys of Orcadian soils

have resulted in the identification of two forms of anthropogenic sediment (Fig. 4.1),

namely: deep topsoils and farm mounds (The Soil Survey for Scotland, 1981; Lamb 1980).

The former type was described as 'deep topsoil of the Bilbster Series, usually in excess of

75 cm'. Further studies by Davidson and Simpson (1984) have revealed abnormally high

levels of phosphate in these soils as well as a general thickening about sites of early

occupation thereby supporting its anthropogenic origin. The occurrence of similar plaggen

soils has been reported in Belgium, Germany, Denmark and the Netherlands (as well as

Aberdeenshire, Scotland); the result of the above formation process practised by a mixed

pastoral-arable economy (Simpson, 1993; Castel et al., 1989). In a report concerning the

chronology of Orcadian anthropogenic soils Simpson (1993) concluded that formation of

deep topsoils commenced across West Mainland and in Stronsay during the mid to late

Norse period, slightly later in date than north-west European soils; this was based on

previous studies, placename association and radiocarbon data.

Figure 4.1	 An excavation revealing a dark, anthropogenic soil horizon
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Farm mounds represent an isolated concentration of distinct soil formations almost

exclusively located on the islands of Sanday and North Ronaldsay. A systematic survey of

these anomalies was executed by Lamb (1980). It has been suggested that the mounds arose

from the accretion of discarded turves and waste material which would normally be used

for soil fertilisation (Davidson et al., 1983). Placename evidence suggests that the mounds

existed at the time of Norse occupation (Simpson, 1993) and furthermore bear strong

similarities with mounds found in north Norway (Bertelsen, 1979; Holm-Olsen, 1981).

Investigation of the anthropogenic soils constituting three mounds, i.e. Westbrough,

Langskaill and Skelbrae revealed a number of interesting points. Radiocarbon dating

indicated post 7 th-century AD formation for the Westbrough and Skelbrae mounds whilst

that at Longskaill was relatively younger having been initiated in the early to mid 13th

century AD. The majority of soils were composed of dark mineral layers containing

organic matter of terrestrial origin (as determined by bulk 5 13C analysis) resulting from

deposition of ash and turves used for bedding in byres. Bulk 8 13 C analyses of the

Westbrough mound gave values of -22.3, -19.6 and -19.1 %o at 1.06, 1.55 and 1.75 m depth

respectively (cf. —28 %o for other depths). This was ascribed to an input of seaweed to these

soils, although overall, seaweed remained a minor component of mound construction

(Davidson et al., 1986). The current study involves samples taken from other mounds

located on Sanday (see below).

4.3 Description of Sample Sites

Figure 4.2 is a map depicting the Tofts Ness peninsula of northern Sanday, in addition, the

location of each farm mound investigated in this study (M4, M8 and M11) is shown.

Further data concerning the extent of anthropogenic soil formation, for Mounds 4 and 11,

is included in Fig. 4.3. It can be observed that deposits cover a substantial area with Mound

11, for example, extending to 150 m at its greatest width. Pits were dug in each mound

(two in Mound 8) and samples excised from the exposed anthropogenic layers in the soil

profile; the exact sampling points are shown in Figure 4.4. Bulk soil samples from the

fossil soil horizons were air-dried and passed through a 2 mm sieve. In addition, a number

of contemporary materials of the type which may have been used in the construction of

mounds were collected. These included: cattle dung, midden, roofing turves, surface

vegetation litter and seaweed (Fucus vesiculosus). A number of soil analyses have been
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made by other people on archaeological sediments obtained from Mounds 4, 8 and 11

(these studies include thin section micromorphology, bulk 5 13 C analysis, total phosphate

analysis, radiocarbon dating and a gradiometric analysis of Mound 8; Simpson et al., in

press).

Figure 4.2	 Location of Mounds 11, 4 and 8 at Tofts Ness, Orkney
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Mound 11, Tofts Ness, Sanday (HY787465)
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Figure 4.4	 Soil profiles of; (a) Mound 11, (b) Mound 4, (c) Mound 8, and (d)
Mound 8/2 (secondary profile; Simpson et al., in press)
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4.4 Results and Discussion

4.4.1 Elemental Analysis

The percentage TOC composition of each soil sample was determined and the results for

each mound summarised graphically in Figure 4.5. As may be seen, the levels all lie in the

0.98 to 6.20 % range although the majority are limited to values below 2.66 %. Loss on-

ignition measurements, considered indicative of organic deposition have previously been

performed on three different mounds located on Sanday, Orkney (Westbrough, Langskaill

and Skelbrae; Davidson et al., 1986). Interestingly, in this previous study, a general

increase in organic matter deposition was observed with depth. Conversely, TOC values

obtained from mound sediments in this study indicate a relatively large organic matter

component in the surficial layers of Mounds 4 and 11(4.92 and 6.20 % respectively) most

likely the result of contributions from modern-day flora and fauna. Whereas deeper

samples contain lower quantities of organic detritus and amongst these samples there is no

overall increase with depth. In the sub-40 cm profile, TOC levels are observed to both

increase and decrease within a narrow range indicating a relatively uniform deposition of

material over time, the low levels of organic matter being consistent with the deposition of

mineral topsoils (Davidson et al., 1986; Simpson, 1993).

% Total Organic Carbon

Figure 4.5	 % TOC levels of soils taken from the profiles of Mounds 11, 4 and 8
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4.4.2 Lipid Analysis

Lipid distributional data were obtained both to deduce the role, if any, of putative mound

inputs and to draw further conclusions concerning the behaviour of lipid components in the

natural environment.

45	 50	 55
Time / mins

Figure 4.6 Partial GC-FID chromatograms depicting; (a) a typical mound n-alkane
distribution, and (b) the n-alkane distribution from the soil of a roofing
turf
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n-Alkanes

Each sample exhibits a practically identical homology of n-alkanes typified by a

monomodal distribution with a maximum at C31; the immediate peripheral homologues

(C27, C29 and C33) are also abundant (Fig. 4.6a). The large odd over even predominance

exhibited by the observed homologous series is indicative of an input from terrestrial

vegetation (Peters and Moldowan, 1993). The maximum at C31 supports the notion that

grasses may have been a major organic input to each mound since the distribution observed

is consistent with those of most temperate grasses (Maffei, 1996). Inspection of the n-

alkane distribution obtained from the turf soil (Fig. 4.6b) and turf vegetation reveals two

very similar homologous series, thus lending further support to the proposed origin of the

mound fossil soils. A similar distribution may also be derived from the cattle dung,

implying the original food-source itself to be grass.

Wax Esters

Figure 4.7 depicts the wax ester distributions obtained from the majority of soil samples

collected from the Tofts Ness peninsula. Homologous series are observed in the C36 to C60

range with the C44 to C52 homologues generally exhibiting a markedly higher abundance.

Careful inspection of this latter range reveals the C50 wax ester, in each case, as the

characteristically most minor component barring a few notable exceptions (M812 78 cm,

Mll 3 cm and M4 30 cm). Interestingly, soils obtained from the Mound 11 profile exhibit

C52 components which are significantly more abundant than peripheral homologues,

especially in the surficial soil layer (Fig. 4.7f; 3.95 jig g-I dwt). The surficial sample obtained

from the M4 profile also exhibits a dominant C52 homologue (Fig. 4.7k; 4.74 lag g-lawt)-

Wax esters commonly occur as components of epicuticular leaf waxes, usually exhibiting a

suite of homologues (C30-056 ; Walton, 1990). Vegetation derived esters commonly contain

C26 and C28 n-alkanol moieties and a range (C 18-C22) of n-alkanoic acids (Tulloch and

Hoftman, 1973a,b; Tulloch 1984, 1987). Analysis of the moieties forming the observed

wax esters reveals a range of constiuent fragments for each individual peak (n-alkanols,

C24-C313; n-alkanoic acids C 16-C26) these larger ranges are most likely the result of

transesterification processes operating within the soil (Ambles et al., 1994; Jambu et al.,

1995). Interestingly, the most abundant acid fragment ions, for each peak, correspond with

the loss of a C26 n-alkanol moiety, this is particularly pronounced for the C44 and C48 wax

92



Chapter 4	 Orcadian Farm Mounds

ester components which exhibit dominant ions at m/z 285 (C 18 n-alkanoic acid) and m/z

341 (C22 n-alkanoic acid) respectively. The preferential occurrence of the C26 n-alkanol

moiety is consistent with the occurrence of a dominant free C26 n-alkanol component in n-

alkanol distributions derived from turf soil and turf vegetation (see below). The

exceptionally high abundance of the C52 wax ester homologue, in samples M11 3 cm and

M4 3 cm, may be attributed to a more recent input of higher plant detritus, the predominant

C26,C26 alkanol/acid composition of the ester lending support to this conclusion. The

relative prominence of the C52 component in all samples from the Mound 11 profile is

noteworthy and is possibly the consequence of enhanced preservation compared with the

soils of other mound profiles. Inspection of the distribution obtained from the roof turf

vegetation (Fig. 4.7o) reveals a homologous series (C 36-C60) dominated by components

from C42 to C56, inclusive, with an unpronounced maximum at C52. Although the

distribution may be compared favourably with distributions from three profiles (M8, M8/2

and M4) it lacks the more dominant C52 component characteristic of samples from the

Mound 11 profile. However, given the age and the former, environmentally exposed,

position of the roof turf, one would expect the sample to have suffered appreciable

degradation with no new input of lipid from vegetation. Under such a scenario the

dominant C52 component would exhibit considerable degradation (Jambu et al., 1993)

whilst the gradual increase in abundance, with chain length, observed may well arise from

an inverse relationship between rate of degradation and chain length as previously reported

for aliphatic components (Ambles et al., 1994).
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Figure 4.7	 Distributions of the major wax ester components detected in the soils taken
from each mound profile

n-Alkanols

Figure 4.8 depicts the even n-alkanol distributions exhibited by each soil from the four

mound profiles. Each homologous series lies within a C20 to C34 range with a central

maximum at C26 and prominant, but progressively less abundant, higher C28 and C30

components. It is interesting to note that the overall abundance of n-alkanol distributions

fluctuates between both profile and depth. Jambu et al. (1993) reported an increase in free

primary n-alkanols from L to F to A 1 horizon in a soil profile beneath a cover of pine trees

(Pinus maritima sp.). The soil samples in this study differ in that they have, within any

profile, been largely excised from the same horizon which originates as a result of

anthropogenic, and not natural, processes. Therefore, the fluctuations observed probably

arise from increased input of vegetation and/or increased post-depositional environmental

exposure, the latter leading to enhanced degradation.
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Inspection of the n-alkanol distribution obtained from the roof turf soil (Fig. 4.8u) reveals a

homologous series almost identical to those observed for the mound soils, albeit with a

somewhat enhanced C26 component, inferring a probable major input of turf soil and/or

related materials. As mentioned above, enhanced degradation of the more abundant C26

component could yield an identical distribution. However, it is also likely that the apparent

increase in abundance of the peripheral homologues is the result of other additional

processes, e.g. enzymatic reduction of n-alkanoic acids (Kolattukudy, 1971, 1975). The

same processes may be used to explain the 'increase' of peripheral homologues between

the roof turf vegetation (Fig. 4.8v) and the roof turf soil.

n-Alkanoic Acids

n-Alkanoic acid distributions obtained for the majority of soil profile samples are depicted

graphically in Figure 4.9. Each sample exhibits a bimodal distribution of components with

a lower maximum at C 16 and a higher maximum at C24 and C26/C28 . Only two mound soil

derived samples actually exhibit a latter maximum at C24, these being the two surficial

samples Mll 3 cm (Fig. 4.9h) and M4 3 cm (Fig. 4.9m). Both samples reflect recent

incorporation of plant detritus, a fact borne out by the high even/odd CPI values (Table 4.1)

of both distributions (14.0 and 14.1 respectively; Peters and Moldowan, 1993). Inspection

of the distribution derived from the roof turf vegetation (Fig. 4.9r) reveals a similar relative

abundance of latter homologues (�C22) with the matching maximum at C24 securing a good

correlation. In comparison, the homologous series obtained for the roof turf soil exhibits

C26 and peripheral homologues at a significantly higher relative abundance compared with

the C 16 component. Lehtonen and Ketola (1993) have suggested that the release of n-

alkanoic acids from decaying plant detritus is the process responsible for observable

increases in even long-chain n-alkanoic acids. Whilst the hydrolytic release of long-chain

n-alkanoic acids from cerides undoubtedly contributes to the increase of higher

homologues in the roof turf soil distribution, the most important contributory process is the

terminal oxidation of long-chain n-alkanols. Ambles et al. (1994) reported significant

correlation between the carbon number of even components and the even n-alkanoic

acid/n-alkanol ratio in a hydromorphic forest podzol, it was furthermore noted that the

amount of oxidation did not decrease with the increase in chain length of even n-alkanols.
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Figure 4.9	 Distributions of the n-alkanoic acid components detected in the soils taken
from each mound profile

This provides a reliable explanation for the large relative increase in C26, C28 and C30 n-

alkanoic acids, observed in distributions derived from mound soils, since the respective n-

alkanol analogues are the dominant components in each corresponding mound soil n-

alkanol distribution. The higher relative abundance of odd-chain components is also

evident in the lower CPI value (3.6) indicating the action of pedogenic microbial processes.
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The n-alkanoic acid distribution obtained from miscellaneous surficial vegetation litter

(Fig. 4.9s) does not correlate well with any of the derived distributions including, most

importantly, the relatively young surficial soils thereby affirming grassy turves as the most

probable major component used in mound formation.

Table 4.1	 Even/odd CPI values of n-alkanoic acids detected in the mound soils

Sample Name CPI Value

M8 35 cm 2.6
M8 55 cm 4.9
M8 75 cm 3.5
M8 105 cm 4.4
M8/2 60 cm 4.1
M8/2 70 cm 4.1
M8/2 78 cm 4.0
MI1 3 cm 14.0
MI1 33 cm 3.9
M1139 cm 4.1
M11 45 cm 3.4
Ml! 51 cm
M4 3 cm 14.1
M4 30 cm 3.5
M4 39 cm 3.8
M4 49 cm 4.1
Roof Turf Soil 3.6
Roof Turf Vegetation 7.3
Vegetation Litter 5.8

Sterols

In previous chapters the value of steroidal components as organic source determinants has

been both reviewed and demonstrated; they remain one of the most useful suites of

biomarkers for inter and intra-enviromental investigations having been the subject of some

study (see Volkman, 1986). The availability of modern-day inputs for comparative

purposes not only enhances the reliability of source determinations through sterol analysis

but also facilitates further study of the chemical behaviour of sterol components in the

natural environment. It should be noted that the fractions discussed in the following

section, whilst designated as and predominantly composed of sterols, do contain sterone

and triterpenol components the presence of which increases the useful information obtained

from each analysis.
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Table 4.2 summarises the relative distribution of sterols, sterones and triterpenols in each

of the potential inputs. Distributional data are presented as a percentage of the identifiable

components in each sample. Inspection of the data obtained from the cattle dung and

midden reveals two sets of very similar distributional data, a result of little surprise given

the intimate role of cattle dung in midden formation (Simpson, pers. comm.). As may be

observed, each distribution is dominated by stanols already reported as diagenetic reduction

products of stenols (MacKenzie et al., 1982). Furthermore, the single most abundant

component in each sample is a stanol exhibiting a 513(H) configuration, 24-ethy1-513-

cholestan-313-ol; 513-stanols are widely known as intestinal reduction products of A5

unsaturated sterols in mammals (Knights eta!., 1983; Laureillard and Saliot, 1993; Bethell

et al., 1994); the presence of a dominant C29 513(H) homologue attests to the bovine faecal

source (Evershed and Bethell, 1996; Evershed et al., in press). The relative proportion of

the C29 epimer, 24-ethyl-513-cholestan-3a-ol, is particularly interesting. In considering the

C29 components the cattle dung exhibits a 313,513(H) to 3a,513(H) ratio of 3.3 (33:10) whilst

that of the midden is correspondingly lower at 2.1 (21:10). McCalley eta!. (1981) have

suggested that a post intestinal bacterial origin is responsible for the increase in 3a,513(H)

epimers of stanols and the lower ratio determined from the midden data lends credence to

this proposition. It is interesting to note that the cattle dung contains no detectable

quantities of A5 unsaturated stenols thereby indicating complete reduction of these

components, the final stages most likely occuring post-depositionally resulting in the

relatively high proportion of 24-ethyl-5a-cholestan-313-ol observed (derived from C29

unsaturates); the 1 % of cholest-5-en-313-ol in the midden probably originates from

invading soil fauna excretions. The detection of 24-ethyl-513-cholest-22-en-3f3-ol and 24-

ethy1-513-cholest-22-en-3a-ol in both samples, albeit at low concentration, results from gut

reduction of 24-ethylcholest-5,22-dien-313-ol, with the lack of this latter component

confirming full reduction. The reduction intermediates 24-ethyl-5a-cholestan-3-one and

24-ethyl-513-cholestan-3-one are also observable at low abundance as is the

oxidation/reduction intermediate 24-ethylcholest-4-en-3-one (Ren et al., 1996). Both cattle

dung and midden contain moderate quantities of triterpenols, namely: 13-amyrin (olean-12-

en-313-ol), germanicol (urs-12-en-313-ol) and lupeol (lup-20(29)-en-313-o1). It is interesting

to note that 13-amyrin and germanicol are not detected in any other input. Studies of the

defunctionalised lupeol analogue, lup-20(29)-ene, have shown that it is converted to other
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compounds under acidic conditions via a proton catalysed rearrangement of the double

bond (Bull, 1993; Perkins eta!., 1995). Two of the products are olean-12-ene and urs-12-

ene, the defunctionalised analogues ofI3-amyrin and germanicol respectively. Hence, it is

conceivable that ingested lupeol may undergo such a transformation during digestion

thereby producing the P-amyrin and germanicol observed.

The soil associated with the roof turf produced a less complicated sterol fraction lacking in

a single dominant component. Inspection of the distribution reveals the presence of the

unsaturated phytosterols 24-methylcholest-5-en-313-o1, 24-ethylcholest-5,22-dien-313-ol and

24-ethylcholest-5-en-313-01, common to higher plants (Volkman, 1986), as well as the C27

congener cholest-5-en-33-ol. Also present are the associated oxic stanol reduction products

5a-cholestan-313-o1, 24-methy1-5a-cholestan-313-o1 and 24-ethy1-5a-cholestan-33-o1,

(MacKenzie eta!., 1982). Of notable point is the particularly high proportion of the

reduction intermediate 24-ethyl-5a-cholestan-3-one and the oxidation/reduction

intermediate 24-ethylcholest-4-en-3-one (Ren eta!., 1996). The high abundance of these

compounds may be accounted for by their derivation from the associated vegetation which,

as will be seen, contains a disproportionate quantity of these compounds. Taraxerol, a

previously recognised component of cutin, is also present in a moderately high proportion

(9 %; Killops and Frewin, 1994).

Vegetation associated with the roof turf generates a similarly uncomplicated distribution of

components in which the only sterols 24-methy1-5a-cholestan-33-o1, 24-ethylcholest-5-en-

33-o1 and 24-ethy1-5a-cho1estan-313-01 reside at low abundance. The dominant component

at 50 % is 24-ethylcholest-4-en-3-one whilst the other diagenetic intermediates 24-

methylcholest-4-en-3-one and 24-ethyl-5a-cholestan-3-one are present at moderately high

abundance and a 2 % proportion of 24-methyl-5a-cholestan-3-one is also observable. The

large proportion of sterones/stanones is of particular interest, especially given the low

abundance of sterols. The observed distribution is consistent with severe oxidative

degradation of plant sterols, yielding large quantities of the corresponding A 4-sterones (Ren

et al., 1996). The presence of 5a-stanones most likely represents the action of a more

minor pathway of reduction (Mackenzie et al., 1982). The degraded state of the roof turf

vegetation sterols supports an ancient, rather than modern-day, origin for the material, as
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proposed earlier. Incidentally, such high quantities of the C29 5a(H) stanone could pose a

potential problem in the application of the stanone faecal ratio [513/(5a+513)] proposed by

Grimalt et al. (1990), to such terrestrial investigations and it is best used with caution.

The distribution observed for the plant litter input is very simple and is typical of higher

plants as has been observed previously (e.g. Chapter 2). The dominant compound is 24-

ethylcholest-5-en-3P-ol (36 %) with correspondingly high proportions of 24-ethylcholest-

4-en-3-one and lupeol. 24-methylcholest-5-en-313-ol, 24-ethylcholest-5,22-dien-313-ol and

the reduction product 24-ethyl-5a-cholestan-313-ol all reside at lower levels of abundance.

