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Introduction Chaptef

Abstract

This thesis examined a range of methods for sampling soil pore water to
investigate the chemistry of trace elements.

In particular, the study assessed whether Rhizon™ samplers,
centrifugation, high pressure squeezing and soil suspensions in simulated
pore water can be viable approaches for obtaining representative samples of
equilibrated soil pore water. Results for metal solubility and speciation were
interpreted in terms of both soil mo rphological effects on trace metal
dynamics and artefacts introduced at various stages during sample
preparation and handling.

The main soil used in the study was an organic-rich sandy silt from a
site which has served as a sewage re-proessing facility for almost a century.
This soil was chosen because of its impatance as a long-term repository for
metal-enriched sludge applied to arable land, providing a suitable medium
on which to study trace metal behaviour.

Pore waters were extracted and analsed for major and trace cations
and anions, pH, Dissolved Inorganic Carbon (DIC) and Dissolved Organic
Carbon (DOC) at two different temperatures (5°C and 15°C), in order to
evaluate the extent of bacterial actvity, organic decomposition and their
consequences on solute composition, during pore water extractions.
Speciation was estimated from analysis of pore water chemistry using two
software packages (PHREEQCi and WHAM-VI).

Pore waters showed different ranges of concentration between the
various methods. Different mechanisms and/or chemical reactions were
involved during the different extraction s; a range of processes was identified,
mainly dominated by metal complexation by humus acids and redox
reactions. Results revealed that thesoil studied was able to partially buffer
the free ion activities of the metal ions in pore water with increasing

dilutions, but demonstrated virtually no ability to buffer DOC.
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Identification of the source (i.e. location of pore space) of water
extracted was also investigated using water with different isotopic
composition (180/ 180). Evidence showed that centrifugation was not able to
differentiate between more and less mobile water at FC conditions, rather
enhancing the mixing between the two pools of water (native and labelled)
by and apparent process of ‘infusion’. By contrast, Rhizon samplers appeared
to sample water preferentially from the more accessible pool (extra-
aggregate), which proved to have a composition showing incomplete mixing
with the native water. The results also suggested that mixing of the two
pools was rather fast and that was almost completely attained prior to pore
water extraction.

The study established that the most important factors affecting pore
water chemistry during extraction are the conditions to which the samples
are exposed during the extraction process. For these reasons Rhizon samplers
should be used as a disposable deviceand are only applicable for use in high
soil moisture soil contents. In contrast, they present no ‘side-effects’
(providing enough equilibration time) if M 2* (free ion activity) were needed
as opposed to Msq (total metal concentration in pore water), as often required
in environmental studies. Centrifugation is optimal for bulk solution studies,
or when homogenisation represents a key experimental point; targeted
studies are also possible. Soil squeezings subject to severe limitations in the
case of prolonged extractions of biologically active soils, due to the effects of
anaerobism. Squeezing should only be used for ‘fast’ extractions of soils.
Finally, batch extractions are well suited to studies on M2+ equilibria, but
more studies are needed to clarify the effect of soil: solution ratio on metal

and DOC solubility.
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1. Introduction

1.1. Background of the project

The biogeochemical availability of trace elements accumulating in soil is of
concern with respect to potential phytotoxicity, plant uptake and
bioaccumulation, transport to ground or surface water and human health
(Abrahams, 2002).

Soil is the medium through which th ese pollutants move from the land
surface to groundwater. During their movement through the soil, polluting
substances are subject to complex physical, chemical and biological
transformations. Prediction of the extent of soil pollution, and restoration of
polluted soils, requires an understanding of the processes controlling the fate
of pollutants within the soil.

The nature of these processes is inflenced both by the waste source as
well as the soil environmental conditio ns, under which the elements may be
released to soil solution and thereby become environmentally available.

This thesis deals with some of these processes, particularly those ascribed
to the solil liquid phase and, to some extent, to its interaction with the solid
phase. Individual chapters provide a more comprehensive literature review
and the present introduction deals with the general ideas and theoretical

background underlying the project.