Seaweed (Fucus vesiculosus) represents the only putative input of marine origin analysed.

As might be expected the 'sterol' fraction obtained is significantly different to those of

previous samples. The distribution consists of one single component identified as 24-

ethylcholest-5,24(24')E-dien-3 13-01 (fucosterol), widely recognised as the major sterol

constituent of nearly all macroscopic brown algae (Phaeophyceae; Vollcman, 1986).

Having considered the 'sterol' components of the potential mound inputs we are now in a

more informed position to examine distributions obtained from mound soils and further

assess the relative contribution of the various inputs. Whilst generally of low concentration

the majority of mound soil samples did exhibit steroidal components of acceptable

abundance to be amenable to GC analysis. Of the profiles analysed Mound 11 appeared to

possess the highest quantity of sterols relative to aliphatic components. Figure 4.10 depicts

two representative sterol fractions from Mound 11 as determined by GC. As one may

expect the surficial sample excised from 3 cm depth (Fig. 4.10a) is overwhelmingly

dominated by 24-ethylcholest-5-en-313-ol with lower but equally abundant quantities of 24-

methylcholest-5-en-3[3-ol, 24-ethylcholest-5,22-dien-313-ol and 24-ethylcholest-4-en-3-one.

The presence of these sterols as major components affirms the idea of a major input of

modern-day material derived from terrestrial higher plants (Heftman, 1975; Huang and

Meinschein, 1976; Goad, 1991). The action of oxidative/reductive processes is supported

by the presence of the latter sterone although the high proportions of A5 unsaturated sterols

to 5a-stanol analogues indicate that the input of plant material is current. The main

difference observed in sterol distributions obtained from deeper fossil soils is the decrease
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of this proportion indicating the action of degradative mechanisms on a suite of

components experiencing little or no recent input of organic material. Whilst the

comparative assessment of A5 unsaturated sterols and 5a-stanol saturates in a marine

sedimentary environment can indicate levels of microbial reduction (Mermoud et al., 1984;

Peakman and Maxwell, 1988) the apparent 'increase' of 5a(H) homologues in the mound

soils is actually the result of severe oxidative degradation of A5 unsaturated components as

described by Arima et al. (1969) and Nagasawa et al. (1969). The exclusive action of a A5

reduction pathway only forming 5a(H) analogues would produce an inverse in the relative

proportions of 24-ethylcholest-5-en-313-ol and 24-ethyl-5a-cholestan-313-ol observed in

Figure 4.10a! 513-cholestan-3P-ol is present as a minor component of fossil soils from

Mound 11 and although there is a slight increase in its abundance relative to 5a-cholestan-

30-01, with depth, its presence is most likely attributable to the multi-sourced background

of 513-stano1s observed in terrestrial soils (Bethell et al., 1994). When compared with the

sterol distributions of the potential inputs, that of the 3 cm sample most resembles the plant

litter whilst deeper samples (Fig. 4.10b) bear a strong resemblance to the distribution from

the mineral soil of the roofing turf, the lower relative abundance of 24-ethylcholest-4-en-3-

one in the fossil soils indicates a higher state of preservation compared with the roof turf.

Interestingly, 24-ethylcholest-5,24(24')E-313-ol is not detected in any soil from Mound 11,

apparently indicating little or no input of Fucus vesiculosus and/or related macroscopic

brown algae. Whilst this agrees favourably with bulk 8 13 C values obtained for the mound

soils, which were strongly terrestrial (-26.0 to -26.1 %o; Simpson et al., in press), it should

be noted that the C24-C24 unsaturation is a relatively labile functionality and in the soil

environment could well result in the complete conversion of this sterol to other steroidal

and/or non-steroidal compounds (de Leeuw, pers. comm.).
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Figure 4.10 Partial GC-FID chromatograms of sterol distributions of soils from the
profile of Mound 11 taken at; (a) 3 cm, and (b) 33 cm depth.
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The sterol distributions obtained for soils from Mound 8 (8 and 8/2) exhibit many

similarities to those of fossil soils from Mound 11 indicating a like origin which, as

discussed above, is most likely pared turves of mineral soil. A number of minor

components in Mound 11 (e.g. 24-methylcholest-5,22-dien-313-o1) were not detected in

Mound 8 soils, probably resulting from the generally lower abundance of sterols in Mound

8 with many fractions requiring careful and judicious use of mass chromatography for peak

identification. Figure 4.11 depicts total ion traces and mass chromatograms (m/z 129 and

m/z 215) for the sterol fractions of the shallowest and deepest fossil soils taken from

Mound 8. Of particular significance is the increasing abundance of 513-cholestan-313-ol and

513-cholestan-3a-ol, compared with 5a-cholestan-313-ol, observed at greater depth, i.e.

Figure 4.11(a vs b). Inspection of the m/z 215 mass chromatogram is particularly useful

since under El conditions (70 eV) the 313,513 molecule is observed to fragment to produce a

lower yield of ions with am z ratio of 215 compared with the 313,5a epimer. Hence, the m/z

215 mass chromatogram unequivocally confirms the greater abundance of 513-cholestan-

313-ol compared with 5a-cholestan-313-ol (Fig. 4.11b). The potential use of 513-cholestan-

313-ol as a biomarker of faecal deposition has already been reported (Hatcher and

McGillivary, 1979; Knights eta!., 1983; Bethell et al., 1994; Evershed et al., 1996;

Evershed et al., 1997) and discussed exhaustively. One result of the previous chapter was

the use of an epimeric stanol ratio, first proposed by Grimalt et al. (1990) and later

modified to include the epimer 513-cholestan-3a-ol as a more reliable proxy for

determining faecal deposition (Chapter 3), i.e.

5,8 + Epi5,3 

5a + 5/1+ Epi513

When applied to the C27 stanol components, determined for Mound 8 and Mound 11 soils,

an increase in the ratio, with depth, is observed for all profiles. Whilst the values for

Mound 11 samples remain �0.42, in-line with the conclusion of only a minor faecal

background contribution to these soils, those of the Mound 8 samples increase to a much

greater extent approaching the theoretical 0.7 threshold for faecal deposition in the deepest

samples, i.e. M8-105 cm (0.63) and M8/2-78 cm (0.67; Grimalt et al., 1990).

(i)
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Figure 4.11 Partial total ion traces and mass chromatograms (m/z 129, 215) of sterol
distributions of soils from Mound 8 taken from the profile at; (a) 35 cm, and
(b) 105 cm depth.
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Given the possibility of partial degradation of mound components with time it is not

unreasonable to expect a decrease in the lower limit (0.7) required to positively satisfy this

parameter for faecal deposition. Since, given their inherently greater thermodynamic

stability, 5a-stanols will be less susceptible to abiotic degradation than the 513-epimers

(Mackenzie et al., 1982). Hence, these results are taken to indicate faecal material as a

significant input during early mound construction (>78 cm) and a more minor component

during later episodes of mound formation (45-75 cm). Since the C27 50-stanols are the only

detectable 513-stanol components, the most likely faecal source is either human or porcine,

indeed, the C29 homologues, characteristic of cattle-dung and midden were undetectable.

Differentiation between these two sources requires additional analysis of bile acid

components (Bethell et al., 1994). As with Mound 11, Mound 8 soils do not exhibit any

detectable levels of 24-ethylcholest-5,24(24')E-dien-30-ol.

Figure 4.12 Plots of ratio (i) for the C27 stanol components of Mounds 11 and 8

The sterol fractions of the M4 fossil soils are extremely low in abundance; hampering any

reliable analysis although the surficial sample (3 cm) does exhibit a sterol profile almost
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identical to that of the uppermost soil of Mound 11 inferring a similar input of modern-day

vegetation derived material to this layer of the profile.

Bile Acids - Further Identification of Specific Faecal Sources

One of the results of the previous section was the identification of a faecal input involved

in the construction of Mound 8. Unfortunately, whilst analysis of sterol components

enabled the detection of deposition, a single faecal source could not be ascertained, only a

choice between human or porcine sources. Bile acids represent another group of

structurally related metabolic products which have been successfully used in the detection

of faecal deposition (Knights et al., 1983; Evershed and Bethel!, 1996; Ehlammi et al., in

press). Whilst the predominant secondary bile acid in human faeces is deoxycholic acid,

the main secondary bile acid component of porcine faeces is the C6 hydroxylated analogue,

hyodeoxycholic acid, thereby offering a potential method of faecal source descrimination

for Mound 8 (Bethell eta!., 1994). Figure 4.12 depicts the bile acid distribution of the soil

excised from 105 cm depth of the Mound 8 profile. It may be readily observed that

disregarding the internal standard the distribution is dominated by a large peak

corresponding to deoxycholic acid indicating a probable major input of human faecal

material. A number of related primary and secondary bile acids reside at a much lower

abundance; however, it is important to note the minor peak corresponding to

hyodeoxycholic acid. This component is not produced by the microflora in the human

intestinal tract and hence may represent a very minor additional input of porcine faecal

material (Ehlammi et al., in press). Interestingly, other bile acid analyses concerning

anthropogenic Orcadian top-soils, surrounding an archaeological farm settlement, have

recorded porcine faeces as the major component of a faecal input (Perret, 1997).
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4.4.3 Compound Specific 8 13C Analysis

Compound specific 8 13 C analyses provide an additional, useful investigative tool in this

study, indirectly providing potential information regarding the physical properties of soil

lipids (e.g. mobility) as well as data regarding the metabolic character of lipid origin.

n-Alkanes

The 8 13 C values obtained on the three dominant n-alkanes (C29, C31 and C33) are very

similar for the majority of samples analysed, with values generally falling within the range

of-32 to -35 %o (Fig. 4.14) confirming a large input of terrestrial vegetation, possessing a

C3 metabolism, to fossil soil formation (Smith and Epstein, 1971). The similarity exhibited

by the values of components from different profiles infers that a similar major component

has been used in the construction of each mound. In a study concerning aliphatic

hydrocarbons in three different soil types (peaty gley, acid brown earth and a podzol),

Huang et al. (1996) noted the enrichment of 13 C in n-alkane homologues, with depth (age),

and attributed this finding to increasing contributions of n-alkanes from soil

microorganisms. The results in this study show no similar enrichment with depth, again

emphasising the anthropogenic, and not natural, processes were involved in the formation

of these deposits. The microbial action would appear, over time, to affect the whole fossil

soil horizon on an equal basis regardless of depth. The isotopically lighter series of

components observed in the surficial 3 cm sample, from Mound 4, infers an input from a

modern-day source of vegetation since the —1.5 000 difference observed is consistent with

observations made previously regarding the isotopic shift caused by the uptake of '3C

depleted CO2, produced by the combustion of fossil fuels, into the biosphere (Keeling et

al., 1984; Friedli et al., 1986). The reason why the surficial 3 cm sample from Mound 11

should not also show this trend is currently unresolved.
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Figure 4.14 Plots of the 6 13C values obtained for n-alkane homologues from the
profiles of Mounds 11, 4 and 8

n-Alkanoic Acids

Additional 5 13C analyses were performed on the n-alkanoic acid components of soils from

each mound profile, the results of which are depicted graphically in Figure 4.15. Initial

inspection reveals all values to lie within a range of-27 to -37 %o with homologues

becoming progressively depleted in 13C in direct relation to chain length. 6 13C values

obtained for any, single, homologue all lie within a very narrow range reinforcing the idea,

of a consistantly uniform composition of formation material, proposed in the previous

section. The two notable exceptions to this pattern are the 3 cm surficial soil samples taken

from Mounds 4 and 11. For both samples the majority of n-alkanoic acid homologues are

depleted by —1.5 %o relative to the isotopic composition of identical homologues obtained

from samples at greater depth. As mentioned ealier, this may be attributed to the

assimilation of isotopically lighter contemporary CO 2 (Keeling eta!., 1984; Friedli et al.,

1986). Isotopic data for the C16 and C18 components should not be considered in this

particular evaluation given the proven microbiological sources of these homologues in the
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soil (Lichtfouse et al., 1995). This result holds particular importance with regard to the

question of mobility of n-alkanoic acid components in the soil environment. A number of

studies (e.g. Jaffe et al., 1996) have highlighted the physical movement of lipids within

soil/sediments. Obviously, such movement, be it as solute or adsorbed to particulate matter,

seriously hampers the use of lipid analysis in providing secure positional data concerning

sites under investigation (i.e. area and/or depth). The immobility of n-alkanoic acids in the

mounds studied is, however, supported by these data since the n-alkanoic acids in surficial

soils are isotopically distinct from deeper homologues thereby inferring little, or no,

detectable vertical mixing. As well as supporting the immobility of n-alkanoic acids (and

less polar compounds) this result also supports the notion that the lipids analysed in the

deeper fossil soil are indeed ancient in origin and not derived from modern-day sources

although 14C dating of lipids would provide more reliable support for this proposition

(Huang eta!., 1996).

Figure 4.15 Plots of the 8 13C values obtained for n-alkanoic acid homologues from the
profiles of Mounds 11, 4 and 8
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Figure 4.16 depicts the acid distribution obtained from a sample of seaweed (Fucus

vesiculosus). Since palmitic acid is a relatively major component in the observed fraction

one might expect the occurrence of seaweed, as a mound input, to shift the 8 13C value of

the associated C 16 homologues to a more enriched value (bulk 6 13 C for seaweed is —15 %o;

Boutton, 1991). Since no drastic shift to an isotopically heavier value is observed, for this

homologue in any mound profile, it may be concluded that seaweed is not a major

component in mound formation.

C 17 (IS)

C 14

C 16

C18:1

C 18
C15

16
	

18	 20
	

22

Time / mins

Figure 4.16 A partial GC-FID chromatogram depicting the n-alkanoic acid distribution
in seaweed (Fucus vesiculosus)

4.4.4 Archaeological Implications

Evidence obtained from the lipid analysis of soils from Mounds 4, 8 and 11 indicates that

the mounds arose from the systematic deposition of grassy turves combined, in Mound 8,

with a predominantly human faecal input. Radiocarbon measurements of soils from each

profile indicate a Bronze Age date for each mound with formation continuing into the Iron

Age (Simpson et al., in press). The mounds are considered to have been an integral

component in the intensive manuring regime required in order to sustain any viable

agricultural activity in the Bronze Age landscape of Tofts Ness, the abundance of
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calcareous sand inhibiting water retention during summer periods and presenting a high

risk of erosion when cultivated. One distinctive feature is the human origin of the faecal

material input to Mound 8, most likely representing household waste. The apparent lack of

significant levels of animal derived manures is significant and infers either the practice of

direct application of this material to agricultural plots or its preferential use as a fuel

source. Mound 8 appears to have been intimately associated with a human settlement

although the relative proportion of faecal material applied to the mound decreased after

initial formation.

4.5 Conclusions

This chapter has involved a synthesis of lipid distributions, specific lipid biomarkers and

compound specific 8 13 C measurements in an attempt to identify the organic components

responsible for the formation of three anthropogenic fossil soil deposits located at Tofts

Ness, Sanday, Orkney. The study has yielded a number of interesting points, namely:

(i) Analysis of aliphatic lipid components has led to the identification of grassy turves as a

major component of mound formation,

(ii) Use of ratio (i) enabled the detection of a significant faecal input to Mound 8 at initial

stages of formation, dropping to a moderate input at later stages,

(iii) Further analysis of bile acid components from Mound 8 revealed the faecal material to

be predominantly human in origin with possibly a very minor porcine contribution,

(iv) Analysis of sterol and n-alkanoic 8 I3C data failed to reveal any evidence supporting the

use of seaweed as a major component of mound formation.
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5.1 Objectives

The following chapter concerns an investigation of lipids in a salt-marsh environment.

Salt-marsh sediments constitute the borderland between submerged aquatic sediments and

terrestrial soils with compositions strongly influenced by terrestrial vegetation (Vernberg,

1993). The first objective of this study is to determine the major lipid compositions of

plants which are significant contributors to the biomass of salt-marsh sediments, in

particular Spartina anglica, a grass possessing a C4 metabolism. The second objective is to

investigate lipids in the sedimentary environment making use of both stable carbon isotope

analyses and more traditional forms of instrumental analysis to monitor the expression of

Spartina anglica derived lipids in the salt-marsh environment. The third objective is to

construct a viable mixing model, based on 8 13C values, to estimate the relative contribution

of Spartina anglica to the biomass of salt-marsh sediments.

5.2 Introduction

5.2.1 Salt-marshes

Coastal wetlands or marshes occur on the marine/terrestrial boundary of many continents

typically located from above the high tide-line up to the sub-littoral zones of the continental

shelf. Marshes commonly extend into estuaries up to a point limited by tidal influence and

are generally located in temperate regions of the Earth (Chapman, 1974). Salt-marshes are

prevalent in regions where there is a high rate of silt accretion, transported by esturine

waters or released by geological weathering of landmass. They are important for both high

rates of primary production and the habitat they provide for many species of organism.

Salt-marshes are also effective in flood, erosion and stormwater control and can improve

water quality by retaining pollutants, excess nutrients, and disease causing micro-

organisms (Vernberg, 1993). Salt-marshes occur on regions of coastline throughout the

British Isles; they are usually separated from esturine/marine waters by a low energy

environment, typically a mud-flat, populated by common species of coastal algae, e.g. Ulva

lactata and Enteromorpha intestinalis. There is a gradual merging of soil and sediment at

the terrestrial boundary, this results in the growth of vegetation with a terrestrial preference

such as Festuca rubra and Agrostis stolonifera. Actual salt-marshes have a number of

indigenous plants, the primary flora being: Phragmites australis, Scirpus maritimus, Aster

tripolium, Halimione portulacoides, Atriplex hastata, Puccinellia maritima and Spartina
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anglica. The latter species, Spartina anglica, is the dominant vegetation in British salt-

marshes (Gray et al., 1991) it is also one of the few temperate zone plants to possess a C4

metabolic pathway for CO2 fixation (see Chapter 1), one of the reasons why it has been the

focus of many studies. Given the large amount of interest generated by this species it is

important to be aware of its background.

5.2.2 A History of Spartina anglica

Spartina anglica is one of a number of species which constitute the genus Spartina. It is a

monocotyledon angiosperm belonging to the family Psoaceae, a grass commonly found in

temperate salt-marshes. The origin of Spartina anglica has been an issue of some debate. It

was first recorded at Lymington, Hampshire in 1892 and has since spread to many

temperate zones throughout the world, having a profound effect on the associated zonal

ecology (Gray et al., 1991). The origins of Spartina anglica can be traced to the accidental

introduction of two grasses, Spartina maritima and Spartina alterniflora, to Britain in the

early 19th century by shipping. It has been suggested that Spartina maritima is native to

Africa (Chevalier, 1923) whilst Spartina alterniflora (or cord grass) is found abundantly in

the large salt-marshes located along the southeastern coast of the USA. Records indicate

only two places where both species grew in close proximity, namely the mouth of the river

lichen and at Hythe, Hampshire (Bromfield, 1836; Townsend, 1883). Eventually a hybrid

of the two, named Spartina townsendii, was produced and first recorded tentatively as a

new species at Hythe, Hampshire (Grove and Grove, 1880, 1882). The spread of this new

hybrid was limited since, due to its sterility, asexual reproduction was the only method of

propagation. However, subsequent chromosome doubling of this sterile hybrid produced a

fertile amphidiploid hybrid, Spartina anglica, which almost totally lacks in genetic

variation (Gray et al., 1991). There has been much confusion between the occurrence of

Spartina townsendii and Spartina anglica and it was only in 1957 that the coexistence of

both was proved by C. E. Hubbard. The ensuing spread of Spartina anglica has been rapid

and is the result of a number of factors. The most important attribute, with regard to its

spread, has been its ability to colonise marginal environments located between

esturine/marine waters and low energy sub-littoral marsh environments. This allows it to

fill an otherwise unoccupied environmental niche; an ability that has been readily exploited

by man in an effort to provide coastal protection and reclaim land (Gray eta!., 1991).
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In fact, anthropogenic use has led to a massive increase in the global distribution of the

species resulting in a geographical spread from 57•5 0 N to 48° N in Europe, 46° S to 35 0 S

in New Zealand and Australia (Ranwell, 1967) and more recently from 41 0 N to 21 0 N in

China (Chung, 1990). Within the British Isles Spartina anglica occupies many estuaries

and is found as far North as the Isle of Harris in the Outer Hebrides; in many marshes it is

the dominant species of vegetation. As can be observed from Figure 5.1 the distribution of

the grass is higher in the South illustrating that, whilst able to thrive in a temperate climate,

it has a preference for warmer environments.