1.2. Trace metals in the soil system

The literature often refers to potentially toxic elements as ‘trace metals’ or
‘heavy metals’. It is useful to remember that the first description relates to
those elements which are normally present in soils in trace amounts, defined,
for example, by Mattigod et al, (1981) as less than 1 mol M. The term ‘heavy
metal’, although generally taken to mean metals of the periodic table with

atomic numbers greater than 20, but excluding the alkali metals and the
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alkali earths (Tiller, 1989), or metals having specific gravities > 5g cm=2, has
not been uniformly defined, neither in terms of atomic weight nor specific
gravity. Therefore, the term should pr obably be avoided (Ross, 1996). In this
study, as a wider range of elements has been scrutinized, the term ‘trace
elements’ will be used. In general, trace elements exhibit a different chemical
behaviour from that of the most pr evalent soil components, which are
commonly lithophilic 1 metals (i.e. Na, K, Mg, Ca, Fe and Al - Krauskopf,
1995). Trace elements are mostly nonlithophilicz and their behaviour
(chemical reactivity) in soils is not so well documented.

Amongst trace elements, Cd, Cu, Ni, Pb, and Zn are common pollutants in
urban industrial soils (Dudka et al, 1996) and their environmental
concentration has increased considerably due to human activities, such as
waste disposal or utilization (see Wolt, 1994, pp. 246-250). For example, Lead
(Pb) increased from pre-industrial levels of typically 0.3-0.5 ng kg - derived
from crustal dust and possible volc anic input — to around 2.5 ng kg-! between
1920 and 1950 in the Antarctic environment (primarily as a result of its use as
tetra-alkyl Pb as an additive to petrol eum), with a clear increase to 6 ng kg?!
between 1950 and 1980, representing twelvéold to twentyfold increase in
concentration (United Nations General Assembly, 1996). They are toxic to
biota and present an indirect threat to human health from contamination of
groundwater and their accumulation in food crops (Martinez and Motto,
2000).

A significant source of metal contamin ation of crops in the UK arises from
the disposal of sewage sludge onarable land (Reilly, 1991; Alloway, 1995).
Table 1.1 shows the relative natural abundance, indicative concentrations of
some trace elements in soil, sludgesand soil pore water (see section 1.3. for a

full definition), together with typical co ncentrations after sludge application.

! Generally occurring in or with silicates, dafined by Goldshmidt’ distribution of elements
2 Siderophile, chalcophile and biophile
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Table 1.1. Potentially toxic element concentrations in soils, sludges and soil pore water; ‘available fraction’ in soil pore water refers to the free ion
forms in solution.

. EU sludges
Saoil Mgmg‘gsl UK fg%?es UK fé%dfes UK félg:ges Limits ¢ Soil pore water
2000
ol L™ Available

Element mmol kg1 Pnol L1 at_lOA) fraction

Moisture x 106

Content
Mn2 8.2 7.3 - - - - - - -
Cr 1.0 8 2.4 1.7 - - (19) 0.01 0.001 1
B 0.9 6 - - - - 5 0.5 500
Zn 0.8 18 18 14 9 38-61 (38) 0.08 0.01 10
Be 0.7 0.07 - - - - 0.1 0.01 17
Ni 0.5 1.7 1.0 0.6 0.4 5.1-6.8(5.1) 0.17 0.02 730
Cu 0.3 10 9.8 7.4 6 16 - 28 (16) 1 0.06 175
Co 0.1 0.2 - - - - 0.08 0.008 63
As3 0.1 0.3 - - - - 0.01 0.0013 17
Sn 0.08 0.2 - - - - 0.2 0.02 200
Pb 0.05 1.9 2.0 1.0 0.5 3.6 -5.8(3.6) 0.005 0.0005 10
Mo3 0.02 0.06 - - - - 0.0004 0.00004 230
Cd 0.001 0.2 0.08 0.03 0.014 0.2-0.4 (0.09) 0.04 0.004 80
Sh 0.004 0.14 - - - - - - -

Adapted from Wolt (1994) and references therein; 1 50h percentile, DoE, 19932F6rstner (1991) and references therein;
3www.liv.ac.uk/~rick/BIOL202 Web/Sewag e treatment/metals in slu.htm;

4Eriksson (2001);5 FWR (1999), from Merrington et al, (2003):fdry matter related, in brackets the proposed values in EC (2000b);
- (dashes) refers to ‘no data’.
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Large-scale application of sewage sludge to agricultural land has been
undertaken for over 100 years (Heaven and Delve, 1997) and is expanding
due to the need to reduce disposal at sea owia land fill (Sonessonet al, 2000;
DETR, 1999). Digested sludges provide a cheap source of nitrogen and
phosphorus and improve the soil through their high organic matter content
(40% Dry Weight - DW). They are also however contaminated with a variety
of trace elements (S6érme and Lagerkvist, 2002; Koch and Rotard, 2001, Koch
et al, 2001).