Figure 5.1	 The occurrence of Spartina anglica in the UK and Ireland

As mentioned above, Spartina anglica is able to occupy the small amount of land between

esturine/marine waters and the salt-marsh true (Fig. 5.2). In this environment it competes

with a number of other salt-marsh genera, the most prevalent being, Puccinellia,

Phragmites and Scirpus and, to a lesser extent, Aster, Halimione and Atriplex. Inward of

the salt-marsh, genera such as Festuca, Agrostis and Cochlearia dominate although their

presence is less important in studies involving Spartina since they prefer higher energy

zones of habitation. Recently swarths of Spartina anglica have been observed to be 'dying-
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back'. A number of factors are believed to be involved including global warming and the

loss of the marginal environment favoured by the species. Continued successful growth of

Spartina anglica has led to increased sediment accretion and deposition of organic detritus

resulting in the formation of a more terrestrial environment favoured less by Spartina

anglica (Gray et al., 1991). There now exists a situation of competitive interaction between

Spartina anglica and other species, predominantly the marsh-grass Puccinellia maritima.

0 Upper salt marsh
CC Lower saltmarsh (e.g. Puccinellia maritima)

Spartina anglica
C _) Mud-flat

Figure 5.2	 Elevation of a typical salt-marsh showing the preferred environment of
Spartina anglica and Puccinellia maritima

As well as its ability to stabilise/reclaim marsh-land, and the obvious connected benefits

such as increased land for cattle grazing, Spartina anglica has attracted attention resulting

from other points of interest. There has been speculation about using species of Spartina as

'environmentally friendly' fuels by taking advantage of the C4 metabolism, possessed by

the genus, which enables high efficiencies of radiant energy conversion to be realised.

Indeed, studies concerning Spartina cynosuroides have shown that this attribute is retained

even in cool temperate climates (Beale and Long, 1995). The growth and behaviour of

Spartina anglica in Britain is a subject from which much information about the plant and

the associated ecosystem may be determined. For example, if quantities of Spartina anglica

biomass in sediment could be ascertained these results could be correlated with the

extensive recorded chronology of Spartina anglica to provide a data set from which
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inferences about carbon flows in salt-marshes and possible climatic change might be made

(Bol, pers. comm.). Trace organic analyses of salt-marsh sediments and vegetation provide

novel methods by which this information may be derived. Within such a study there are

two primary options available. The first involves ascertaining the sedimentary Spartina

anglica input by analysis of specific lipids derived from the epicuticular waxes and dead

tissue of the vegetation contributing to the sedimentary biomass. The second route exploits

the C4 metabolism exhibited by Spartina anglica and utilises 8 13C measurements of bulk

organic matter from the sediment under investigation. Although some studies have made

use of such isotopic measurements (Jackson et al., 1986), sedimentary studies of this type

are hampered by the incorporation of organic matter from marine algae, which exhibits

isotopically heavy 8 13C values, e.g. Ulva lactata, (-16.0 %o). Such values fall between the

range exhibited by Spartina anglica (-12.1 %o) and Puccinellia maritima (-26.9 %o). This

will generate data which will produce possibly erroneous conclusions. By using gas

chromatography combustion/isotope ratio monitoring mass spectrometry (GCC/IRMS) it is

possible to perform 8 13 C measurements on specific lipids derived from higher plants. The

synthesis of these two routes of study circumvents the problem of algal contribution and

reliable measurements pertaining to the incorporation of Spartina anglica in sediments may

be made.

The following section is concerned with sites from which samples for this particular study

were obtained. The remaining part of the chapter reports on: lipid analysis of vegetation

and sediments, compound specific 8 13C analysis of the same material and the construction

of a viable mixing model to quantify the sedimentary incorporation of Spartina anglica.

5.3 Description of Sample Site

The majority of sediment and vegetation samples were collected from a salt-marsh at

Wytch Farm situated on Wytch Lake (actually a channel and not a lake) which is part of the

intertidal environment of Poole Harbour, Dorset on 16 th May 1996 (Fig. 5.3). All samples

were taken from the same location except for two samples of algae, Ulva lactata and

Enteromorpha intestinalis which were collected at Cleaval Point, a lower energy

environment, located approximately one mile east of the Wytch Farm site.
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(a

(b

Figure 5.4	 Photographs showing; (a) Spartina anglica with associated sediment, and
(b) Puccinellia maritimus with associated sediment
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Sediment samples were exposed using a standard garden spade followed by careful sub-

sampling of the disturbed sediment. Two sub-samples were taken from material accreted

beneath the Spartina anglica swaths, the first from an oxic sediment and second from a

lower anoxic zone (Fig. 5.4a); Figure 5.4b depicts a sampled clump of Puccinellia

maritima with sediment. A sample of Spartina alterniflora and associated sediment,

provided by Dr S Wakeham, were obtained from a salt-marsh in the USA to provide a

species comparison and control for long-term growth of Spartina ssp. Samples, used

originally in a preliminary study conducted by Dr R Bol in June 1995, were also supplied.

The set comprised three sediment samples, the first collected from the Wytch Farm site

(1995), the second W161 (1989) collected from the wash in Poole Harbour close to the

salt-marsh and the third W152 (1989) also taken from the wash but further from salt-marsh

influence. All three samples were sampled in an identical manner to the recent sampling

detailed above. Samples analysed are summarised in Table 5.1.

Table 5.1	 Summary of the samples obtained from Poole Harbour (1989, 1995 & 1996)
and the USA

Spartina anglica
Spartina anglica - oxic sediment
Spartina anglica - anoxic sediment
Puccinellia maritima
Puccinellia maritima - sediment
Phragmites australis
Phragmites australis - sediment
Scirpus maritimus
Scirpus maritimus - sediment
Festuca rubra
Agrostis stolonifera
Aster tripolium
Halimione portulacoides
Atriplex hastata
Cochlearia
Filamentous algae
Mud-flat - sediment
Ulva laciata
Enteromorpha intestinalis
Spartina alterniflora
Spartina alterniflora - sediment
Wytch Farm Sediment
Wash Mud (W161)
Wash Mud (W152)

Wytch Farm (a)
Wytch Farm (a)
Wytch Farm (a)
Wytch Farm (b)
Wytch Farm (b)
Wytch Farm (c)
Wytch Farm (c)
Wytch Farm (d)
Wytch Farm (d)
Wytch Farm (e)
Wytch Farm (f)
Wytch Farm (g)
Wytch Farm (i)
Wytch Farm (j)
Wytch Farm (k)
Wytch Farm (I)
Wytch Farm (m)
Cleaval Point
Cleaval Point
USA
USA 
Wytch Farm
Wytch Farm
Wytch Farm

whole plant (Psoaceae)
4 cm under Spartina anglica stand, brown
10 cm under Spartina anglica stand, grey
whole plant (salt-marsh grass)
greyish sediment, fine root material
whole plant (reed)
greyish sediment, fine root material
aerial parts (sea club-rush)
greyish-brown sediment, fine root material
whole plant (grass)
whole plant (grass)
whole plant (sea Aster composite)
whole plant (sea-Purslcrve, chenopod)
whole plant (spear leaved Oraches, chenopod)
aerial parts (broad-leaved crucifer)
dense mat covering salt-marsh surface
only anaerobic layer (below 5cm) collected
large amounts deposited by high tide
large amounts deposited by high tide

beneath Spartina anglica
close to Wytch Farm site
further from Wytch Farm site
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5.4 Results and Discussion

5.4.1 Salt-marsh Vegetation

Lipid Analysis

Before undertaking detailed analysis of sediment samples it was necessary to determine the

major lipid composition of vegetation growing in and around the salt-marsh; this was done

for two reasons: (i) the similarities between the lipid composition of local terrestrial and

marine vegetation needed to be ascertained thereby enabling compounds common to both

plant and algae to be eliminated from the study and, (ii) a comparison of the lipids from the

terrestrial vegetation was required to examine the possibility of using them to quantify the

contribution of Spartina anglica on a molecular level before undertaking •3 13 C analyses.

TLEs from ten plant and three algal species were isolated and analysed by HTGC and

HTGC/MS; providing a rapid analysis of the associated lipid profile. The major

components of each species were determined although highly polar compounds and lipids

of very high molecular weight were not detected using this method.

Inspection of the resulting chromatograms (Fig. 5.5a-j and Fig. 5.6a-c) immediately reveals

a large difference between the lipidic composition of the plants and algae. Internal

standards were added at levels between 135-215 u g g, ..,.. ,: i sample dwt and the relative abundance

of the standards in the algae samples (Fig. 5.6a-c) compared with those in the plant samples

(Fig. 5.5a-j) reveals the lower abundance of lipids in algae; the lower complexity of

distributions can also be observed. Occurrence of short chain n-alkanoic acids (<C 20) and

triacylglycerols (MAGs, DAGs and TAGs) in the algae lipid profiles compromises their

usefulness as compounds to monitor the sedimentary input of terrestrial vegetation. The

only other major compounds observed in the algal extracts are sterols, e.g. cholest-5,24-

dien-3P-ol and 24-ethylcholest-5,24(24')(Z)-dien-313-ol of which the latter has been

reported as a component of green algae (Volkman, 1986).

The plant extracts are all similar with regard to the range of compounds observed in the

lipid distributions. Components eluting at early retention time are dominated by C 16:09 C181

and C18:3 fatty acids and the corresponding MAGs, DAGs and TAGs can be observed in the

majority of extracts at later retention time. Interestingly, TAGs are present as major

components in all of the terrestrial samples except that derived from Spartina anglica.

126



Chapter 5	 Spartina

Homologous series of n-alkanes, n-alkanols and wax esters occur in each extract as do the

major phytosterols, 24-methylcholest-5-en-313-ol, 24-ethylcholest-5,22-dien-30-o1 and 24-

ethylcholest-5-en-313-ol, the latter being the most abundant; n-alkanals are also observed in

extracts from Puccinellia maritima (C2 8) and Atriplex hastata (C24, C28). A C 18.3 Phytyl

ester is present in most of the samples and various oligosaccharides occur in the lipid

profiles of all the terrestrial vegetation. From these results, it is obvious that there is no

single compound present at high concentration which is specific to Spartina anglica,

however, the n-alkanol distribution of Spartina anglica maximises about the C32

homologue whereas distributions observed for the other terrestrial species all have C24, C26

or C28 maxima. The homologues peripheral to the dominant n-alkanol, in any sample, have

a much lower relative abundance. Hence, in an investigation where the lipid contents of the

major contributors to sedimentary biomass are known there exists an opportunity to use the

C32 n-alkanol homologue to investigate the Spartina anglica contribution. To create

reliable isotopic mixing models, compounds which do not exhibit extreme concentration

differences between various plant extracts are ideally required. n-Alkanes would represent

a suitable choice, however, their use is severely limited when analysing lipids from recent

sediments which may well be contaminated by oil due to the superposition of oil derived

homologues in n-alkane distributions. An alternative series of compounds are the long

chain n-alkanoic acids. Although these components are more minor constituents of plant

lipids, they are separated readily from TLEs in a quick, single step experimental procedure

to provide a mixture easily quantified by GC and isotopically analysed by GCC/IRMS.
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IS	 Internal Standard - see Chapter 7

• n-alkane

0	 n-alkanol

• n-alkanoic acid

o n-alkanal

• wax-ester - values in parentheses indicate fatty acid composition, bold values indicatea dominant homologue

MAG monoacyl glycerol - preceding values indicate indicate fatty acid composition and position

(JAG diacyl glycerol - preceding values indicate indicate fatty acid composition and position

TAG tnacyl glycende - preceding values indicate fatty acid composition

Figure 5.5	 GC-FID chromatograms of the total lipid extracts from the terrestrial
vegetation samples
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Enteromorpha
intestinalis

Spartina

(a

. 3

IS	 Internal Standard - see Chapter 7

• n-alkane

O n-alkanol

• n-alkanoic acid

O n-alkanal

• wax ester -values in parentheses indicate fatty acid composition, bold values indicates dominant homologue

MAG monoacyl glycerol - preceding values indicate indicate fatty acid composition and position

DAG diacyl glycerol - preceding values indicate indicate fatty acid composition and position

TAG tnacyl glycerol - preceding values indicate fatty acid composition

Figure 5.6	 GC-FID chromatograms of the total lipid extracts from the algal samples

Having identified compounds likely to provide a means of monitoring the relative input of

Spartina anglica to sedimentary biomass, TLEs of the dominant flora were separated and

analysed to provide reliable quantitative data for the distributions of targeted lipids. Figure

5.7 shows the n-alkanol distributions of Spartina anglica (Fig. 5.7a), Puccinellia maritima
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(Fig. 5.7b), Phragmites australis (Fig. 5.7c) and Scirpus maritimus (Fig. 5.7d). Initial

inspection of the results reveals a large total concentration difference between n-alkanols in

Spartina anglica and Scirpus maritimus and a significantly higher abundance of those of

Puccinellia maritima and Phragmites australis. Each sample exhibits a range of n-

alkanols; observed homologues typically lying between C22 and C32 although the range

exhibited by Puccinellia maritima is somewhat wider (C 18-C34) and that of Scirpus

maritimus slightly narrower (C24-C30). All four distributions are monomodal to a greater

(Puccinellia maritima) or lesser (Scirpus maritimus) degree with homologue maxima

residing in the C26-C30 range for the C3 plants. Spartina anglica, however, exhibits an n-

alkanol profile maximising at the C32 homologue. This deviates from the range exhibited

by many C3 grasses such as festucoids which are dominated by C26 or C28 components

although the panicoid sub-family does also exhibit C32 homologue maxima (Walton, 1990).

The distribution observed for the USA native Spartina alterniflora sample also maximises

monomodally at the C32 homologue indicating that this may well be a trait of the genus

Spartina. The major C32 n-alkanol component in Spartina anglica gives rise to two useful

points which benefit this study namely: (i) it allows provision for a Spartina anglica

mixing model to be constructed using the ratio of two homologues, i.e. C26:C32, due to the

extent of this ratio range between Spartina anglica (0.088) the other C3 salt-marsh

contributors, e.g. Puccinellia maritima (65) and, (ii) by using the C32 component in 8/3C

analyses the problem of a C4 species being 'swamped' by C3 species, is alleviated by the

low abundance of the C32 n-alkanol homologue in samples where total n-alkanol

abundance is at least an order of magnitude greater, i.e. Puccinellia maritima and

Phragmites australis. The resulting smaller difference in abundance of the C32 component,

between species, provides a situation more amenable to the construction of an n-alkanol-

based 8 13C mixing model than first perceived on observing the TLE data.
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Figure 5.7	 n-Alkanol distributions in fresh and dried samples of; (a) Spartina anglica,
(b) Puccinellia maritima, (c) Phragmites australis, and (d) Scirpus
maritimus

As mentioned above, n-alkanoic acids constitute a lower proportion in the TLEs of the

majority of flora analysed. Hence, long chain homologues are not observed clearly in TLE

profiles due to this and a combination of other factors involving co-elution and pre-analysis

treatment, however, n-alkanoic acids can be easily isolated from TLEs utilising a route of

chemical separation which may be more readily performed than similar separations of n-

alkanes and n-alkanols (Chapter 7). Figure 5.8 depicts n-alkanoic acid distributions for

Spartina anglica (Fig. 5.8a), Puccinellia maritima (Fig. 5.8b), Phragmites australis (Fig.

5.8c) and Scirpus maritimus (Fig. 5.8d). Interestingly, Spartina anglica contains a higher

total abundance of n-alkanoic acids than n-alkanols whilst there is a much larger excess of

n-alkanoic acids in the TLE obtained from Scirpus maritimus. The homologous series
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observed for the samples tend towards bimodal distributions maximising at the C16

homologue and a usually less dominant long chain homologue (C28-C32), typical of many

epicuticular leaf waxes (Walton, 1990). In contrast to the n-alkanol profiles there is a lower

difference in abundance between the homologue maxima and peripheral homologues,

thereby presenting a possibility for the construction of a number of 5 13C mixing models.

Although palmitic acid (C 16) is abundant in all samples it is a component of too many

different organisms, e.g. algae, to be used to construct a reliable model. Use of the long

chain homologues, however, does provide a series of compounds which may generate

viable mixing models.

450 Spartina anglica (a 450 Puccinellia
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Figure 5.8 n-Alkanoic acid distributions in fresh and dried samples of; (a) Spartina
anglica, (b) Puccinellia maritima, (c) Phragmites australis, and (d) Scirpus
maritimus
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Stable Carbon Isotope Analysis - Bulk

Table 5.2 summarises the bulk 8 13 C values for all flora sampled at Wytch Farm and

Cleaval Point as well as the sample of Spartina alterniflora obtained from the USA. Data

for the less prevalent species has also been included to give a complete background for

salt-marsh vegetation against which values for the major contributors may be assessed.

Table 5.2	 Bulk 8 13 C values of the terrestrial vegetation and algae

Species	 Bulk Stable Carbon Isotope Value / %o

Spartina anglica	 -12.1
Puccinellia maritima	 -26.9
Phragmites australis	 -24.0
Scirpus maritimus 	 -24.6
Festuca rubra	 -29.3
Agrostis stolonifera	 -27.7
Aster tripolium	 -26.6
Halimione portulacoides	 -27.1
Atriplex hastata 	 -27.2
Cochlearia	 -23.7
Filamentous algae	 -18.9
Ulva lactata	 -16.0
Enteromorpha intestine/is 	 -19.1 
Spartina alterniflora	 -12.0

As well as providing a general idea of the stable carbon isotopic composition of various

species a knowledge of the bulk isotope compositions will be useful in later considerations

of sedimentary organic matter. The bulk 8 13C value obtained for Spartina anglica (-12.1

%o) falls well within the range associated with terrestrial plants using the C4 metabolic

pathway for CO2 fixation (-17 to -9 %o; Epstein and Smith, 1971). A bulk 813C

measurement of -13.6 %o has been obtained previously (Jackson et al., 1986) whilst in

another study average values of -15.9, -12.9, -13.3 and -12.5 %o for leaf samples and -14.2,

-13.0, -12.8 and -12.5 %o for rhizome samples were determined from Spartina anglica

growing in the months May, June, August and September respectively (Hemminga et al.,

1996). The sample of Spartina alterniflora gave a bulk 8 13 C value of -12.0 %o which also

agrees with the 8 13 C value of Spartina anglica tissue. In this study values represent

homogenised material containing both aerial and rhizomaceous plant tissue since the

resultant sedimentary biomass will be derived from the diagenetic products of both. The

remaining terrestrial species analysed give bulk 5 13 C values within the range associated
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with plants using the C3 pathway for CO2 fixation (-32 to -20 %o); values differ by

approximately 14 %o from those obtained for C4 species (Epstein and Smith, 1971). The

three major C3 contributors, Puccinellia maritima, Phragmites australis and Scirpus

maritimus generate values over a narrower range (-26.9 to -23.9 %o) with Puccinellia

maritima exhibiting the most 13C depleted value. Values obtained for Puccinellia maritima

(-23.3 %o) and Halimione portulacoides (-26.3 ± 0.4) in another study (Jackson et al.,

1986) do differ but reasons why that of Puccinellia maritima should differ by so much (3.6

%o) are, at this stage, unclear. The three remaining tabulated values are all derived from

macroalgae (Ulva lactata, Enteromorpha intestinalis and an unidentified filamentous

algae) and as such give bulk 8 13C values of an intermediate range (-15.9 to -19.0 %o)

slightly more depleted than the average value associated with macroalgae (-15 %o; Boutton,

1991). The error these intermediate values will introduce into a mixing model, based on

bulk 8 13C values, which includes data from samples affected by a contribution from

macroalgae can be clearly recognised. Hence the obvious preference for compound specific

8 I3C analyses of lipids derived from salt-marsh vegetation.

Compound Specific 8' 3 C Analysis

The 8"C values of individual n-alkanol and n-alkanoic acid homologues of the major

species of salt-marsh vegetation are summarised in Table 5.3. These data are also presented

in graphical form for both n-alkanols (Fig. 5.9a) and n-alkanoic acids (Fig. 5.9b). A

characteristic feature of the data obtained is the significant depletion of ' 3 C of both classes

of lipid compared with the values obtained for the bulk tissue. This has been ascribed to

isotopic fractionation during the oxidation of pyruvate to acetyl coenzyme-A in lipid

synthesis (O'Leary, 1976; DeNiro and Epstein, 1977; Monson and Hayes, 1978). The

magnitude of the depletion ranges between 7.5 and 9.5 %o for the samples analysed

however there is no correlation between the magnitude of depletion and the metabolism of

the associated vegetation, i.e. C3 vs C4. In contrast, Reiley (1993) observed an average

depletion in 13C of 9.9 %o between leaf surface n-alkanes and bulk tissue 6 13C values for C4

plants, and a lower value, 7.7, %o for C3 plants. Total variation of 5 13C values across a

homologous series is relatively low ranging between 0.5 and 3.4 %o for n-alkanols and 2.4

and 3.0 %o for n-alkanoic acids.
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The 5 13C weighted mean values for Spartina anglica and the C3 plants gave a mean

difference of 13.5 %0 which correlates with the -14 %o difference calculated for the bulk

8 13C values reported above. The 8 13C values measured for the alkanols and acids of

Spartina anglica lipids also agree favourably with those determined for Spartina

alterniflora (Table 5.3), with all values except those for the C28 and C30 n-alkanoic acids

lying within experimental error; 8 13C values for the C28 and C313 n-alkanoic acids are <1 %o

outside the extremity of experimental error. Figure 5.9 also readily shows the narrow range

of 8 13C values exhibited by the lipid components, specifically, the C24-C30 n-alkanoic acids

of each C3 plant species.
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8 13C value plots of; (a) n-alkanol, and (b) n-alkanoic acid homologues from
Spartina anglica, Puccinellia maritima, Phragmites australis and Scirpus
maritimus

5.4.2 Salt-marsh Sediments

Sediment samples were taken to investigate the effect of diagenesis on lipids and with the

aim of developing a model for quantifying the input of Spartina anglica into the salt-marsh

sediments. The samples were taken to represent a range of Spartina anglica contributions

to sedimentary biomass.