Modern legislation provides guidelines for an economic and
environmentally beneficial waste di sposal strategy, including sewage
sludges (EC, 2000c; MAFF, 1996; DoE, 1996). Decision support systems (DSS)
for optimisation of sewage sludge application are increasingly needed (Horn
et al, 2003).

Progressive implementation of the Urban Waste Water Treatment
Directive 91/271/EEC in Europe has in creased the quantities of sewage
sludge requiring disposal. From an annual production of 5.5 million tonnes
of dry matter in 1992, the European Community (EC) is heading towards 9
million tonnes in 2005 (Fig. 1.1,Lagenkamp and Marmo, 2000).

Figure 1.1. Sewage sludge production in the EU from 1992 with projection to 2005 (after
Langenkamp and Marmo, 2000). Based on Urban Waste Water Treatment Directive (EC,
1991) -http://europa.eu.int/comm/environment/waste/sludge/
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Figure 1.2. Sludge treatment: variation in EU. Source: European Commission, 1998, available
online: http://reports.eea.eu. int/92-9157-202-0/en/3.7.pdf.

Figure 1.3. Re-use and disposal of sewage sludge in the UK between 1991 and 1999. Source:
http://www.environment-agency.g  ov.uk/commondata/103196/waste5 .
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EC directive 86/278/EEC (EC, 1986) regulates application of sewage
sludge to agricultural land, which is currently the preferred option for
recycling (EC, 2000b). Recycling rates inthe EU vary from 11% to > 50% (Fig.
1.2 and 1.3 - EC, 2000a).

In recent years, concentrations of mast metals in sludges have decreased
as a result of improved effluent control and waste minimisation (Alloway,
1995 — see Table 1.1). In addition, the propsals for a revision of current EU
legislation suggest more restrictive limit s to assure sustainable organic waste
management up to 2025 (EC, 2000a,c).

The availability of agricultural land in the vicinity of wastewater treatment
plants has been the primary factor determining disposal routes (particularly
in the UK), resulting in a historical legacy of heavily contaminated land
(Gendebien et al, 1999). Furthermore, in view of the very long residence
periods of trace metals in most soils, it is important to be aware of the
existing legacy from metals in sludges applied to land in the past. In fact, the
decision to apply sewage sludge to agricultural land should be governed by
a soil's ability to buffer trace metals inpu t rather than by the general notion
of sustainability. The impact of sludge application on fertility, bioavailability,
plant uptake (Keefer et al, 1986; Bidwell and Dowdy, 1987; Gardiner et al,
1995; Sterretet al, 1996; Hoodaet al, 1997; Miner et al, 1997; Hamonet al,
1999; Keller et al, 2001), fate of pollutants (Wilson et al, 1997; Mbila et al,
2001; Antoniadis and Alloway, 2002; Parkpian et al, 2002), general soll
chemistry (Behel et al, 1983; Essington and Mattigod, 1991; McGrath and
Cegarra, 1992; Candelaria and Chang, 1997; Hyunet al, 1998; Salam and
Helmke, 1998; Carbonell-Barrachina et al, 1999; Poloet al, 1999;), and the
effect on physical properties in soils ( Logan et al, 1996; Sort and Alcaniz,
1999) have all been investigated.

The nature of the sludge may affect the form of retained trace metal and
the degree to which that form has a controlling influence on soil reactivity.

Despite numerous of studies, gaps ard flaws in the unde rstanding of the
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chemistry of sludge-amended soils remain. This lack of knowledge generates
a situation where national regulations for land-applied wastes restrict only
10-12 metals at most (McBride, 2003). Hence, toxic elements and organic
compounds known to be present in wastes at concentrations much higher
than in soils are being applied to land without regulation. For example US
EPA 503 rule, which regulates loading limits to agricultural soil for 8 metals
present in sewage sludge, does not impose any limits on Mo and Cr. A recent
survey carried out in Canada also revealed variable and sometimes very high
levels of unregulated toxic metals, including Tl, Sn, Sb and Ag (Webber and
Nichols, 1995; Webber and Bedford, 1996). In the UK the list of recognised
potentially toxic elements (PTE) currently includes Zn, Cu, Ni, Cd, Pb, Hg,
Cr, Mo, Se, As and F (MAFF, 1998).