Elemental Analysis

Table 5.4 summarises % TOC levels determined for the Poole Harbour sediment samples.

The highest level is observed to occur in the upper, oxic layer of the sediment beneath

Spartina anglica (7.7 %) and most likely results from the recent incorporation of fresh
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vegetation. Other samples from the actual salt-marsh exhibit similar trends in TOC (5.2-5.8

%) whilst that of the bordering mud-flat is slightly lower (4.8 %) and probably reflects the

lack of any overlying vegetation. The decrease in TOC, with distance from the salt-marsh,

is further demonstrated by the wash-mud samples, W161 and W152, which exhibit % TOC

values of 2.1 % and 0.6 % respectively. The latter represents the furthest distance from the

salt-marsh for a sample from the Poole Harbour region. The low levels of TOC exhibited

by the wash-muds implies severe degradation coupled with little recent input of organic

matter.

Table 5.4	 Levels of total organic carbon in the sediments from Poole Harbour (1989,
1995 & 1996)

Sample Name	 % Total Organic Carbon
Spartina anglica - oxic sediment	 7.7
Spartina anglica - anoxic sediment	 5.5
Puccinellia maritima - sediment	 5.2
Phragmites australis - sediment	 5.8
Scirpus maritimus - sediment	 5.5
Mud-flat - sediment	 4.8
Spartina aherniflora - sediment	 n/a
Wytch Farm Sediment	 4.4
Wash Mud (W161)	 2.1
Wash Mud (W152)	 0.6

Specific Lipid Analysis

Distributions of n-alkanol homologues separated from sediment TLEs are shown in Figure

5.10a-i. Compared with the n-alkanols extracted from vegetation samples those from the

sediments are significantly less abundant, most likely resulting from intense microbial

degradation. In another study Jambu et al. (1993) came to the conclusion that the

abundance of primary alkanols in an Al soil horizon was directly dependent on microbial

activity. The total abundance of homologues, in the various sediment samples, is in general

agreement with the TOC levels examined above. The oxic Spartina anglica sediment

showing the highest concentration of components whilst the wash muds (W161 and W152)

exhibit the lowest. Individual distributions are broader than those observed for vegetation

with each series exhibiting a higher number of abundant components. A possible

explanation for this broadening is enhanced degradation of the dominant n-alkanols

constituting the epicuticular wax of the vegetation (Jambu et al., 1993).
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Figure 5.10 n-Alkanol distributions in the sediments from Poole Harbour (1989,
1995 & 1996)

Samples taken beneath and adjacent to Spartina anglica plants give bimodal distributions

with C26 and C32 homologue maxima whilst more remote sediments yield monomodal

distributions maximising at C26 or C28. The C32 maximum reflects incorporation of the
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abundant C32 n-alkanol component in Spartina anglica. The effect is strongest in the oxic

layer of sediment beneath a swath of the C4 grass (Fig. 5.10a) where the C32 homologue is

present at over three times the concentration of the other n-alkanols. The effect is less

pronounced in other sediments but even those taken beneath Puccinellia maritima (Fig.

5.10c) and Scirpus maritimus (Fig. 5.100 show signs of probable Spartina anglica input.

The ratio of C26:C32 (w/w) may be used to obtain a qualitative estimate for the relative

amounts of Spartina anglica in a particular sediment; the lower the ratio, the higher the

contribution. Using this ratio the oxic layer of the Spartina anglica sediment gives a value

of 0.28, the anoxic layer 0.71 and the Puccinellia maritima sediment 1.19. The Wytch

Farm sediment (Fig. 5.10g), Wash Mud-W161 (Fig. 5.10h) and Wash Mud-W152 (Fig.

5.10i) give ratios of 4.5, 7.25 and 5.5, respectively. The ratio for the Wytch Farm sediment

is clearly greater than those of Spartina anglica dominated sediments as might be expected,

indicating lower Spartina anglica input. However, the values for the Wash Muds are in the

reverse order to that expected confirming that, whilst useful as a rough guide, the C26:C32

ratio is insensitive to small changes in the sedimentary composition.

Figures 5.11a-i show the distribution of even n-alkanoic acids in the sediment samples.

Compared with n-alkanoic acids separated from the salt-marsh vegetation the differences

are less pronounced than those reported for the n-alkanols. Interestingly, the sample

exhibiting the highest total abundance of homologues is the anoxic sediment beneath

Spartina anglica. This might represent an accumulation of these compounds under

anaerobic conditions but is more likely due to hydrolytic release of bound components

Lehtonen and Ketola (1993). Ambles et al. (1994) concluded that the even n-alkanoic acids

originated chiefly from the terminal oxidation of even n-alkanols. Whilst this is a plausible

mechanism for certain soils it does not appear to be a major factor influencing the

distribution of n-alkanoic acids in the sediments studied since all of the observed

homologous series are monomodal at high molecular weight (>C20). Formation of n-

alkanoic acids from even n-alkanols would produce a bimodal distribution, with a second

maximum at C32, in samples with a high content of Spartina anglica biomass, this is not

observed. The n-alkanoic acid distributions are bimodal with carbon maxima of C16 and

C26-C30 chain length. Based on n-alkanol distributions the sediment with the largest input

of Spartina anglica detritus is the oxic layer beneath the cord grass.
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Figure 5.11 n-Alkanoic acid distributions in the sediments from Poole Harbour (1989,
1995 & 1996)

A comparison of the n-alkanoic acid sediment distribution (Fig. 5.11a) with that of

Spartina anglica (Fig. 5.7a) reveals similarly elevated abundances of the C30 and C32

homologues. However, the evidence for Spartina anglica incorporation on this basis is not

compelling, and hence little may be ascertained about the origin of sedimentary biomass by
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use of n-alkanoic acid distributions without resorting to additional measurement of 813C

values.

813C Analysis - Bulk

All sediment samples were acid washed prior to determination of bulk 8 13 C values which

are summarised in Table 5.5. The 8 13 C values for sediments in salt-marsh environments

will depend on the relative proportion of carbon derived from phytoplankton, seagrasses,

macroalgae, salt-marsh detritus, and carbon transported by rivers; pollutants may also

affect the isotopic composition (Calder and Parker, 1968). For samples with overlying

vegetation the 8 13 C value may not reflect that of the above-ground biomass if there has

been a recent change in the C 3/C4 nature of the overlying plants (Dzurec et al., 1985);

indeed this statement would appear to encapsulate the whole ethos of this study.

Table 5.5	 Bulk 8 13 C values of the sediments from Poole Harbour (1989, 1995 &
1996) and the USA

Sample Name	 Bulk Stable Carbon Isotope Value / %o
Spartina anglica - oxic sediment
Spartina anglica - anoxic sediment
Puccinellia maritima - sediment
Phragmites australis - sediment
Scirpus maritimus - sediment
Mud-flat - sediment
Spartina allerniflora - sediment
Wytch Farm Sediment
Wash Mud (W161)
Wash Mud (W152)

The oxic Spartina anglica sediment gives a bulk 8 13 C value of -17.1 %o and is consistent

with the values obtained for the Spartina alterniflora sediment which is assumed to

represent 100 % Spartina incorporation in a salt-marsh. Comparison with 8 13C values of

the corresponding vegetation yields a difference of-5 %o between vegetation and its

respective sediment. The difference may be explained by the preferential degradation of

cellulose and hemicelluloses which constitute —70 % of plant residues, possibly combined

with migration losses of more resistant soluble plant biopolymers and protein complexes

which constitute —28 % of plant residues (Cresser eta!., 1993). Degradation and
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subsequent loss of these components would result in a lower bulk 8 13 C value in sediment

since they represent the isotopically heavier fraction of plant residues (cf. lipids; Park and

Epstein, 1961; Galimov and Shirinskiy, 1975). However, it would be wrong to assume that

the difference in bulk 8 13 C value will be the same for all species of C3 vegetation.

Phragmites australis, for example, has a bulk 8 13 C value of -23.9 °/oo and the associated

sediment a value of -23.5 %o. Such differences, combined with the uncertainty over algal

contributions to sediment biomass make bulk 8 13C values an inappropriate parameter for

quantitative estimates of Spartina anglica input to salt-marsh sedimentary environments.

However, as with the C26:C32 n-alkanol ratio, bulk 8 13C values may be used to obtain an

estimate of the relative contribution from C4 cord grass in samples. Wytch Farm sediment,

Wash Mud-W161 and Wash Mud-W152 have values of -20.9, -21.1 and -22.3 %o

respectively which is in the order expected given sample locations.

Compound Specific 613C Analysis

8 13 C values of individual n-alkanol and n-alkanoic acid homologues for all sediment

samples are summarised in Table 5.6; a distribution weighted mean 8 13 C value of each

homologous series is also included. Figures 5.12a-f present the data graphically. The range

of 6 13 C values exhibited by sedimentary n-alkanol homologues is much wider than those of

the individual plants, ranging between -32.8 and -20.3 %o for the oxic layer beneath

Spartina anglica. This is primarily due to differences in the n-C r, distributions of the C3 and

C4 vegetation. A mixture of the two photosynthetic types results in a characteristically C3

value for C26 and C28 chain length homologues, whilst the C32 homologue exhibits a more

enriched value, reflecting its predominantly C4 origin. The C3 to C4 trend is reflected in the

decrease in 8 13 C value from the C26 to the C32 components observed in Figures 5.12a, 5.12c

and 5.12e. The C32 component of Spartina anglica, Spartina alterniflora and the associated

sediments all give similar 8 13 C values thereby confirming the specific origin of this

component. Even at low levels of cord-grass input, measurement of the C32 n-alkanol 813C

value should provide a sensitive method for the detection of Spartina anglica.
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-20

8 13C n-Ce ranges observed for n-alkanoic acids are narrower than in corresponding n-

alkanol distributions and at —3 %o are only slightly higher than the values exhibited by n-

alkanoic acids from vegetation. This is due to the similar broad distribution of the n-

alkanoic acids in all flora in contrast to the corresponding n-alkanols. The 8 13C plots of the
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n-alkanoic acids (Figs. 5.12b, 5.12d and 5.120 show a general trend of increasing depletion

with chain length (�C24) in all sediment samples and furthermore reflect the range and

overall order of Spartina anglica contribution, e.g. Wytch Farm>W161>W152. This order

can be determined by considering virtually any of the major n-alkanoic acids, thereby

offering scope for the construction of a multi-variate mixing model using a number of n-

alkanoic acid components.

5.4.3 Estimation of the Relative Input of Spartina anglica Biomass to Sediment

Construction of a Theoretical Mixing Model

The primary objective of this study is the construction of a mixing model, based on

compound specific stable carbon isotopic data, to estimate the relative contribution of

Spartina anglica to the biomass of various salt-marsh sediments. This combination of lipid

distribution and stable carbon isotope techniques provides a means of quantitation which

neither technique could give separately. The usefulness of epicuticular leaf wax n-alkanes

as chemotaxonomic markers has previously been confirmed (Maffei, 1996) and

successfully applied to estimate the species composition of various herbage mixtures

(Dove, 1992). However, both studies, whilst achieving their objectives, are concerned with

n-alkanes extracted directly from plant tissue compositions. Extension of this approach to a

sedimentary environment would be problematic as the lipid components would be subject

to degradative processes, i.e. biotic/abiotic oxidation. This would alter the distribution of n-

alkanes and render any reliant mixing models invalid. Contamination from other terrestrial

vegetation and/or various anthropogenic sources could also hinder such a model. The

incorporation of n-alkanes from vegetation into soil has been reported in an investigation

into the effect of cultivating Zea mays (maize), a C4 plant, on a soil which was previously

under the influence of C3 vegetation (Lichtfouse et al., 1994). In this case the differing

metabolic origin of crop and soil n-alkanes was exploited by using compound specific 813C

analyses, however, no attempt was made to correlate the isotopic compositions of soil n-

alkanes with maize contribution to biomass. Given the relative ease of n-alkane extraction

and analysis their use in this study of Spartina anglica is alluring, but inappropriate due to

other sources of n-alkanes, such as oil contamination, n-alkanoic acids (Lichtfouse and

Collister, 1992) and algal n-alkenes (Freeman eta!., 1994; Collister eta!., 1994; Spooner et

al., 1994). Compound specific stable carbon isotope analysis has been used to great effect
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in the detection of vegetable oil adulteration (Woodbury et al., 1995) where mixing models

of C4 maize oil and a cheaper C3 adulterant vegetable oil were constructed using 813C

values obtained for C160, C 181 and C182 fatty acids; adulteration at 5 % (w/w) was readily

detected. Similar to the study concerning herbage species, analytes were extracted from

source compositions and not from a secondary environment, however, this study does offer

a sound foundation on which a sedimentary model may be based.

In their study Woodbury et al. (1995) constructed oil mixture calibration curves using the

mathematical model of mixing shown below:

8 13C(A,m ) = 613C(A){[A(% in A)] / [A(% in A)] + [M(% in M)]I +

613C(m){[M(% in M)] / [A(% in A)] + [M(% in M)]I

where A is the adulterant oil and M is maize oil; 8 13 C(A+m) is the predicted isotope ratio of

the fatty acid with contributions from both the adulterant oil and the maize oil, 8 13 C(A) is

the isotope ratio of the fatty acid in the adulterant oil, 5 13 C(m) is the isotope ratio of the fatty

acid in the maize oil, A is the concentration of adulterant oil present (%, by weight), M is

the concentration of maize oil present (%, by weight), % in A is the amount of the fatty

acid in the adulterant oil and % in M is the amount of fatty acid in the maize oil. The

mixing of maize and C3 vegetable oils is directly analogous to the mixing of Spartina

anglica and C3 plant tissues, however, determination of mixing values based on

sedimentary input demands consideration of additional factors, namely: (i) the dry/wet

tissue ratios (i.e. relating the concentration of lipid in the fresh plant), and (ii) the primary

production of each species being modelled. Fortunately, experimentally determined dry/wet

ratios obtained for Spartina anglica and the major invading species, Puccinellia maritima,

are closely comparable. Figure 5.13 depicts primary shoot production of Spartina anglica

and Puccinellia maritima over a period of one year. Whilst early growth of the latter

species is clearly observed, growth of Spartina anglica rapidly increases around June

stimulated by the high rise in mean air temperature, and remains later into the autumnal

period so that, overall, both species have a similar net primary production (Hussey and

Long, 1982).
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Figure 5.13 A plot of annual primary production for Spartina anglica and Puccinellia
maritima (adapted from Long, 1983)

These experimental observations greatly simplify the construction of a mixing model so

that the mass per gramvegetatton awt of the lipid being modelled is the only important variable

in the equation:

8 13 C(s+p) = 8 13 C(s ) {[S.(mass in S).R(s).P(s)] / [S.(mass in S).R(s).P(s)] + [P.(mass in P).R(p).P(P)i}

8 13C(p) {[P.(mass in P).12(p).P(p)] / [S.(mass in S).R(s).P(s)] + [P.(mass in P).R(p).P(P)i}

where S is Spartina anglica and P is Puccinellia maritima; 8 13 C(s+p) is the predicted isotope

ratio of the lipid component with contributions from both Spartina anglica and Puccinellia

maritima;6 13 C(s) is the isotopic ratio of the lipid component in Spartina anglica,8 13C(p) is

the isotopic ratio of the lipid component in Puccinellia maritima, S is the amount of

Spartina anglica present (%, by weight), P is the amount of Puccinellia maritima present

(%, by weight), (mass in S) is the mass of the lipid component per gram of Spartina

anglica, (mass in P) is the mass of the lipid component per gram of Puccinellia maritima,

R(s) is the dry/wet ratio for Spartina anglica, R(p) is the dry/wet ratio for Puccinellia

maritima,P(s) is the primary production of Spartina anglica and Pm is the primary

production of Puccinellia maritima. As mentioned above, in this case, R(s) R(p)
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and P(s ) ---- P(p) thereby cancelling out and giving an equation analogous with that used by

Woodbury eta!. (1995). This equation enables the construction of mixing models based on

any lipidic component of Spartina anglica and Puccinellia maritima for which 8 13C values

can be measured. The validity of these theoretical models can then be assessed by

comparison with 8 13C values obtained experimentally from mixtures of Spartina anglica

and Puccinellia maritima of known composition.

Testing the Model

Six mixtures of varying composition were prepared from dried plant tissue of Spartina

anglica and Puccinellia maritima (19:1, 9:1, 8:1, 7:3, 1:1 and 3:7). These mixtures were

subjected to the same experimental protocol as previous vegetation samples. The analytical

results were then compared with theoretical models of Spartina anglica and Puccinellia

maritima mixes. Three models were tested initially, namely: (i) a C26:C32 n-alkanol ratio

model, (ii) a C32 n-alkanol 8 13 C value model and, (iii) a C26 n-alkanoic acid 8 13C value

model. The choice of the two n-alkanol based models was made with knowledge of the

dominant C32 component observed in extracts of Spartina anglica (Fig. 5.7a); the ratio

model was included for comparative purposes between non-isotopic and isotopic methods.

Whilst C26 n-alkanoic acid is not the most abundant homologue in the distributions of the

major salt-marsh contributors, the associated sedimentary 8 13 C values exhibit stable trends

with respect to peripheral homologues (Figs. 5.12b, 5.12d and 5.120. Short chain

homologues (<C 24) tend to be less abundant and their 8 13 C values more erratic whilst the

long chain component (C30) is prone to greater effects from GC column bleed. Figure 5.14

shows the curve obtained for the theoretical C26:C32 n-alkanol ratio model with values from

experimental mixtures plotted as single points. These values seem to agree relatively well

with the predicted trend although the contribution from Spartina anglica does appear to

drift from the ideal for mixtures >70 %. Figures 5.15a and 5.15b depict the theoretical 813C

curves calculated using the C32 n-alkanol and C26 n-alkanoic acid lipid components; once

again experimentally obtained values are superimposed as single points. Since a reliable

8 13 C measurement of the C32 n-alkanol in Puccinellia maritima vegetation could not be

made, the weighted mean 8 13 C value was substituted as a C3 end-point for the theoretical

8 13C n-alkanol mixing curve. The C32 n-alkanol model gives an acceptable correlation with

the experimental values despite larger analytical errors although the values of mixtures >70
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% drift from the norm in an analogous manner to the ratio model. In contrast, there appears

to be a better correlation between the theoretical curve and experimental 8 13C values for

the C26 n-alkanoic acid model; the majority of values agreeing with those predicted. It

should be noted that the analytical error takes instrumental errors and errors associated

with compound derivatization into consideration. Derivatisation is a possible reason for the

poorer correlation observed for the C32 n-alkanol 8 13 C model. Future studies would benefit

from a single stock source of silylating agent thereby negating the need to redetermine the

8 13 C value for each new BSTFA source (cf. a single source of BF3-Me0H used for

methylation). The discrepancies noted for compositions of >70 % Spartina anglica in the

n-alkanol ratio model could be due to experimental weighing error although this would

seem unlikely given the good correlation observed for the C26 n-alkanoic acid 6 13 C value

model; a more probable error could arise from different extraction efficiencies associated

with the tissue of the two plant species.