In summary, the ecological and human hazard of all unregulated toxic
compounds is sometimes assumed to be not significant, based on the lack of
evidence indicating otherwise. On the contrary, this situation should
stimulate more interest and appropriate studies in order to fill the existing

gap of knowledge.

1.3.  Soil pore water and the concept of (bio)availability

Many studies have examined the concentration and retention of metals in
soils and the effect of various parameters on their adsorption and solubility,
including pH (McBride and Blasiak, 1979, Cavallaro and McBride, 1980;
Harter, 1983; Robb and Young, 1999; Greeret al, 2003), redox conditions
(Davranche and Bollinger, 2001; Davrancheet al, 2003; Qafoku et al 2003),
amount of metals (Garcia-Miragay a, 1984; Basta and Tabatabai, 1992; Sauve
et al, 2000), cation exchange capacity (Ziperet al, 1988), organic matter
content (Gerritse and Vandriel, 1984; Elliot et al, 1986; Benedettiet al, 19964,
1996b; Kinniburgh et al, 1999; Kashem and Singh, 2001), soil mineralogy
(Tiller et al, 1963; Jenne, 1968; Kinniburgtet al, 1976; Cavallaro and McBride,
1984; Kuo, 1986; Lindrooset al, 2003), biological and microbial conditions
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(Gerritse et al, 1992; Dumestreet al, 1999; Warren and Haack, 2001) as well
as developing assemblage models to mechanistically predict these processes
(Dzombak and Morel, 1987; Haworth, 1990; McBride et al, 1997; Celardin,
1999; Weng et al 2002; Impellitteri et al, 2003, Tyeet al, 2003 - see Chapter 4
for a comprehensive review). From these studies it has emerged that total soil
metal content alone is not a good measire of short-term bioavailability and
not a very useful tool to determine potential risks from soil contamination
(Tack et al, 1995; Sauvéet al, 1998). In fact, since plants take up most
nutrients from the soil pore water, it is often assumed that the dissolved trace
metals are readily available to organisms (Barber, 1984; Vig et aJ 2003). The
definition of bioavailability (or phytoav ailability) as given by Sposito (1989)
suggests, “a chemical element is bioavailable if it is present as, or can be
transformed readily to, the free-ion species, if it can move to plant roots on a
time scale that is relevant to plant growth and development, and if, once
absorbed by the root, it affects the life cycle of the plant”. It is clear that the
concentration and speciation of metals in the pore water may provide more
useful information on metal bioava ilability and toxicity than total soil
concentration (Hani, 1996; Knight et al, 1998; Cances et al 2003; Percival,
2003; Prokop et al 2003; Shanret al, 2003). Traditionally, however, the soill
pore water has not been utilized as a means of assessing bioavailability. This
has probably been due analytical and technical difficulties related to
sampling of the soil pore water. Instead, most assessments of metal
availability have involved chemical extractants (e.g. EDTA, acetic acid)
intended to remove the entire reservoir of reactive metal. This pool may
involve a total amount of metal which is several orders of magnitude greater

than that found in the soil pore water.

1.3.1. Soil pore water definition

The soil liquid phase has a composition and reactivity defined by the

properties of the incoming water and fluxes of matter and energy originating
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from the local (neighbouring) soil solid phase, biological system, and

atmosphere (Fig. 1.4).

Gaseous
Transport

t

Liquid phase

Solid Phase D'Z_f_ gc'?:gg %fsc)'es

e.g., adsorbed, | — >
precipitated

N Biomass

<« e.g., plants
animals, microbe

Soluble complexes

i

Aqueous
Transport

Figure 1.4. Biogeochemical cycling of soil contaminants: the soil liquid phase is acting as a
regulator of contaminant fate (modified, from Hesterberg, 1998, based on Lindsay, 1979;
Mattigod et al, 1981).

The current view is that in a porous medium, two liquid-phase regions can
be identified on functional grounds (Yaron et al ., 1996). The first is near the
solid phase and is considered the most important surface reaction zone of the
porous medium system. This near-surface water also controls the diffusion of
the mobile fraction of the solute in contact with (sorbed on) the solid phase.
The second region covers the ‘free’ waer zone, which governs the water flow
and solute transport in soils (Fig. 1.5. - for a definition of water states, see

Chapter 2).
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Figure 1.5. Schematic representation of soil water states and their definitions (from Shaw,
1993).

Both phases represent what can be definél as ‘soil pore water’: this term is
preferred to the more specific ‘soil solution’ and will be use throughout this

thesis.

1.3.2. Bioavailability and soil pore water sampling

To assess the environmental bioavalability, mobility and geochemical
cycling of trace elementsin soil, analyses of soil pore water composition are
frequently more instructive than thos e from whole soil or soil extracts. The
validity of this concept has led to th e development of several models that
attempt to predict solid solution partit ioning of elements and their solution
speciation. These ‘assemblage models’include an increasing number of

variables as they develop greater mechanistic capability. Soil pore water
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analysis can be used to model the naure, direction, extent, and rate of
chemical reactions. In fact we can assume that:

1. if soil pore water represents the natural medium for plant growth,
then soil pore water analysis allows for prediction of plant response to
chemicals occurring in the soil enviro nment (plant uptake prediction);

2. if soil pore water can be related to mobile water in the soil
environment, then soil pore water composition can be used to predict
the forms and amounts of chemical that may reach ground and
surface water through transport from the soil environment (pollutant
fate);

3. if soil pore water approaches a steady state relative to the soil solid
phase, then soil pore water composition can be used to predict solid
phase components controlling chemical distribution in soil (solid-
solution processes).

The validity of these assumptions depends on the way that soil pore water
is conceptualised, i.e. defined and sampled, and how that concept is
translated into an operational method or model whereby soil pore water can
be obtained and its composition expressed in a meaningful way. Too often,
however, studies skim over a proper definition of soil pore water opting for
‘simulating’ or bypassing the problem.

A range of methods are available for obtaining and analysing ‘unaltered’
soil pore water, with consideration of ion speciation and complexation, and
expression of soil pore water composition in thermodynamic terms (see
Chapter 3 and 4). Unfortunately, none of them has been adopted as ‘the
standard procedure’, leading to a rather confused situation.

Sampling of soil pore water often presents conceptual ambiguity as well as
technical problems, especially if one tries to characterize the liquid phase in
terms of its origin within the soil system. In fact, soil porosity generally
represents a limiting factor in defini ng the ratio between the solid, agqueous

and gaseous phases of the soil medium (Yaronet al, 1996) due to the open
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boundaries between these different phases leading to a pattern of
continuously changing processes. In addition, solute concentrations in
sampled soil solution may depend on a number of technical factors,
including,

0 method of extraction,

0 imposed tensions,

o flow rate to the sampler,

o relation of the soil volume sampled versus the scale of heterogeneity

in solute concentration (scaling factor).

This situation is made even more complicated by the wide range of
methods of pore water extraction used (see Reederet al, 1998). Solute
concentrations have rarely been measued across a range of pore size and
examined in relation to soil physical prop erties such as the effective pore size
distribution or the water retention characteristics of the soil. Such a
comparison would be facilitated by an improved methodology to sample

solute concentration in relation to pore size (Harvey, 1993).

1.4. Objectives of project

The aim of this project is to investigate methods for sampling soil pore
water to interpret differences between methods and examine whether there
is any effect of pore size and heteogeneity on observed trace element
concentrations. Relevant soil characterisics are included in the evaluation of
chemical heterogeneity of trace metals concentrations in soil pore water to
determine the extent and possible sources that lead to these heterogenetities.

Identification of the source (in terms of location in the pore space) of water
collected and the meaning of the resulting trace metal concentrations is
guestioned. The hypothesis that incomplete mixing of soil water between
large and small pore networks occurs, which may significantly affect solute
travel time and chemical transformation as water and solute pass through

soil (reviewed by Nielsen et al, 1986; see also White, 1985) is tested.
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According to Tyler (2000) a stable ionic/ elemental equilibrium is not likely to
be attained in the entire soil pore water of any type of soil. Pore water
contained in micropores, isolated aggregates, within clay lattices, etc. are
only in contact with solution in the macropores to a limited extent. The
spatial variability of microbial activity constitutes an additional factor to the
heterogeneous nature of these processes and the possibility of isolated

microenvironments within a soil.