Figure 5.14 A plot of a theoretical C26:C32 n-alkanol ratio curve superimposed with the
experimentally obtained ratios for the artificial mixes of Spartina anglica
and Puccinellia maritima plant tissue
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Modelling the Sedimentary Environment

Having established that the theoretical models correlate with experimental mixes of

Spartina anglica and Puccinellia maritima tissue the next stage is to apply 6 13C values

obtained from actual sediments to the models. Whilst the exact quantity of incorporated

Spartina anglica biomass in these sediments is currently unknown the relative order of

incorporation can be estimated from experimental data and geographical location of

samples. Table 5.7 is a summary of estimated quantities of Spartina anglica incorporation

in the sediments sampled using the three models tested above. Values for sediments below

Phragmites australis and Scirpus maritimus were not calculated since the model is

currently based upon a mix of Spartina anglica and Puccinellia maritima, this will be

addressed in subsequent sections.

Table 5.7	 Estimates of the relative incorporation of Spartina anglica biomass obtained
by applying sedimentary data to the three proposed theoretical mixing
models (values in parentheses are ranges representing the extremities of
analytical error)

Sample Name C26:C32 n-Alkanol Ratio C32 (OH) C26 (COOH)
Spartina anglica -
oxic sediment

100 % 93 % (80-100 %) 97 % (94-98 %)

Spartina anglica -
anoxic sediment

98 % 100 % (-) 98 % (96-99 %)

Puccinellia maritima -
sediment

97 0 0 46% (35-58 %) 96% (93-97%)

Phragmites australis -
sediment

n/a n/a n/a

Scirpus maritimus -
sediment

n/a n/a n/a

Mud-flat -
sediment

94 % 37 % (26-56 %) 98 % (96-99 %)

Spartina alterniflora -
sediment

n/a 73 % (57-89 %) 97 % (94-98 %)

Wytch Farm 82 % 79 % (46-100 %) 98 % (93-97 %)
Sediment
Wash Mud 72 % n/a 84 % (82-88 %)
(W161)
Wash Mud 78 % 48 % (41-57 %) 77 % (68-82 %)
(W152)

The C26:C32 n-alkanol ratio mixing model produces high estimates of sedimentary Spartina

anglica incorporation apparently inferring only recent transgression of the invading species

Puccinellia maritima (97 % sedimentary biomass derived from Spartina anglica). Values
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for the Wytch Farm sediment (82 %) and the wash muds are lower, as might be expected,

however sample W161 (72%) has a lower estimate of contribution than the W152 sample

(78 %); this does not correspond with its greater distance from the salt-marsh. Estimates

made using the C32 n-alkanol 8. 13C value model yield a much wider range of quantity

estimates. Compared with the results of the ratio model the C32 model predicts a lesser

contribution of Spartina anglica biomass in the case of the Mud Flat (W152) sediment

giving an estimate which is nearly 60 % lower. The order of Wash Muds could not,

however, be ascertained due to experimental difficulties in obtaining a 8 I3C value for

sample W161. The final C26 n-alkanoic acid isotopic model gives extremely high levels of

incorporation for all sediments with quantity estimates residing in the >95 % range; the

only exceptions are samples W161 (84 %) and W152 (77 %) which, whilst still high, do

fall into the expected order of incorporation. At first one might conclude that the C26 n-

alkanoic acid model is the more accurate since the incorporation values it generates are

very similar to those yielded by the C26:C32 n-alkanol model, however, this may well be

coincidental as will be discussed below.

Heterogeneous substrates decomposing under constant conditions do not, in general,

conform to an exponential decay model. Observed rates in such cases are greater than those

predicted by the exponential in the early stages of decomposition when more easily

decomposed components are present and less than predicted in later stages when more

resistant components predominate (Pinck et al., 1950; Floate, 1970; Martel and Paul,

1970). However, Minderman (1968) suggested that the individual components of a

heterogeneous substrate might show exponential decay, i.e. the rate of decay can be

predicted by first order kinetics. The concentration of hexacosanol (C26) in Puccinellia

maritima (1785.9 jig g-i d,,t) is much higher than that of the dominant C32 n-alkanol

component in Spartina anglica (88.7 jig g-I dwt). Hence, at the onset of diagenesis, the rate

of decomposition of the C26 homologue will be higher in all cases with <97 % input of

Spartina anglica since an incorporation value of-97 % gives a theoretical C26:C32 ratio of

1. However, for an ideal first order rate of degradation, the relative proportions of

homologues should remain constant. Inspection of the sedimentary n-alkanol distributions

(Fig. 5.10a-i) clearly demonstrates the action of enhanced degradation on the dominant

plant derived n-alkanols (cf vegetation derived components, Fig. 5.7a-d). The action of
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preferential degradation, on a C28 n-alkanol homologue in soil, has already been observed

(Jambu et al., 1993); however this apparently unintuitive rate of loss requires further

investigation via additional degradation experiments. Since for the majority of Spartina

anglica vs Puccinellia maritima mixtures the C26 n-alkanol will predominate one might

expect similar enhanced degradation to affect sedimentary incorporation of plant lipids.

Hence, values for Spartina anglica biomass contributions will be disproportionately high

when estimated by the ratio model. Having realised a possible error inherent to this

application of the ratio model, the similarity between values would appear to question the

validity of the C26 n-alkanoic acid model. The high incorporation values obtained in this

case can be explained by possible migration of the more polar n-alkanoic acid components

from the Spartina anglica dominated sections of salt-marsh thereby generating heavier

8 13 C values for the associated sedimentary n-alkanoic acids. This conjecture is founded on

the observation that the salt-marsh is a very dynamic, water-logged, saline environment

subjected to frequent flooding leading to physical movement of accreted sediment. Indeed

the latter point, flooding, can have profound effects on the biomass of wetland marshes

(van der Valk, 1994). The adsorption of n-alkanoic acids to solid particles has already been

noted (Jambu et al., 1978; Dinel et al., 1990), thus physical transport of silt could enhance

the area effect of n-alkanoic acids from Spartina anglica. This effect would also be

increased by solubilization and transport of acids resulting from salt formation. This has

been previously investigated by Meyers and Quinn (1973) who observed that adsorption of

heptadecanoic acid by bentonite clay, at 4 %o salinity, was nearly triple that at 0 % salinity.

In light of this the remaining C32 n-alkanol model appears to hold the most promise;

indeed, any problems caused by derivatisation are minor and may be overcome. The greater

hydrophobicity of the n-alkanol component compared with the C26 n-alkanoic acid would

appear to present a more reliable model with the additional benefit of a less extreme curve

and hence the lower affect of analytical error on the quantity estimates for low amounts of

Spartina anglica input (Figure 5.15a, cf. Figure 5.15b).

Extending the Model

Although the majority of applications in the UK are satisfied by the two component model

(Spartina anglica vs Puccinellia maritima) the model can be modified to provide rough

estimates for three or four component mixes. In order to successfully extend the model to
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include the other two major contributors of vegetation, Phragmites australis and Scirpus

maritimus, it is necessary to obtain information about the primary production of these

species (Table 5.8 summarises the data from a number of studies). As mentioned above

Spartina anglica and Puccinellia maritima have roughly the same primary production.

Table 5.8	 A summary of dry/wet ratios and previously determined primary production
data for Spartina anglica, Phragmites australis and Scirpus maritimus

Species Dry:Wet w/w Primary Production / g m 2 year-1 Reference
Spartina anglica 0.21 1145 Dunnet et al. (1990)

Spartina anglica 0.21 1600 - 1850 Scott (1985)

Spartina anglica 0.21 1162 - 1649 Groenendijk (1984)

Spartina anglica 0.21 1130 - aerial Hemminga eta!. (1996)

Scirpus maritimus 0.13 1372 - aerial Deleeuw et al. (1993)

Phragmites australis 0.22 4400 - aerial Serag (1996)

Data from the summarised studies, and consideration of the dry/wet mass ratios, indicate

that on average Phragmites australis contributes about twice the amount of lipid, per unit

area, relative to Spartina anglica, and Scirpus maritimus a little less than an equal amount.

A model of Spartina anglica vs Puccinellia maritima, Phragmites australis and Scirpus

maritimus may be represented graphically by using the modified equation:

SnC	 8°C s US (mass In S).12(s).P(s I IS (mass in S) .R(s ) P( s )] + [P.(mass in P).12ip).P(p)] + [ph.(mass in Ph).R( pn).P( pl)i [Sc.(mass in Sc).P4s.).Piso1)

8"C(,)([P.(mass in P).R,p ) .Po	 [S.(mass in S)12(s).P(s)] + [P.(mass in P).11(p).P(p)] + [Ph.(mass in Ph).P(F,h).P(ph)] [Sc.(mass in Sc).R(so.Pisob

8 11C 1 ([Ph.(mass in Ph ) Rom,	 [S (mass in S).R45) P( s )] + [P.(mass in P).120, ) .130, )] + [Ph.(mass in Ph).12(11, 1.P1 phd [Sc.(mass in Sc).R(so.P(soD +

si ,c, so usc . (mass in Sc).Rn so P(so] [S.(mass in S).R(s).P(s I + [ P. ( nass in P).Roi.P(p)] + [Ph.(mass in Ph) .Rot).P(m] [Sc.(mass in Sc).R.(so.P(scd)

where S is Spartina anglica, P is Puccinellia maritima, Ph is Phragmites australis and Sc

is Scirpus maritimus; 8 13 C(s+p) is the predicted isotope ratio of the lipid component with

contributions from both Spartina anglica and Puccinellia maritima; 8 13 C(s) is the isotopic

ratio of the lipid component in Spartina anglica, 8 13C(p) is the isotopic ratio of the lipid

component in Puccinellia maritima, 8 13 C(ph) is the isotopic ratio of the lipid component in

Phragmites australis, 6 13 C(s) is the isotopic ratio of the lipid component in Scirpus
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maritimus, S is the amount of Spartina anglica present (%, by weight), P is the amount of

Puccinellia maritima present (%, by weight), Ph is the amount of Phragrnites australis

present (%, by weight), Sc is the amount of Scirpus maritimus present (%, by weight),

(mass in S) is the mass of the lipid component per gram of Spartina anglica, (mass in P) is

the mass of the lipid component per gram of Puccinellia maritima, (mass in Ph) is the mass

of the lipid component per gram of Phragmites australis, (mass in Sc) is the mass of the

lipid component per gram of Scirpus maritimus, R(s) is the dry/wet ratio for Spartina

anglica, R( p ) is the dry/wet ratio for Puccinellia maritima, R(ph) is the dry/wet ratio for

Phragmites australis,R(so is the dry/wet ratio for Scirpus maritimus,P (s) is the primary

production of Spartina anglica, P( p) is the primary production of Puccinellia maritima, P(Ph)

is the primary production of Phragmites australis and P(s) is the primary production of

Scirpus maritimus. Figure 5.16a depicts the graphical construction resulting from this

relationship. Once again, weighted mean 8 13C values were utilised as C3 end-points. It can

be observed that now, for any single sedimentary 8 13 C value there will be a range of

possible Spartina anglica quantity estimates, an unavoidable consequence of mixing more

than two sources of lipid. Inspection of Figure 5.16b reveals that the lipid production ratio

of 1:2 for Spartina anglica vs Phragmites australis actually generates a more accurate

model with the 1:2 mixing curve closely matching that of the 1:1 Spartina anglica vs

Puccinellia maritima curve. It is the inclusion of Scirpus maritimus in the model which

greatly increases uncertainty. Table 5.8 summarises the range of Spartina anglica biomass

contributions estimated for the majority of sediments. The invading species, Puccinellia

maritima and Scirpus maritimus, have had a profound effect on the biomass of the

sediment on which they are currently growing, lowering values of % Spartina anglica

contribution from the 83-100 % range to 22-46 % and 19-42 % respectively. The Mud-Flat

sediment exhibits an even lower range (18-38 %) possibly resulting from accretion of

transported silt previously residing beneath a C3 species of plant. The Wytch Farm

sediment has a fairly high contribution from Spartina anglica (55-77 %) whilst that of the

Wash Mud (W152) is lower (24-50%) as expected. Clearly the inclusion of more sources

of plant lipid significantly reduces the accuracy of Spartina anglica incorporation

estimates, as indicated by the ranges in parentheses which represent the absolute

extremities of analytical error. Whilst there will always be a range of incorporation

estimates associated with tri-sourced (and greater) models, repetition of analyses for both

157



-35

-40

Spartina anglica vs Puccineffia maritima
& Spartina anglica vs Phragmites australis
C32 n-Alkanol

"-------- - -„

,--1:1,„----

'
-25	 ,	 ,-	 _ --	

-,
-

g	 ,," ,-	 1:2	 —
.

	

,-"	 --
,, ,	 _,-P	 ,, /

7.0	 , •	
- ,30	

,- \-	 , 1,/,•'„,' Swans anghca Phragrnites austrahs (wAv)

-

(b

Spartma anglica vs Puccinellia maritima

— — — — Sparbna anghca vs Phragmites ausbalis

30	 40	 50	 60	 7010	 20 80	 90 100

-15

-20

-35

-40
0

Chapter 5	 Spartina

sample and derivatization agent will serve to reduce analytical error and thereby narrow the

range of uncertainty inherent in such models.

-15 Spartina anglica vs Puccinellia maritima,
Phragmites australis and Scirpus maritimus
C32 n-Alkanol

(a

-20
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Figure 5.16 C32 n-alkanol theoretical 8 13C value mixing plots for; (a) Spartina anglica
vs Puccinellia maritima, Phragmites australis and Scirpus maritimus, and
(b) Spartina anglica vs Phragmites australis (broken lines represent
different relative levels of contribution of the two modelled inputs)
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Table 5.9

Spartina

Estimates of the relative incorporation of Spartina anglica biomass obtained
by applying sedimentary isotope data to the C32 n-alkanol 8 13C value model
for Spartina anglica vs Puccinellia maritima, Phragmites australis and
Scirpus maritimus (values in parentheses are ranges representing the
extremities of analytical error)

Sample Name C32 (OH) Modified
Spartina anglica - oxic sediment 83 - 94 % (50-100 %)
Spartina anglica - anoxic sediment 100 % (-)
Puccinelha maritima - sediment 22 - 46 % (14-59 %)
Phragmites australis - sediment n/a
Scirpus maritimus - sediment 19 -42 % (13-48 %)
Mud-flat - sediment 18 - 38 % (9-53 %)
Spartina alierniflora - sediment 43 - 70 % (28-88 %)
Wytch Farm Sediment 55 - 77 % (7-100 %)
Wash Mud (W161) n/a
Wash Mud (W152) 24 - 50 % (19-53 %)

5.5 Conclusions

This study has been concerned with the differing effects that various species of vegetation

have on the salt-marsh sedimentary environment, in particular, Spartina anglica a

temperate C4 marsh grass. Analyses have yielded a number of significant findings, these

being:

(i) Distributional dominance of a C32 n-alkanol was identified as a characteristic of

Spartina anglica and Spartina alterniflora and is probably a characteristic trait of the genus

Spartina sp.,

(ii) 8 13 C values of the C32 n-alkanol homologue proved useful in the construction of a

mixing model to estimate sedimentary incorporation of Spartina anglica vs Puccinellia

maritima,

(iii) The C32 n-alkanol 8 13 C model was further extended to provide rough estimates of

Spartina anglica incorporation in soils in receipt of plant lipids from additional sources,

i.e. Phragmites austalis and Scripus maritimus.

Although there is a recognised need for further refinement and confirmation of the methods

used, this study provides a basis for the use of compound specific 8 13 C measurements to
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estimate the incorporation of Spartina anglica derived biomass to soils and sediments. This

method enables the potential ascertation of a quantity which cannot be determined using

more established methods, i.e. lipid distributional analysis and bulk 8 13 C measurements.

160



Chapter Six

Overview and Future Recommendations



Chapter 6	 Overview and Future Recommendations

6.1 Overview

6.1.1 General

Lipid distribution and specific biomarker analyses are both established methods of

chemical investigation and have received much attention regarding their application to

studies of a geological nature, e.g. oil-source rock correlations and palaeoenvironmental

reconstructions. Through careful and judicious use of these techniques, much information

concerning the original source of organic deposits may be obtained. Recent advances in

instrumentation have enabled the stable isotopic composition of extant molecular species to

be determined. Hence, the same organic components may be used to provide more than one

source of information with regard to biosynthetic origin thus enhancing the yield of

information obtained via molecular studies.

The work presented in this thesis has sought to apply these techniques to more recent

deposits of organic matter in the terrestrial soil environment, thereby, providing an exciting

new source of information concerning the pedosphere, which compliments and, in some

instances, supersedes data obtained from more established methods of soil analysis. Of

primary concern is the use of these techniques in determining anthropogenic mediated

inputs to the soils of archaeological and/or environmental interest. Most work on soil

organic matter has concentrated on the use of high molecular weight humic materials

(Aiken et al., 1985), either as direct sources of qualitative information or indirect, e.g. 14c

dating (Bowman, 1990) and bulk 8 13 C analysis (Ambrose and Sikes, 1991). However, the

novel use of molecular markers to assess organic inputs from flora and fauna, at site

locations, has been largely neglected. Therefore, further to the broad orientation already

stated, this study has also sought to establish and enhance criteria concerning the use of

specific biomolecular components indicative of particular organic inputs, e.g. faecal matter.

The general chemical behaviour of organic molecules, in the soil environment, is also a

relatively understudied area of research and it has been within the scope of this work to

further investigate and elucidate the various diagenetic changes exhibited by exogenic and

pedogenic molecular components of soils.

This study began by seeking to assess the use of soil lipids as indicators of soil organic

matter deposition (Chapter 2). Such an aim can only be achieved with knowledge of a soil's

history, and more specifically, detailed information regarding the nature and quantity of the
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various inputs of organic matter to that soil. The long-term classical experiments

maintained at Rothamsted Experimental Station provided a unique selection of soils on

which the investigation could be based. Following the assessment of the various molecular

components of soil, over time, and with knowledge regarding the survival of specific

molecular biomarkers, Chapters 3 and 4 sought to apply them in the analysis of genuine

archaeological soils. In both cases, significant information regarding the ancient deposition

of organic matter was obtained. The latter part of Chapter 4 reported on the use of

compound specific 8 13 C measurements in determining further information concerning

organic inputs to soils. Chapter 5 expanded on the use of this technique and established a

new method for quantifying specific organic inputs through the analysis of stable carbon

isotope ratios. Whilst this thesis may be appraised in chronological order, this overview

will consider its content in terms of three subjects; aliphatic lipid distributions, specific

lipid biomarkers and compound specific 8 13C analyses, thereby integrating the relevant

results of the various chapters.

6.1.2 Aliphatic Lipid Distributions

The aliphatic lipid components of soil have proven to be a highly dynamic pool of

compounds exhibiting a multitude of loss, interconversion and recombination effects, the

relative action of which is governed by the soil environment. Whilst n-alkanes are widely

used in studies of geological sediments, their value as source determinants, in modern-day

soils, is lower due to the high possibility of contamination by oil residues introduced from

extraneous sources, hence the significantly lower amount of attention given to these

components in this study. Wax ester components of the soil have proven useful in

providing evidence concerning vegetation derived organic inputs to the soil, primarily

through the analysis of constituent n-alkanol moieties. In Chapter 4 the dominant presence

of a C26 constituent in mound soil wax esters was consistent with an input of grassy turf.

Results from Chapter 2 and 4 do, however, infer the action of transesterification processes

on wax esters entering the soil environment, evident in the broadened distribution of

constituent n-alkanol moieties. Soil n-alkanol distributions were observed to correlate with

known (Chapter 2, Chapter 5) and putative sources (Chapter 4). However, in each case,

evidence suggests preferential degradation of, what is usually a disproportionately

dominant, homologue maxima of input distributions. The accumulation of higher
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homologues, in the soil, was noted although the exact origin of these components is still

unclear. Soil n-alkanoic acids were observed to be a particularly dynamic class of

compounds. They exhibited appreciable degradation in most soils relative to other classes

of lipid, e.g. n-alkanols, yet for soils in receipt of a large organic input, significant

input/soil distributional correlation could be observed, e.g. FYM and the Continuous FYM

soil (1995, Chapter 2). The effect of different soil environment may be seen by comparing

results from Chapters 4 and 5. n-Alkanoic acids in Orcadian mound fossil soils exhibited

large relative increases in the C26, C28 and C30 homologues, the most likely explanation

being terminal oxidation of the corresponding n-alkanol homologues. No similar trend was

observed to occur in sediment samples from Poole Harbour (Chapter 5). Whilst lipid

distributions do not exhibit the specificity required for reliable source determination,

distributional correlation can lend substantial support for the inclusion of specific inputs of

organic matter. Importantly, a study of a number of lipid class distributions from the same

soil appears to reveal differences determined by the type of soil and the environmental

conditions to which it is, or has been, subjected. However, the benefit of this finding can

only be fully realised with additional knowledge regarding the behaviour of aliphatic lipid

components in the many different soil environments which exist.