1.4.1 Structure of the thesis

To address the issues identified here,the thesis is organized as follows:

In Chapter 2 the soil studied is characterised for the parameters already
known to be fundamental, such as pH, cation exchange capacity, organic
matter content, mineralogy, together with physical properties such as pore
size distribution, water retention and particle size.

In Chapter 3, the methods of soil pore water extraction currently available
are reviewed (Rhizon samplers, centrifugation) and compared with a
methodology never previously used for soils ( pressure filtering ).

In Chapter 4, following on from the need to establish how the composition
of soil pore water differ according to th e method of collection, and the extent
to which these differences reflect the histories of the pore water, an
experiment is undertaken in order to extract soil pore water in a systematic
way across a range of pressures (pore ses) and to assess their variation in
chemical composition and speciation.

In Chapter 5, a batch experiment is carried out to study the effect of
varying soil:solution ratios on the me tal buffer capacity of the soil studied
and to assess the validity of methods of soil pore water sampling such as
water extracts (suspensions or pastes) and leaching.

In Chapter 6, two of the extraction methodologies employed in the thesis
(Rhizon samplers and centrifugation) are studied using 180 as a tracer to

account for their efficiency in targeting water from a definite range of pores,
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but also to assess how water travels between the pores of a sample during
sample pre-treatment and soil pore water extraction.

In Chapter 7, a summary of all the major findings is given, together with a
discussion of the advantages and disadvantages of the approach employed

and final recommendations on soil pore water sampling.

In summary, this project focuses on soil pore water, its extraction and
composition, attempting to define whether this is actually representative of
the ‘true’ conditions in a soil system or whether artefacts are introduced at

various stages during sample preparation and handling.
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2. Soil physical and chemic al properties affecting the
distribution of trace metals

2.1. Introduction

This chapter examines properties of the soil solid and liquid phases
relevant to this study. In particul ar, soil pore water will be considered,
together with soil characteristics that generally determine its magnitude and
composition, specifically,

o Texture (Particle size analysis — PSA)

o Bulk density and porosity

0 Pore size distribution (Moisture release curve)

o pH

o Organic Matter content (Loss on Ignition — LOI)

o Cation Exchange Capacity (CEC)

o Total metal content (X-Ray Fluorescence — XRF)

0 Mineral composition (X-Ray Diffractometry — XRD)

o Surface composition and speciation (X-Ray Photoelectron

Spectroscopy — XPS; Scanningclectron Microscopy — SEM)

Aspects of soil pre-treatment and incubation conditions prior to solution
sampling, such as moisture content and residence time (equilibration time),

storage conditions (temperature), homogeneity, will be considered.

2.2.  Soil sampling and storage

Soil samples are generally air-dried (sometimes freeze-dried) upon return
in the laboratory, sieved (< 2 mm or fine earth fraction), homogenized, and
stored prior to analysis. Although some soil chemical characteristics may
change in the drying process this is generally preferred over working with

field-moist samples because of the difficulties of homogenising samples and
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halt microbial processes. In this study, however, the importance of
preserving the natural moisture and chem ical conditions of the soil prevailed
over some of the possible drawbacksthat can arise while working with wet
samples. Several studies indicate that ths is a suitable approach rather than
drying and re-wetting samples, especially when pore water has to be
extracted from the soil (Jones and Edwards, 1993; Curtin and Smillie, 1995,
Chapman et al, 1997b; Bordas and Bourg, 1998; Gray and McLaren, 2003;
Perezet al, 2004).

2.3.  Water retention and soil porosity
2.3.1. Physical state of water in soils

Within the soil system, storage of water is influenced by several different
forces. The strongest force is molecular, resulting from close association with
the surface of soil minerals. Water retained by this force is termed hygroscopic
water and consists of films of water held within 0.0002 mm of the surface of
soil particles (Fig. 2.1). Hygroscopic water is essentially non-mobile and can
only be removed from the soil through heating or freeze-drying. The matric
force holds soil water between 0.0002 to 0.06 mm from the surface of soil
particles. This force is due to two processes: soil particle surface molecular
attraction (adhesionand absorptioh to water and the cohesion that water
molecules have to each other. This force declines in strength with distance
from the soil particle and becomes negligible past 0.06 mm. Capillary action
moves water from areas where the matric force is low to areas where it is
high, hence such water is often termed capillary water. Capillary water can be
removed by air-drying or by plant upta ke, but cannot be removed by gravity.
Plants extract this water through their roots until the soil capillary force
(force holding water within the soil) is equal to the extractive force of the
plant root. Plants can use most of this water by way of capillary action until

the soil wilting point is reached.
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Hygroscopic Capillary Gravitational
Water Water Water

-

Figure 2.1. Relationship between soil water film thickness and moisture tension; force is
measured in bars (1 bar = 100 kPa) (modified, from http://www.physicalgeography.net ,
created by Micheal Pidwirny).