6.1.3 Specific Lipid Biomarkers

In this study, particular emphasis has been placed on the analysis of sterol biomarkers,

predominantly those indicative of faecal deposition, i.e. 513-stanols (Bethell et al., 1994,

Evershed and Bethell, 1996; Evershed et al., 1997). Comparison between the sterol

distribution of a manured and unmanured soil, in Chapter 2, revealed the primary

difference to be the occurrence of a suite of stenols and stanols, exhibiting 513(H)

configurations, in the manured soil. The most abundant 511-stanol was observed to be 24-

ethy1-5P-cholestan-3P-ol followed by the C27 congener 5P-cholestan-313-ol. The 3cc-

epimers of these two components were also significant constituents of the manured soil,

especially with respect to the C29 homologue. It was proposed that these epimers are, at

least partially, produced during the process of anaerobic rumination, performed by cattle.

Further study concerning the longevity of 513-stanols, in a previously manured soil left

unmanured and cultivated for 124 years, showed both 513-cholestan-313-ol and 24-ethy1-5[3-

cholestan-313-ol to exist at absolute concentrations above those observed in an unmanured
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soil. The detection of a signal indicative of manuring is encouraging, especially considering

the intense cultivation and bioturbation the soil had been subjected to. An analogous result

was also noted for 24-ethy1-513-cho1estanyl palmitate, indicating that the potential to use

this compound as a faecal biomarker also exists. Interestingly, the hopanoid C32 pp

bishomohopanoic acid was also detected and observed to follow the same trend, its

derivation from manure appearing to provide an independent means of assessing the

contribution of the manure related bacterial population. Having established the survival of

a characteristic manuring signal, in an active agricultural soil, the sterol distributions of

various undisturbed archaeological soils were assessed.

Analysis of a Greek Minoan Terrace soil (Chapter 3) revealed a series of simple sterol

distributions in which the faecal biomarker 513-cholestan-3P-01 was observed to occur as a

significant component at �85 cm depth. Application of a ratio [Chapter 3, ratio(i)],

formerly proposed by Grimalt et al. (1990) as a parameter for determining faecal

deposition, indicated the probable occurrence of a manuring episode at 85 cm depth. Use of

a modified ratio [Chapter 3, (ii)] indicated a more wide spread occurrence of manuring

episodes covering the two lower horizons of the Terrace profile, a result which correlated

well with archaeological evidence of manuring (potsherd scatter). At ca. 4500 years this

represents the oldest evidence of a structured manuring regime to be determined using

organic geochemical techniques. The faecal source was determined as most likely to be

human. Furthermore, it was proposed that the ratio of 5p-cholestan-313-o1:513-cholestan-3a-

ol was, in this environment, indicative of pre-depositional accretion of the faecal material

used for manuring.

Sterol components from the L, F and A soil horizons of a controlled soil were determined

in order to ascertain possible formation of 513-stanols in the natural environment. 513-

Stanols were not detected in any of the horizons indicating that 513-stanol formation is an

unfavourable route for the reduction of A5 sterols in aerobic soils. It is interesting to note

that reduction of A5 sterols to 5a-stanols was also observed to be a minor diagenetic

pathway in soil, the majority of sterol loss resulting from oxidative degradation via the

appropriate intermediary A4-sten-3-one (Arima et al., 1969, Nagasawa et al., 1969).
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Additional use of ratio (ii) (from Chapter 3) was made in Chapter 4, the resultant ratio plot

indicating a faecal source as a probable component in formation of Mound 8.

Consideration of the sterol distribution indicated the faecal source to be human or porcine

in origin. Analysis of an alternative suite of faecal biomarkers, bile acids (Elhmmali et al.,

in press) revealed deoxycholic acid as a dominant peak indicating a predominantly human

faecal input although the minor occurrence of hyodeoxycholic acid was ascribed to a small

probable contribution from porcine sources.

Study of specific lipid biomarkers in Chapters 2, 3 and 4 has resulted in a more reliable

method for detecting animal and human faecal inputs to soil and sediments, enabling

chronological extension of the technique, e.g. ca. 4500 years (Chapter 3). A multimolecular

approach, utilising both 513-stanols and bile acids, constitutes a powerful tool to be used in

archaeological studies of ancient man.

6.1.4 Compound Specific 8 13C Analyses

8 13 C values were determined for n-alkanes and n-alkanoic acids from Orcadian farm

mound soils in order to provide further information concerning differences in components

of mound formation with time (Chapter 4). The 8 13 C values obtained for both lipid classes

were remarkably similar, with depth, and consistent with a major input from a C3 source

exhibiting a constant composition. The result gave additional support to lipid distributional

data which inferred a majority input of grassy turf. A modern-day input to surficial soils

(M11 3 cm and M4 3 cm) was also affirmed by a —1.5 %o depletion of 13 C in components

relative to those from fossil soils.

Chapter 5 involved extensive use of compound specific 8 13C analysis in order to

circumvent a problem of algal contributions to sedimentary biomass, since this hindered

the use of bulk 8 I3 C measurements in determining relative levels of Spartina anglica (a C4

salt-marsh grass) derived organic matter in sediments. A theoretical mixing model based on

8 13 C values of the C32 n-alkanol homologue, a dominant component of the epicuticular leaf

waxes of Spartina anglica, enabled the relative contribution of Spartina anglica to

sedimentary biomass to be estimated. Values of incorporation varied between 37 and 100

% Spartina anglica derived biomass depending on the geographical location and overlying
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vegetation of sediment samples. Initial estimations were based on a two component model

consisting of Spartina anglica vs Puccinellia maritima (a C3 marsh grass); however, this

was extended in the latter stages of the study to include two additional inputs of C3

vegetation (Phragmites australis and Scirpus maritimus). The construction of such models

represents an important first step in determining the transgression of Spartina anglica in

salt-marshes, the results of which may be utilised in broader studies concerning salt-marsh

carbon flows and climatic change.

6.2 Future Recomendations

As mentioned previously, the analysis of lipid components in the soil environment is a

relatively understudied subject, cf. lipid analyses of marine sediments or peat. Hence there

are many opportunities for further investigation. Listed below are a some areas of future

research; the list is limited, and by no means exhaustive, but does attempt to cover future

avenues of research considered to be of some importance to this study

Soil Composition Effects

The effect of different soil compositions on the lipid components of the soil has already

been demonstrated. Whilst experiments such as those conducted at Rothamsted

Experimental Station monitor the effect of adding specific inputs to soil, a need currently

exists to monitor the effect that different soil types have on lipid components. Study of

single sourced soils, artificially modified with various treatments, e.g. various clays, pH,

temperature, salt solutions etc. and the way in which each affects a standard suite of lipid

components would go some way towards enabling an accurate prediction of possible

effects on lipids given an unknown soil composition.

Bile Acid Degradation

Whilst much attention has focused on the diagenetic fate of steroidal compounds, bile acids

have received relatively little attention. If these compounds are to be routinely used as

faecal biomarkers then questions regarding relative rates of degradation and possible

interconversion of components must be addressed.
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Compound Specific 14C Analysis

Recent advances in instrumentation, e.g. preparative GC, have facilitated the routine

trapping of single molecular species, thus enabling single lipid components to be collected

to levels where 14C dating is a viable proposition. Radiocarbon data of specific molecular

components would prove invaluable in ascertaining lipid carbon-flows and soil residence

times, adding a further dimension to any of the individual studies constituting this work.
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7.1 General

7.1.1 Glassware

All reusable glassware was subjected to a rigorous cleaning process involving manual

cleaning and soaking with a solution of detergent (Micro®) followed by extensive rinsing

with double distilled water before oven drying. Prior to use, glassware was rinsed with a

solvent appropriate to its subsequent use. Disposable glassware was rinsed with an

appropriate solvent and oven-dried before use.

7.1.2 Solvents

All solvents used were of either double distilled or HPLC grade (Fisons plc/Rathburn

Chemical Company). Double distilled water was distilled on site and found to contain less

than 1 ppb of volatile and semi-volatile organics (Carter, pers. comm.).

7.1.3 Physical Treatments and Storage

Fresh soil and vegetation samples were oven dried at 60°C for —24 hr. Soil samples were

then crushed with a pestle and mortar and, subsequently, sieved using 2 mm and 75 pm

sieves. Dried vegetation samples were crushed using the same method but liquid nitrogen

was added to facilitate the process. Desiccated matter was then transferred to air-tight

sample bottles and stored, out of the light, in a refrigerator. Pre-dried bulk samples were

stored in the dark at room temperature.

7.2 Extraction

7.2.1 Soxhlet Extraction

The vast majority of samples were solvent extracted using a standard Soxhlet apparatus.

The solvent system selected for extraction was DCM/acetone (9:1) used previously by

Lehtonen and Ketola (1993) for peat extraction. Use of this solvent system, rather than

chloroform/methanol mixtures, eliminates the possibility of methanol-extract reactions and

reduces the experimental risk involved by the substitution of DCM for chloroform thereby

lowering the carcinogenic hazard posed by chloroform and avoiding potentially explosive

chloroform/acetone mixtures. 200 ml of solvent was used for each extraction and spiked

with a mixture of 7 internal standards (Table 7.1), the quantity of which was estimated on

the basis of % TOC and the mass of sample being extracted. Sample (5-60 g) was placed in
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a pre-extracted nitrocellulose thimble obstructed at the top with a plug of solvent extracted

glass wool to prevent disturbance of finely ground material. The thimble was then placed in

a Soxhlet apparatus and refluxed for 24 hr to ensure complete extraction of free lipids; it

has been shown that extractions >3 hr only yield <10 % extra organic material (Lehtonen

and Ketola, 1993). TLE solutions were subsequently evaporated under reduced pressure,

transferred to sample vials and blown to dryness under a gentle stream of nitrogen.

Table 7.1	 A summary of the internal standards and chemical fractions with which they
are associated

Eluent
	

Major Constituents 	 Internal Standard(s)

Hexane	 Hydrocarbons	 5a-cholestane
Hexane/DCM 9:1 v/v	 Aromatics
DCM	 Ketones, Wax esters	 10-nonadecanone, 5f3-pregnan-3a-ol,

hexadecyl octadecanoate
DCM/Methanol 1:1 v/v 	 Alcohols	 2-hexadecanol, 5 p-pregnan-3a-ol
Methanol	 Polar compounds	 - 
2% Acetic acid in Diethylether	 Fatty acids	 Heptadecanoic acid

7.2.2 Ultrasonic Extraction

Samples with a very high TOC were extracted using an ultrasonic bath. Each sample (0.1-1

g) was placed in a vial with 10 ml of DCM/acetone (9:1), spiked with 7 internal standards

(quantities determined as above) and sonicated for 20 min; the process was repeated three

times for each sample using unspiked aliquots of solvent. Crude extracts were combined

and filtered through anhydrous sodium sulphate to remove suspended fine particulates and

residual water. The resulting clear solution was evaporated under reduced pressure,

transferred to a sample vial and blown to dryness under a gentle flow of nitrogen.

7.3 Separation

The majority of samples were subjected to further separation procedures to facilitate

improved analysis and hence quantitation. A flow-diagram of the adopted protocol is

shown in Figure 7.1. For details concerning the separation of bile acids refer to Elhmmali

et al (in press).
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Figure 7.1	 A schematic of the adopted experimental protocol
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7.3.1 Acid/Neutral Separation

TLEs were initially separated into two fractions, 'acid' and 'neutral', using an extraction

cartridge with a bonded aminopropyl solid-phase (Jones Chromatography). Extracts

dissolved in DCM/isopropanol (2:1) were flushed through a cartridge pre-eluted with the

same solvent mixture. After further elution with DCM/isopropanol (2:1, 6 ml) the collected

'neutral' fraction was removed and the cartridge flushed with 2% acetic acid in diethylether

(6 ml) thereby eluting the 'acid' fraction. Both fractions were evaporated under reduced

pressure, transferred to vials and blown to dryness under a stream of nitrogen.

7.3.2 Column Chromatography of Neutral Lipids

Columns were packed with dry activated silica gel 60 (160 °C, >24 hr; Fluka) and pre-

eluted with hexane. Samples were applied to the column as a mixture of dissolved and

finely suspended particulates in hexane. Gradient elution was performed under positive

pressure supplied by a stream of nitrogen providing an elution rate of —15 ml min-1 . The

eluents used comprised five separate solvent systems: hexane, hexane/DCM (9:1), DCM,

DCM/methanol (1:1) and methanol, applied in elutropic order to give five fractions:

hydrocarbon, aromatic, ketone/wax-ester, alcohol and polar respectively. Whilst the name

given to each fraction was chosen to reflect the major chemical constituents, in most cases,

compounds with other functional groups were present, albeit usually at lower

concentration. The relative volumes of solvents applied were determined by the ratio

2:1:3:2:2, following the above elutropic series and the size of the column being used for a

particular separation. Column fractions were collected and dried in an identical manner to

fractions from the 'acid'/'neutral' separation.

7.3.3 Urea Adduction

Urea adduction was achieved by adapting a method used by Grice (1995). Samples (-10

mg) dissolved in hexane/acetone (2:1, 1.5 ml), in a pyrex test-tube, were agitated with a

vortex mixer whilst a warm, saturated solution of urea in methanol (1 ml) was added

dropwise forming a dense white precipitate of urea. The solvent was removed under a

stream of nitrogen (ensuring the complete evaporation of methanol) and 3 ml of DCM

added to resuspend the urea precipitate. After centrifugation (2500 rpm, 15 min) the non-

adduct in DCM was removed by pipette and passed through a small plug of pre-extracted
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cotton wool (ensuring complete removal of urea crystals). The adduction procedure was

then repeated and the second non-adduct solution combined with the first. The adduct was

recovered by washing the urea crystals with DCM (10 ml) then dissolving them in double

distilled water (10 ml) and extracting with DCM (2 m1). The urea saturated aqueous layer

was removed and a further aliquot of double distilled water (10 ml) was mixed with the

DCM and left to partition (ensuring complete removal of urea from the organic layer). The

lower organic layer was then removed and passed through a small column of anhydrous

sodium sulphate to remove any residual water. Solvent was removed from the collected

elutes by evaporation under a gentle stream of nitrogen.

7.3.4 Thin Layer Chromatography (TLC)

TLC separations were made at two points during the course of this work; the separation of

513-stanols from sterols, and alcohols from fatty acids (Chapter 2). Both required standard

silica plates (20 x 20 cm, 0.25 mm thickness, pre-concentrating loading layer; Whatman)

and samples were applied as thin bands via spotting with a capillary tube. Plates were

developed using an ethyl acetate/hexane (4:1) solvent system and standards run, isolated,

on the same plate, were visualised by spraying with an ethanolic solution of Rhodamine

6G; appearing as orange spots upon solvent evaporation. Sample bands were cut and

removed at positions determined by the functionally related standards (Table 7.2). Silica

bands excised from the plate were transferred to elution tubes and eluted with diethylether

(6 m1). Solvent was removed from the collected elutes by evaporation under a gentle

stream of nitrogen.

Table 7.2	 Rf values of the standards used in TLC separations

Compound Rf

Hexadecyloctadecanoate 0.73
Heptadecanoic acid 0.19
Heptadecan-l-ol 0.30
Cholest-5-en-313-ol 0.34
53-cholestan-33-oi 0.48
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7.4 Chemical Treatments and Derivatization

7.4.1 Hydrolysis

Ketone/wax ester fractions were dissolved in a 0.5 M methanolic solution of potassium

hydroxide (2 ml) and heated (80 °C, 2 hr). Hydrolysed mixtures were left to cool then

acidfied to pH 1 with 1.0 M hydrochloric acid solution and extracted with aliquots of

diethylether (2 x 1 ml). The organic extracts were combined and passed through an

anhydrous sodium sulphate column to remove residual water and collected in a vial.

Diethylether was then evaporated under a gentle stream of nitrogen.

7.4.2 Trimethylsilylation

Trimethylsilyl (TMS) derivatives are currently the most widely used derivatives for gas

chromatographic applications; certainly within the context of this work the majority of

samples have been derivatized and analysed as TMS ethers and esters. Dried sample

aliquots (<1 mg) were dissolved in 30 pl of BSTFA containing 1 TMCS and heated (60

°C, 1 hr). BSTFA was then nearly, but not completely, removed under a gentle stream of

nitrogen and samples were redissolved in hexane (10-100 pl depending upon the nature of

sample and analysis).

Trimethylsilylation of 513-stanols

Due to the nature of this study it was imperative that a correct quantification of 513-stan-313-

ols was ensured. One possible source of error lies in the incomplete derivatization of 513-

stan-3 p-ols thereby causing an artificially low estimate of these compounds when

calculated using chromatographic data. Incomplete derivatization is most likely due to the

greater steric hindrance of the C3 hydroxyl group, in 513-stan-313-ols, when compared with

the 3a and 5a-epimers (Fig. 7.2).

Figure 7.2	 (313,5a), (313,513) and (3a,513) configurations in the A/B rings of stanols
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The 53(H), 313(OH) configuration results in an axial positioned hydroxyl group exhibiting

greater steric hindrance effects than the corresponding equatorial position. Standard

mixtures of cholest-5-en-313-ol, 5a-cholestan-313-ol, 513-cholestan-313-ol and C24 alkane

were derivatized with BSTFA containing 1% TMCS heating at 60, 80 and 100 °C for 0.25,

0.5, 1, 3, 6, 8 and 12 hr. From Figure 7.3 incomplete derivatization of 513-cholestan-313-ol

at 60 °C is clearly observed, furthermore, derivatization at elevated temperatures (80, 100

°C) was not found to hasten the derivatization process. Reassuringly, 513-stanols in a

natural sample containing a wide range of compounds were observed to fully derivatize in

under 1 hr; this has been ascribed to the relatively low concentration of 513-stanols in

natural matrices. However, all natural samples containing 513-stanols were derivatized for

24 hr to ensure complete formation of their TMS ethers.

0.4 	
0	 2	 4	 6	 8	 10	 12

Time / hrs

Figure 7.3	 A comparison of derivatization yields of 5a-cholestan-313-ol, 513-cholestan-
313-01 and 511-cholestan-3a-ol (60° C, BSTFA + 1 TMCS)

7.4.3 Methylation

A number of fatty acid fractions were methylated rather than trimethylsilylated to reduce

the chromatographic complexity of the analate and facilitate analysis. This was especially

important for GCC/IRMS analysis where trimethylsilylated compounds have been
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observed to produce results with increased experimental error, i.e. a three carbon derivative

(e.g. TMS) introduces a greater error into the stable isotope calculation of the parent

compound than that of a single carbon derivative (e.g. Me). It has been shown that

methylation using ethereal diazomethane, whilst very convenient, can affect adversely the

measurement of stable carbon isotope ratios due to isotopic fractionation within the

derivatization agent, the 8 13 C value of which is indirectly expressed by the donated methyl

group (Reiley, 1993). Derivatization with BF3-methanol presents no similar problem and is

the preferred route for metbylation. Samples were heated (60 °C, 1 hr) with 100 ill of BF3-

methanol complex. After cooling an aliquot of double distilled water (1 ml) was added and

FAMEs extracted into hexane (2 x 1 m1). FAME extracts were combined and hexane

removed by a gentle stream of nitrogen.

7.5 Instrumental Analysis

7.5.1 Elemental Analysis

Elemental analyses were performed using a Perkin Elmer 240C elemental analyser to

determine total carbon, hydrogen and nitrogen compositions of analates. Inorganic carbon

content was determined using a Strohlein Instruments Coulomat 702 carbon analyser

adapted to analyse CO 2 liberated from H3PO4 digestion; the TOC value was then calculated

as the difference between total carbon and total inorganic carbon. Each sample was

analysed a total of four times and a mean TOC value calculated; values generally exhibited

errors < ±0.1%dwt.

7.5.2 Bulk Stable Carbon Isotope Analysis

Bulk 8 13 C values were obtained using a CE Instruments NC2500 elemental analyser details

of which are summarised in Figure 7.4. Sediment samples were left to stand in 1.0 M

HC1 (aq) solution for —24 hr to remove carbonate, then dried at 60 °C for —24 hr. Dry

samples (-2 mg vegetation; —20 mg sediment) were placed in tin capsules which were then

crimped and introduced into an autosampler connected to the elemental analyser. 20 ml of

high purity 02 was released at the same time as each sample resulting in flash combustion

at -A800 °C.
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used as the carrier gas for all samples except the hydrocarbon fraction when helium was

employed as the carrier gas in order to facilitate resolution of the internal standard. GC

analyses of TLEs and wax-ester fractions were made using an alternative column capable

of performing at elevated temperature (DB1, 15 m x 0.32 mm x 0.1 pm, He carrier gas).

The temperature was programmed from 50°C (2 min) to 350°C at a rate of 10°C min -I with

a final time of 10 minutes (FID, 350 °C).

7.5.5 Gas Chromatography/Mass Spectrometry (GC/MS)

The majority of GC/MS analyses were performed using a Varian 3400 gas chromatograph,

on a fused silica capillary column (50 m x 0.32 mm) coated with a 100% polymethyl

siloxane stationary phase (CPSi1-5 CB, film thickness 0.12 pm, H2 carrier gas), fitted with

a septum equipped temperature programmable injector (SPI) coupled, via a heated transfer

line, to a Finnigan MAT TSQ700 triple quadrupole mass spectrometer. The mass

spectrometer was operated in single quadrupole mode, scanning the third quadrupole in the

range of m/z 50 to 650 with a cycle time of 1 s. Electron ionization was performed with an

electron current of 400 pA; the ion source was maintained at a temperature of 170°C.

GC/MS analyses of TLE and wax-ester fractions were made using a Carlo Erba 5160 GC

using an alternative column capable of performing at elevated temperature (DB1, 15 m x

0.32 mm x 0.1 pm, He carrier gas) and equipped with on-column injection coupled, via a

heated transfer line, to a Finnigan MAT 4500 quadrupole mass spectrometer scanning in

the range of m/z 50 to 850 with a cycle time of 1.5 s. The GC oven temperature was

programmed from 50°C (2 min) to 350°C at a rate of 10°C min -I with a final time of 10

minutes. The current was maintained at 300 pA with an ion source temperature of 190°C.

Both mass spectrometers were operated with an electron voltage of 70 eV.

7.5.6 Gas Chromatography Combustion/Isotope Ratio Mass Spectrometry
(GCC/IRMS)

Figure 7.5 is a schematic of the GCC/IRMS instrumentation. Analyses were made on 1 pl

sample aliquots using a Varian 3400 gas chromatograph with a fused silica capillary

column (50 m x 0.32 mm) coated with a 100% polymethyl siloxane stationary phase (BP-1,

film thickness 0.12 pm, He carrier gas), fitted with a septum equipped temperature

programmable injector (SPI) coupled to a Finnigan MAT Delta S stable isotope mass
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spectrometer (electron ionisation, 100 eV electron voltage, 1mA electron current, 3

Faraday cup collectors masses 44, 45 and 46, CuO/Pt combustion reactor set to a

temperature of 850°C).

Figure 7.5	 A schematic of the GCC/IRMS instrumentation

7.6 Analytical Integrity and Reproducibility

Before undertaking any experimental steps involving archaeological and environmental

samples it was necessary to establish the integrity and reproducibility of the devised

analytical protocol, this was achieved in two stages. The first stage was to eliminate the

possibility of analate contamination by extraneous sources. This was achieved by carrying

out a 'blank run' of the entire analytical method including both separation and adduction

processes. The resultant gas chromatographic analyses revealed no obvious source of

contamination, however, 'blank runs', were repeated throughout the entire period of study

to ensure continued monitoring of possible contamination. The second stage involved

submitting two sub-samples of a soil to the entire analytical protocol so that the

reproducibility of the method might be monitored. Figure 7.6 depicts gas chromatograms

for the major chemical fractions investigated in this study; each trace consists of two

chromatograms (one green, one red) superimposed on each other. From these

178



(d
'Sterol'

Time -11.

(b

'Ketone
Wax-ester'

414 
TimeTime

Time -10-

Chapter 7	 Experimental

chromatograms the reproducibility of results from any one sample can be seen readily,

even for fractions containing compounds of low abundance, e.g. sterols.

(a

'Hydrocarbon'

a)
4E'

cc

(e
'n-Alkanoic Acid'

Time

Figure 7.6	 GC-FID chromatograms of; (a) hydrocarbon, (b) ketone/wax ester,
(c) n-alkanol, (d) sterol and (e) n-alkanoic acid fractions; chromatograms of
duplicate samples are superimposed
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R=H; n-alkane
1-2 R	 R=OH; n-alkanol

o

iso-

1
(`-').,..2 R

R=H; n-aldehyde
R=OH; carboxylic acid

\/\.---- anteiso-

0
R R=alkyl; wax ester

OHO

(co-1) hydroxy acid

0

(''')10
phytyl ester

R 1 =H, R2=H, R3=H; glycerol
R i =H, R2=H, R3=COR c; 1-monoacylglyceride
R 1 =H, R2=COR., IR3=H; 2-monoacylglyceride
R 1 =H, R2=COR,,, R,=CORc; 1,2-diacylglyceride
R,=COR., R2=H, R,=CORc; 1,3-diacylglyceride
R,=CORE,, R2=COR,,, R3=COR c; triacylglyceride

Figure Al.! Structures of alkyl lipids identified
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a

Figure A1.2 Sterol/sterone backbones and side-chains identified
Compounds identified: 5 p-cholestan-313-ol (la), 24-methy1-5(3-cholestan-3 Vol (lb), 24-ethy1-513-cholestan-3f3-ol
(lc), 24-ethy1-513-cholest-22-en-313-ol (1e), 513-cholestan-3a-ol (2a), 24-methyl-513-cholestan-3a-ol (2b), 24-
ethyl-5 p-cholestan-3a-ol (2c), 24-ethyl-513-cholest-22-en-313-ol (2e), 5a-cholestan-313-ol (3a), 24-methy1-5a-
cholestan-313-ol (3b), 24-ethyl-5a-cholestan-313-ol (3c), cholest-5-en-313-ol (4a), 24-methyl-cholest-5-en-313-ol
(4b), 24-ethy1-cholest-5-en-313-ol (4c), 24-methy1cholest-5,22-dien-313-ol (4d), 24-ethy1-cholest-5,22-dien-313 ol
(4e), cholest-5,24-dien-313-ol (41), 24-methylcholest-5,24(24')-dien-313-o1 (4g), 24-ethylcholest-5,24(24')Z-dien-
3[3-ol (4h), 24-ethy1cholest-5,24(24')E-dien-313-ol (4i), 24-methy1-513-cholest-7,22-dien-30-ol (5d), 24-methyl-
513-cholest-7,22-dien-3ct-ol (6d), cholest-4-en-3-one (7a), 24-methylcholest-4-en-3-one (7b), 24-ethylcholest-4-
en-3-one (7c), cholestan-3-one (8a), 24-methyl-513-cholestan-3-one (8b), 24-ethyl-50-cholestan-3-one (8c), 24-
methy1-5a-cholestan-3-one (9b) and 24-ethyl-5a-cholestan-3-one (9c)
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taraxerol (taraxer-14-en-313-ol; 10)

a-amyrin (urs-12-en-313-ol; 11)

13-amyrin (olean-12-en-33-ol; 12)

germanicol (olean-18-en-33-ol; 13)

lupeol (lup-20(29)-en-33-ol; 14)

Figure A1.3 Triterpenol and hopanoid components identified
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OH" OH

Ole

00

HO'

OH

HO'

OH

lithocholic acid
(3a-hydroxy-513-cholanoic acid)

chenodeoxycholic acid
(3a,7a-dihydroxy-5[3-cholanoic acid)

deoxycholic acid
(3a,12a-dihydroxy-513-cholanoic acid)

0

OH	 0	 OH

HO	 OH

cholic acid
(3a,7a,12a-trihydroxy-50-cholanoic acid)

0

HO

H OH

hyodeoxycholic acid
(3a,6a-dihydroxy-513-cholanoic acid)

0

0

ursodeoxycholic acid
(3a,713-dihydroxy-5i3-cholanoic acid)

OH

hyocholic acid
(3a,6a,7a-trihydroxy-53-cholanoic acid)

Figure A1.4 Bile acid components identified
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H

R=F1, 53-cholestanyl palmitate
R=Me; 24-methy1-53-cholestanyl palmitate
R= Et; 24-ethy1-53-cholestanyl palmitate

Et

0

C15-15 H

24-ethyl-5a-cholestanyl palmitate

lup-20(29)-en-ylpalmitate

Figure A1.5 Steryl and triterpenyl ester components identified
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Lipid Biosynthesis

The following section is an overview of lipid biosynthesis. As well as providing a useful

background to the formation of what is the main concern of this work, an understanding of

lipid formation begets an appreciation of the strong interrelationship between different lipid

moieties, parallelling the soil system on a molecular level. A knowledge of lipid

biosynthesis is also necessary in order to better understand the various effects of stable

carbon isotope fractionation which are discussed in Chapter 1 (Section 1.3). Low molecular

weight lipids can be split into two broad classifications, namely those with aliphatic carbon

skeletons (e.g. fatty acids) and those possessing cyclic structures (e.g. sterols). Each group

has a different biosynthetic pathway so that whilst constituents of the same group exhibit

many similarities, lipids from different groups differ in both obvious (structure) and more

subtle ways (stable carbon isotopic composition). Irrespective of which biosynthetic

pathway is being studied, however, both start with the same chemical component, i.e.

acetyl-CoA. Figure A2.1 depicts the general structure of both plant and animal cells; the

biosynthetic intermediate, acetyl-CoA, is synthesised in the mitochondria.

Figure A2.1 Structure of animal and plant cells (Zubay, 1988)
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The structure of CoA or coenzyme A is shown in Figure A2.2a, it functions as a carrier of

acetyl and other acyl moieties via the formation of a 'high energy' thioester bond with a

cystamine residue bonded to a long phosphopantetheine group. Acetyl-CoA is formed

primarily by the oxidative decarboxylation of pyruvate, a product of the respirative

breakdown of glucose (glycolysis), catalysed by the enzyme pyruvate dehydrogenase.

Through a process of deamination and 13-oxidation (section 1.2) amino acids, fatty acids

and glycerols can also be precursors for acetyl-CoA production. As well as lipid

biosynthesis acetyl-CoA is also the precursor for the citric acid cycle (Krebs cycle,

tricarboxylic acid cycle) which generates energy in the form of the phosphorylated energy

intermediate adenosine triphosphate (ATP). During times of low energy requirement

acetyl-CoA is used in fat storage and is transported from the mitochondrion, in the form of

citrate using the tricarboxylate transfer system (since the inner mitochondrial membrane is

impermeable to acetyl-CoA), to the cytosol. It is here that de novo fatty acid synthesis (the

primary anabolic source of aliphatics) occurs (de novo fatty acid synthesis in plants occurs

in the chloroplasts).

NH2	 (a

Adenine NI

Lk...

IV	 OH 1-13

HS—CH2 —CH2—N —O —CH2 —CH2 —N —C +C—CH2-0—P—O—P—CH2

8	 H	 (1.1

-CH2

HO OH

D-Ribose

Figure A2.2 Structures of (a) coenzyme A (CoA), and (b) nicotinamide adenine
dinucleotide phosphate (NADPH; Voet and Voet, 1995)
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Fatty Acids

As well as utilising ATP to drive endergonic reactions (those with a net requirement for

energy) the fatty acid biosynthetic pathway utilises NADPH (nicotinamide adenine

dinucleotide phosphate, reduced form) as a reducing agent in endergonic reductive

biosynthesis. The structure of NADPH is shown in Figure A2.2b. Fatty acid biosynthesis

begins with the rate controlling carboxylation of acetyl-CoA and is catalysed by the

enzyme acetyl-CoA carboxylase; this enzyme is dependent on biotin. The carboxylation

proceeds in two stages and is depicted mechanistically in Figure A2.3. Exergonic

hydrolysis of ATP enables the activation of CO2, obtained from bicarbonate, by the biotinyl

enzyme (1). This is followed by nucleophilic attack of the carboxybiotinyl enzyme yielding

malonyl-CoA and the oxidised enzyme (2) which may be regenerated via proton addition

(3).

Figure A2.4 depicts the remaining pathway followed in the biosynthesis of fatty acids. The

reactions are catalysed by seven enzymes. In plants and bacteria these enzymes are separate

units whereas in animals they are part of a single multifunctional enzyme called fatty acid

synthase. Initially the acetyl group of acetyl-CoA is transferred to acyl-carrier protein

(ACP) forming a similar thioester bond with a terminal cystamine residue also attached to a

phosphopantetheine prosthetic group in ACP. The results in acetyl-ACP and the reduced

CoASH (1), the reaction is controlled by acetyl-CoA-ACP transacylase. In an analogous

reaction malonyl CoA is converted by malonyl-CoA-ACP transacylase to malonyl-ACP

(2a). The acetyl group of acetyl-ACP is transferred to 13-ketoacyl-ACP synthase (2b) and

subsequently coupled to malonyl-ACP forming acetoacyl-ACP (3). Interestingly, this

reaction liberates the same CO2 molecule used initially in the carboxylation of acetyl-CoA

to form malonyl-CoA. Acetoacyl-ACP is reduced to D-P-hydroxybutyryl-ACP in a reaction

catalysed by fl-ketoacyl-ACP-reductase and driven by NADPH (4). P-Hydroxyacyl-ACP

dehydrase initiates water loss from D-p-hydroxybutyryl-ACP yielding the A 2 unsaturated

product cc,13-trans-butenoyl-ACP (5) and enoyl-ACP reductase catalyses further reduction

by NADPH resulting in butyryl-ACP (6). Reactions 2-6 are now repeated six times, each

repetition resulting in the successive addition of a C2 unit until palmitoyl-ACP is

eventually formed. Palmitoyl thioesterase mediates the final hydrolytic cleavage of the
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thioester bond in palmitoyl-ACP yielding regenerated ACP and the end-product of primary

fatty acid biosynthesis, palmitate (7).

HN

Biotinyl -enzyme

Figure A2.3 The biotin mediated carboxylation of acetyl-CoA (Voet and Voet,1995)

209



4 13-ketoacyl-ACP-reductase

H + + NADPH --,
NADP+-4--'

Appendix 2	 Lipid Biosynthesis

0	 CO-2 0
II

CH3—C —SC0A + H—SACP	 H2-8—SCoA + H—SACP
Acetyl-CoA	 Malonyl-CoA

H—SCoA-4--1
4 acetyl-CoA-ACP
' transacylase H—SCoA-x--/ , malonyl-CoA-ACP

za transacylase

0

CH3-8—SACP
Acetyl-ACP

H—S—E--,
H—SACP A ' 2b

0
II

CH3—C—S—E

CO2
+ -4--.1

H—S—E

CO-2 0

H2--18-SACP
Malonyl-ACP

p-ketoacyl-ACP synthase
(condensing enzyme)

0	 0
II	 II

CH3—C—CH2—C—SACP
Acetoacetyl-ACP

H+ + NADPH m
NADP+ 4 ''

OH	 o
I	 II

CH3—C —CH2—C —SACP
I
H

D-6-Hydroxybutyryl-ACP

H20.*--1 5 P-hydroxyacyl-ACP dehydrase

0
I	 II

CH3—C=C —C —SACP
I
H

a-trans-Butenoyl-ACP

6 enoyl-ACP reductase

o

cH3—CH2—CH2-8—SACP

Butyryl-ACP

i	

recycle Reactions 2-6
six more times

0
II

CH3CH2 —(CH2)1 3—C —SACP

Palmitoyl-ACP

H201
7 palmitoyl thioesterase

0
II

CH3C H 2 — (CF12)13—C —0- + H—ACP

Palmitate

Figure A2.4 Biosynthesis of palmitate (Voet and Voet, 1995)
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Structural and Functional Alteration

PaImitate is the biosynthetic precursor for a whole host of aliphatic compounds, the most

important lipid classes produced by these secondary pathways are summarised in Figure

A2.5. The carbon backbone is enlarged further by the action of elongases. These enzymes

are present in both the mitochondria and on ribosomes situated on the endoplasmic

reticulum. In both cases, chain elongation proceeds by the sequentially addition of C2

acetyl units in a reaction which is essentially the reverse of fatty acid 13-oxidation. The

main difference between the two elongation pathways is that mitochondrial elongation

involves addition and reduction of acetyl CoA whereas ribosomal elongation utilises both

malonyl-CoA and acetyl-CoA in a condensation reaction followed by NADPH driven

reductions.

Unsaturated aliphatics are formed in the chloroplasts (plants) and the endoplasmic

reticulum in reactions catalysed by enzymes termed desaturases. Each enzyme is capable

of desaturating a specific bond of the carbon skeleton and different organisms often contain

differing suites of desaturase enzymes. For example, mammalian systems contain the A9-,

A6-, A5- and A4 fatty acyl-CoA desaturases and must therefore obtain the essential

biosynthetic precursor linoleic acid (A 9' 12-octadecadienoic acid) from ingested plant

material since plants possess A l2 (and A 15) desaturases. Differences in desaturases between

certain organisms may be exploited and resultant unsaturated fatty acids used as source

indicators, e.g. among sulphate-reducing bacteria, 17:Ica fatty acids appear to be

characteristic of Desulfobulbus (Killops and Killops, 1993).

Further change to the carboxyl functional group of palmitate and its higher homologues can

be effected in a number of ways. n-Alkanes, for example, may be formed by

decarboxylation whilst enzymatic reduction yields n-aldehydes and n-alkanols

(Kolattukudy, 1976). Esterification of long chain fatty acids and the corresponding long

chain n-alkanols results in the generation of wax esters. Unsaturated and saturated

compounds containing ketone moieties can be formed by the polyketide synthase enyzme

suite/complex. Actual chemical transformation of lipid functionalities occurs in and on a

number of cell organelles, for a comprehensive review of these functional alterations refer

to Harwood (1988, 1996).
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Figure A2.5 A schematic depicting the major pathways of secondary lipid biosynthesis

Polyisoprenoid Biosynthesis

Polyisoprenoids are a fundamentally important source of cyclic lipids in biological systems.

Compounds derived from polyisoprenoid biosynthesis include: menthol (C 10), limonene

(CIO, farnesol (C 15), phytol (C20), lanosterol (C30),13-amyrin (C30) and 13-carotene (Co).

The formation of lanosterol is of particular importance since it is the biosynthetic precursor

of cholesterol a vital component of cell membranes and itself a precursor for other sterols,

steroid hormones and bile acids in mammalian and fungal organisms. The initial sterol

precursor formed in plants is cycloartenol. It was proposed by Bloch (1965) that acetate

was first converted to isoprene (2-methyl-1,3-butadiene) units which are then condensed in

a series of reactions to form a linear precursor to cholesterol, and then cyclised. The

starting unit of isoprenoid and therefore cholesterol biosynthesis is acetyl-CoA, synthesis

occurs in the cytosol utilising the same pool of starting material as fatty acid biosynthesis.
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Figure A2.6 Biosynthesis of isopentenyl pyrophosphate (IPP; Voet and Voet, 1995)
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Figure A2.7 Biosynthesis of squalene and subsequent cyclisation to yield lanosterol
(Voet and Voet, 1995)

Two molecules of acetyl-CoA are initially condensed to form acetoacetyl-CoA in a

reaction mediated by acetyl-CoA acetyltransferase (Fig. A2.6;1). Acetoacyl-CoA is then

subjected to further condensation with acetyl-CoA and hydration by the enzyme
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hydroxymethylglutaryl-CoA synthase resulting in the product 13-hydroxy-p-methylglutaryl-

CoA (HMG-CoA; 2). This compound is also formed by an identical route in the

mitochondria as a precursor of polyketide biosynthesis. In step 3 HMG-CoA is reduced in a

four electron reaction, controlled by HMG-CoA reductase and driven by two molecules of

NADPH, forming melavonate. Melavonate is subsequently phosphorylated to

phosphomelavonate by ATP and melavonate-5-phosphotransferase (4). The next step

involves additional phosphorylation mediated by phosphomelavonate kinase and is again

driven by ATP generating 5-pyrophosphomelavonate (5). The essential polyisoprenoid

building block isopentyl pyrophosphate (IPP) is the product of a decarboxylation of 5-

pyrophosphomelavonate driven by ATP and catalysed by pyrophosphomelavonate

decarboxylase.

Figure A2.7 outlines the preliminary stages of cholesterol biosynthesis. It should be noted

that whilst lanosterol, and eventually cholesterol, are shown as the ultimate products the

linear isoprenoid intermediates are also involved in a multitude of other pathways resulting

in the synthesis of other isoprenoid derived products. IPP is initially condensed (head to

tail) with dimethylallylpyrophosphate, an enzyme mediated isomerisation product of IPP.

The condensation is controlled by prenyl transferase and results in geranyl pyrophosphate

(1). The same enzyme mediates the next head to tail condensation of geranyl

pyrophosphate with another molecule of IPP generating a molecule of farnesyl

pyrophosphate (2). Following this, in a complicated two step rearrangement (not shown)

two molecules of farnesyl pyrophosphate are condensed head to head to form the C30

linear polyisoprenoid squalene (3); the reaction is catalysed by the enzyme squalene

synthase. Epoxidation of squalene by squalene epoxidase results in 2,3-oxidosqualene (4)

and subsequent catalysis of the epoxide by squalene oxidocyclase initiates a complicated

cyclisation of the linear structure generating a protosterol cation which then loses a proton

thereby forming lanosterol the precursor of all animal and fungal sterols (plant sterols are

formed via the formation of cycloartenol). Formation of cholesterol involves a further 19

biosynthetic steps for which the mediating enzymes are located in the endoplasmic

reticulum; these individual reactions shall not be covered in this text.
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It has recently been established that isoprenoid biosynthesis, in plants, can also proceed via

an alternative pathway which utilises glyceraldehyde-3-phosphate and pyruvate as

precursors and is located in chloroplasts rather than the cytosol (Lichtenthaler et al., 1997).

It has been proposed that the pathway is an evolutionary artifact of prokaryotic

endosymbiosis since this biosynthetic route has been identified in eubacteria (Flesch and

Rohmer, 1988; Rohmer eta!., 1989; Rohmer eta!., 1993) and green algae (Schwender et

al., 1996). The alternative biosynthetic route has important implications with regard to

carbon isotopic studies of single or groups of similar organisms, e.g. evidence suggests

plastidic terpenoids are formed by this route (Lichtenhaler eta!., 1997). However, in

studies involving multiple sources of lipid, differences between compounds (if they are

measureable) may be insignificant when compared with differences between species and/or

genus, thereby rendering the effects of an alternative biosynthetic route less significant.

This appendix has sought to outline the basics of lipid biosynthesis. A more detailed

account may be found in Stryer (1988) and Voet and Voet (1995).
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Tables of Isotopic Data

Table A3.1 n-Alkane isotopic data for mound profile soils (Chapter 4; values in
parentheses are standard deviations, superscripted values are the number of
analyses in which the component has been measured)

Sample n-C27 n-C29 n-C31 n-C33

Mu 1
3 cm

-37.6
(1.41)3

-34.2
(0.38)3

-33.9
(0.25)3

-34.7
(0.86)3

M 11
33 cm

-32.8
(0.43)3

-33.2
(0.26)3

-34.0
(0.03)3

-35.1
(0.49)3

M II -33.1 -33.5 -33.5 -34.4

39 cm (0.65)3 (0.18)3 (0.38)3 (0.17)3

M 11 -33.6 -33.0 -33.5 -34.3

45 cm (0.15)3 (0.15)3 (0.13)3 (0.30)3

Ml I -34.4 -33.1 -33.5 -34.1

51 cm (1.55)2 (0.24)3 (0.21)3 (0.27)3

M4 -37.6 -34.4 -35.2 -35.4

3 cm (1.24)3 (0.54)3 (0.30)3 (1.04)3

M4 -33.9 -32.9 -33.3 -34.0

30 cm (3.32)2 (0.30)3 (0.36)3 (0.87)3

M4 -32.0 -33.1 -33.4 -33.9

39 cm (0.40)3 (0.16)3 (0.20)3 (0.24)3

M4 -33.0 -32.2 -33.2 -33.7

49 cm (0.18)2 (0.44)2 (0.16)2 (0.42)2

M8 -34.4 -33.2 -34.1 -34.3

35 cm (0.80)3 (0.14)3 (0.04)3 (0.17)3

M8 -33.6 -32.5 -33.8 -34.3

55 cm (0.72)3 (0.16)3 (0.15)3 (0.10)3

M8 -32.5 -33.0 -33.6 -34.1

65 cm (1.17)3 (0.24)3 (0.06)3 (0.34)3

M8 -36.6 -33.0 -33.4 -34.0

75 cm (2.53)3 (0.41)3 (0.21)3 (0.62)3

M8 -35.7 -32.9 -33.6 -33.7

85 cm (3.04)3 (0.31)3 (0.27)3 (0.35)3

M8 -34.6 -32.6 -33.2 -34.0

95 cm (0.99)3 (0.32)3 (0.09)3 (0•40)3

M8 -33.3 -32.8 -33.2 -33.8

105 cm (1.28)3 (0.05)3 (0.29)3 (0.52)3

M8/2 -32.1 -33.3 -33.7 -34,2

60 cm (0.51)3 (0.27)3 (0.04)3 (0.16)3

M8/2 -35.5 -33.7 -33.7 -34.6

70 cm (0.76)3 (0.17)3 (0.13)3 (0.29)3

M8/2 -34.3 -33.5 -33.6 -34.1

78 cm (0.44)3 (0.05)3 (0.08)3 (0.15)3
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Table A3.2 Uncorrected n-alkanoic acid isotopic data for mound profile soils [Chapter
4; values in parentheses are standard deviations, superscripted values are the
number of analyses in which the component has been measured; samples
were analysed as methyl esters and derivatized using a BF3-methanol
complex with a known isotopic composition (-41.4 ± 0.5 °/00)]

Sample n-C 16 n-C 18 n-C20 n-C22 n-C24 n-C26 n-C28 n-C30 n-C32 n-C34
Ml! -30.2 -34.2 -35.5 -35.0 -34.9 -35.6 -35.8 -36.0 -35.8
3 cm (1.44)2 (0.44)2 (0.25) 3 (0.50) 3 (0.12)3 (0.01)3 (0.12)3 (0.71)3 (0.38)3
MI1 -29.4 -30.4 -33.7 -33.9 -33.2 -33.9 -34.9 -35.2 -36.1 -36.9

33 cm (0.23)3 (0.29)3 (0.25)3 (0.06)3 (0.05)3 (0.04)3 (0.19)3 (0.26)3 (0.20)3 (0.48)3
Ml! -29.8 -30.7 -33.8 -33.6 -32.8 -33.9 -34.7 -35.0 -35.7 -36.7

39 cm (0.27)3 (0.05)3 (0.23) 3 (0.08)3 (0.10)3 (0.01)3 (0.04)3 (0•05)3 (0.24)3 (0.27)3
Ml! -29.7 -30.9 -33.4 -33.6 -32.7 -33.9 -34.3 -34.7 -35.3 -36.5

45 cm (0.07) 3 (0.16)3 (0.14)3 (0.03)3 (0.09)3 (0.05)3 (0.09)3 (0.10)3 (0.40)3 (0.15)3
Ml! -30.5 -34.6 -35.0 -35.5 -37.0

51 cm (0.01)2 (0.16)2 (0.04)2 (0.49)2 (2.28)2
M4 -29.9 -30.6 -34.1 -34.3 -33.6 -35.2 -36.0 -36.1 -36.1

3 cm (0.67)3 (0.73)3 (0.92) 3 (0•34)3 (0.20)3 (0.34)3 (0.01)3 (0.28)3 (0.42)3
M4 -29.9 -29.0 -33.1 -32.6 -33.3 -34.1 -34.8 -35.5 -36.0

30 cm (0.16) 3 (0.26)2 (0•50)3 (0.06)3 (0.11)3 (0.04)3 (0.10)3 (0.37)3 (0.33)3
M4 -30.1 -33.1 -32.1 -33.1 -34.1 -34.4 -35.7 -36.1

39 cm (0.39)3 (0.81)3 (0.13)3 (0.07)3 (0.16)3 (0.35)3 (0.15)3 (0.18)3
M4 -29.0' -28.0 -33.6 -32.1 -33.1 -34.2 -34.7 -35.6 -35.9

49 cm (0.88)3 (0.15)2 (0.14)3 (0.07)3 (0.20)3 (0.22)3 (0.16)3 (0•33)3
M8 -28.3 -28.8 -31.9 -32.1 -32.4 -33.1 -33.7 -33.8 -34.7 -35.8

35 cm (0.01)3 (0.12)3 (0.13)3 (0.03)3 (0•44)3 (0.01)3 (0.08) 3 (0.08)3 (0.15)3 (0.23)3
M8 -29.5 -30.2 -32.6 -33.4 -33.5 -33.5 -34.2 -34.4 -35.2 -36.1

45 cm (0.15)3 (0.30) 3 (0.15)3 (0.08)3 (0.67)3 (0•30)3 (0.12)3 (0.10)3 (0.22)3 (0.08)3
M8 -28.9' -29.3 -34.4 -32.8 -33.0 -33.2 -34.2 -34.3 -35.3 -36.4

55 cm (1.17)2 (0.28)2 (0.68)2 (0.28)3 (0.11)3 (0.31)3 (0.11)3 (0.06)3 (0.36)3
M8 -29.2 -28.9 -32.2 -33.1 -33.8 -32.1 -34.1 -34.2 -35.0 -35.8

65 cm (0.02)3 (0.11)3 (0.37)3 (0.25)3 (1.01)3 (0.07)3 (0.02)3 (0.10)3 (0.04)3 (0•04)3
M8 -29.6 -30.9 -34.3 -33.4 -33.0 -33.8 -34.3 -34.6 -35.6 -36.4

75 cm (0.33)3 (0.11)3 (1.84)3 (0.95)2 (1.03)3 (0.17)3 (0.18)3 (0.38)3 (0•35)3 (0.40)3
M8 -29.0 -29.3 -32.5 -32.6' -33.1 -32.7 -34.1 -34.2 -34.8 -35.8

85 cm (0.02)2 (0.21) 2 (0.23)3 (0.39)3 (0•07)3 (0.03)3 (0.06)3 (0.03)3 (0.25)3
M8 -33.3 -34.1 -34.5 -34.8 -35.2

95 cm (0.18)3 (0.06)3 (0.34)3 (0.21)3 (0.64)3
M8 -31.8' -33.8 -34.1 -34.5 -35.2 -35.8

105 cm (1.80)3 (0.44)3 (0.18)3 (0.25)3 (0.92)3
M8/2 -30.1 -30.2 -33.0 -33.3 -32.4 -33.6 -34.7 -35.2 -35.9 -36.8
60 cm (0.09)3 (0.07)3 (0.27)3 (0.09)3 (0.12)3 (0.09) 3 (0.02)3 (0.39)3 (0.17)3 (0.26)3
M8/2 -30.0 -30.8 -33.3 -33.6 -32.6 -33.9 -34.9 -35.3 -35.7 -36.9
70 cm (0.04)3 (0.07)3 (0.05)2 (0.13)3 (0.03)3 (0.05)3 (0.11)3 (0.07)3 (0.08)3 (0.33)3
M8/2 -29.3 -30.0 -32.1 -33.3 -32.0 -33.2 -34.3 -35.0 -35.4
78 cm (0.40)3 (0.27)3 (0.68)3 (0.85)3 (0.14)3 (0.11)3 (0.27)3 (0.11)3 (0.22)3
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Table A3.3 Uncorrected n-alkanol isotopic data for vegetation samples [Chapter 5;
values in parentheses are standard deviations, superscripted values are the
number of analyses in which the component has been measured; samples
were analysed as TMS ethers and derivatized using BSTFA calibrated with
a cholesterol standard of known isotopic composition (-22.73 %o).
aCholesterol TMS ether (-23.9 ± 0.37 %o), bCholesterol TMS ether (-23.0 ±
0.33 %0), cCholesterol TMS ether (-24.0 + 0.42 %o)

Species n-C26 n-C28 n-C38 n-C32
Spartina -23.1 -23.5 -22.7 -19.9
anglicab (0.49)3 (0.24)3 (2.54)3 (0.31)3

Puccinellia -34.4 -34.9
maritimaa (0.28)3 (0.42)3

Phragmites -33.5 -32.1
australisc (0.32)3 (0.56)3
Scirpus -33.7 -34.5

maritimusc (0.91)3 (1.33)3
Spartina -21.5

alterniflorab (0.36)3

Table A3.4 Uncorrected n-alkanoic acid isotopic data for vegetation samples [Chapter
5; values in parentheses are standard deviations, superscripted values are the
number of analyses in which the component has been measured; samples
were analysed as methyl esters and derivatized using a BF3-methanol
complex with a known isotopic composition ( -41.4 ± 0.5 °/00)]

Species n-C20 n-C22 n-C24 n-C26 n-C28 n-C30

Spartina
anglica

-19.7

(1.31)3
-20.7

(2.35)3
-19.8

(0.65)3
-19.8

(0.18)3
-21.3

(0.48)3
-22.0

(0.20)3
Puccinellia
maritima

-36.8
(2.16)3

-34.0
(0•99)3
-32.5

(0.61)3

-34.4
(0.83)3
-35.4

(2.67)3

-35.6
(0.72)3
-33.1

(0•53)3
-34.7

(0.13)3

-36.1
(0.52)3
-33.7

(0.47)3
-35.0

(0.08)3

Phragmites
australis
Scirpus

maritimus
-32.6

(0.41)3
-33.7

(0.78)3
Spartina

alterniflora
-20.8

(0.88)3
-18.9

(0.44)3
-19.4

_	 (0.38)3
-18.2

(0.56)3
-18.7

(0.34)3
-20.0

(0.13)3
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Table A3.5 Uncorrected n-alkanol isotopic data for Spartina:Puccinellia mixtures
[Chapter 5; values in parentheses are standard deviations, superscripted
values are the number of analyses in which the component has been
measured; samples were analysed as TMS ethers and derivatized using
BSTFA calibrated with a cholesterol standard of known isotopic
composition (-22.73 %o). aCholesterol TMS ether (-23.9 ± 0.37 %o),

bCholesterol TMS ether (-23.0 ± 0.33 %o), 'Cholesterol TMS ether
(-24.0 ± 0.42 %o)

Spartina:
Pucinellia

n-C24 n-C26 n-C28 n-C30 n-C32

3:7b -34.8 -35.6 -34.1 -25.9 -27.4
(0.52)3 (0.25)3 (0•77)3 (0.88)3 (0.75)3

1:1 b -33.2 -35.4 -33.7 -25.4 -25.6
(0.44) 3 (0.32)3 (0.35)3 (0.32)3 (1.37)3

7:3 b -32.6 -35.3 -32.5 -22.5 -22.7
(1.76)3 (0.36)3 (2.01)3 (0.92)3 (1.37)3

4:1' -34.2 -20.1
(0.17)3 (0.15)3

9:1' -29.3 -19.9
(3.76)3 (0.12)3

19:1' -33.2 -20.2
(0.40) 3 (0.10)3

Table A3.6 Uncorrected n-alkanoic acid isotopic data for Spartina:Puccinellia mixtures
[Chapter 5; values in parentheses are standard deviations, superscripted
values are the number of analyses in which the component has been
measured; samples were analysed as methyl esters and derivatized using a
BF3-methanol complex with a known isotopic composition (-41.4 ± 0.5 %0)]

Spartina:
Pucinellia

n-C20 n-C22 n-C24 n-C26 n-C28 n-C30 n-C32

3:7 -26.8
(0.52)3

-27.3
(0.58)3

-31.4
(0.30)3

-34.1
(0.29)3

-35.2
(0.35)3

-34.7
(0•47)3

1:1 -25.2
(0.41) 3

-26.3
(0.12)3

-30.0
(0.50)3

-33.6
(0.08)3

-34.7
(0.32)3

-34.2
(0.40)3

7:3 -23.6
(0•37)3

-23.5
(0.39)3

-27.7
(0.45)3

-30.6
(0.06)3

-32.2
(0.15)3

-31.5
(0.16)3

4:1 -22.7
(0.52)3

-23.6
(0.22)3

-24.2
(0.17)3

-27.9
(0.23)3

-28.2
(0.14)3

-27.3
(0.22)3

-28.5
(0.18)3

9:1 -21.9
(0.31) 3

-22.8
(0.11)3
-21.1

(0.68)3

-23.0
(0.20)3
-22.7

(0.43)3

-25.6
(0.28)3
-24.0

(0.17)3

-25.5
(0.20)3
-24.0

(0.15)3

-25.1
(0.16)3
-24.1

(0.20)3

-28.2
(3.08)3
-24.3

(0.10)3
19:1 -21.3

(0.51)3
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Table A3.7 Uncorrected n-alkanol isotopic data for sediment samples [Chapter 5; values
in parentheses are standard deviations, superscripted values are the number
of analyses in which the component has been measured; samples were
analysed as TMS ethers and derivatized using BSTFA calibrated with a
cholesterol standard of known isotopic composition (-22.73 %o).
aCholesterol TMS ether (-23.9 ± 0.37 %o), bCholesterol TMS ether
(-23.0 ± 0.33 %o), 'Cholesterol TMS ether (-24.0 ± 0.42 %o)

Sediment n-C20 n-C22 n-C24 n-C26 n-C28 n-C30 n-C32
Spartina anglica

oxic layerb
-26.6

(0.69)3
-25.3

(0.29)3
-32.1

(0.20)3
-29.7

(0.70)3
-23.5

(0•43)3
-20.8

(0.30)3

Spartina anglica
anoxic layer"

-26.01 -24.31 -31.0' -27.81 -23.71 -20.2'

Puccinellia -30.8 -25.9 -33.2 -32.3 -29.1 -21.9
maritimab (0.01)3 (0.29)3 (0.31)3 (0.31)3 (0.17)3 (0.72)3

Phragmites -31.9 -28.0 -33.9 -33.5 -32.2
australisb (0.16)3 (0.22)3 (0.21)3 (0.97)3 (0.17)3

Scirpus -30.0 -27.0 -32.5 -30.2 -26.6 -24.6
maritimusb (0.30)3 (0.07)3 (0.16)3 (1.31)3 (0.60)3 (0.39)3
mud-flat" -27.6 -24.9 -34.2 -32.8 -32.0 -25.1

(0.41)3 (0.28)3 (0.41)3 (0.36)3 (0.28)3 (1.42)3
Spartina -22.1

alterniflorab (0.47)3
Wytch -25.7 -28.0 -26.1 -34.1 -28.5 -28.2 -22.2
Farm' (1.58)3 (0.08)3 (0.20)3 (0.09)3 (1.12)3 (0.56)3 (2.08)3

wash mud -27.0 -29.9 -30.2 -34.5 -28.9 -29.7
(W161)a (1.93)3 (0.04)3 (0.18)3 (0•50)3 (0.20)3 (0.68)3

wash mud -31.1 -30.3 -35.0 -32.6 -32.8 -24.6
(W152)a (0.56)3 (0.24)3 (0.08)3 (0.17)3 (0.22)3 (0.12)3
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Appendix 3
	

Tables of Isotopic Data

Table A3.8 Uncorrected n-alkanoic acid isotopic data for sediment samples [Chapter 5;
values in parentheses are standard deviations, superscripted values are the
number of analyses in which the component has been measured; samples
were analysed as methyl esters and derivatized using a BF3-methanol
complex with a known isotopic composition (-41.4 ± 0.5 °/00)]

Sediment n-C20 n-C22 n-C24 n-C26 n-C28 n-C30
Spartina anglica -22.2 -22.5 -23.5 -24.0 -25.1 -25.4

oxic layer (0.03)3 (0.23)3 (0.22)3 (0.11)3 (0.17)3 (0.13)3
Spartina anglica -21.9 -21.5 -22.7 -23.4 -24.6 -26.6

anoxic layer (0.12)3 (0.08)3 (0.24)3 (0.26)3 (0.17)3 (0.25)3
Puccinellia -27.0 -23.2 -23.9 -24.6 -25.6 -28.5
maritima (0.67)3 (0•77)3 (0.40)3 (0.44)3 (0•35)3 (0.58)3

Phragmites -31.8 -29.0 -26.1 -26.1 -26.8 -31.26
australis (0.11)3 (0.13)3 (0.08)3 (0.09)3 (0.08)3 (0.03)3
Scirpus -25.0 -27.2 -24.2 -24.3 -25.4 -27.3

maritimus (0.75)3 (0.08)3 (0.14)3 (0.79)3 (0.07)3 (0.05)3
mud-flat -26.8 -23.3 -22.3 -23.5 -24.5 -29.0

(0.42)3 (0.03)3 (0.14)3 (0.08)3 (0.28)3 (0.07)3
Spartina -23.9 -23.8 -24.1 -24.2 -24.4 -25.8

alterniflora (0.10)3 (0.25)3 (0.03)3 (0.10)3 (0.21)3 (0.45)3
Wytch -25.4 -24.0 -23.2 -24.4 -25.3 -28.4
Farm (0.58)3 (0.70)3 (0.41)3 (0.33)3 (0.81)3 (0.77)3

wash mud -24.0 -25.5 -23.6 -28.5 -30.0 -31.2
(W161) (1.18)3 (0.63)3 (0.39)3 (0.22)3 (0.31)3 (0.18)3

wash mud -23.5 -28.5 -28.0 -30.2 -31.8 -32.6
(W152) (0.89)3 _	 (0.46)3 _	 (0.40)3 _	 (0.50)3 (0.07)3 (0.25)3
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