Water in excess of capillary and hygroscopic water is called gravitational
water. Gravitational water is found greater than 0.06 mm from the surface of
soil particles and it moves freely under the effect of gravity. When
gravitational water has drained away the amount of water that remains

defines the soil's Field Capacity(FC). Figure 2.1 illustrates the relationship
between the thickness of water film around soil particles and the magnitude
of the force that holds this water. The amount of water in the soil is
controlled by the soil texture and porosity. Soils dominated by clay-sized

particles have more pore space per unit volume) than soils dominated by

sand. As a result, fine-grained soils have higher field capacities than coarse-

grained soils.
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2.3.2. Porosity and pore size distribution

Pores in soils range in size over several orders of magnitude, reflected by
resulting porosity (or by the void ratio), illustrated by examples in Table 2.1

(see also Table 2.2).

Table 2.1. Examples of the range of values of bulk density and associated properties for
selected soils. Particle density is taken as 2.65 g cri

Bulk Density, @

Description 3 Porosity, A Void ratio, e
gcm

Surface soil of wet clay 1.12 0.58 1.37
Surface soil of loam texture 1.28 0.52 1.07
Spheres of uniform size in 1.39 0.48 0.91
open packing
Subsaoil of sandy texture 1.61 0.39 0.65
Sandy loam compacted by 1.90 0.28 0.39
heavy traffic
Spheres of uniform size in 1.96 0.26 0.35
closest packing
Sandstone 2.12 0.20 0.25

Source: Marshall and Holmes, 1979.

Pores size is important since they take part in a variety of processes and
functions (see Table 2.2). Numerous studies attempt to categorize soil pores
within defined physical frames; some of them are given in Table 2.2, but
many more examples can be found in the literature (Jongerius, 1957,
Marshall, 1959; Bullock and Thomasson, 1979; Beven and Germann, 1982).
This study adopts the classification proposed by Greenland and Hayes (1981)
because it links functional arrangement of pore size to plant-water
interaction. In this way it provides a ge neral idea of the impact of soil pore
dimensions on the water and solute status in the soil medium (Table 2.2). In
this classification pores are subdivided as:

1. Transmission pores (> 50 Im equivalent cylindrical diameter) - hold

excess water that is free to drain, between (and sometimes within)
aggregates. These pores enable soil tarain after rain or flooding, and

are then filled with air. The moveme nt of gases through transmission
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pores is essential for the proliferation of aerobic microorganisms and
respiration of the plant root system.

2. Storage pores (ranging from 0.5 im to 50 im diameter). These retain
water against the force of gravity, but allow water uptake by plant
roots.

3. Residual pores (< 0.5 im diameter). These retain water against the
forces of gravity and those exerted by plant roots

The extent of storage and residual pores depends on the composition and

the amounts of the solid components present in the aggregates.

2.3.2.1. Moisture Characteristic

Water content is usually measured by determining the loss of mass, mu,
on drying in an oven to a constant mass, ms, at the arbitrary temperature of
105 €&. Water content, as a volume fraction, ranges from zero at oven
dryness to a value Hat pore space saturation. Two intermediate stages are
commonly recognised during the drying of wet soil. Field capacity, is the
water content found when a thoroughly wetted soil has drained for
approximately two days (or until fur ther drainage is negligible). Permanent
wilting point is the lowest water content that can be reached in the soil due
to plant extraction. Both tend to increase with increasing clay content in the
soil, however, the size distribution of pores influences water retention, water
movement and aeration more than the size distribution of particle (Marshall
and Holmes, 1979).

Matric potential , <, IS a pressure potential that arises from the
interaction of water with the matrix of solid particles in which it is
embedded. There are various methods to determine matric potential, which

together enable the full range from wet to dry to be covered.
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Table 2.2. Examples of soil pore classifications, with description of equivalent soil water phenomena and matric pressures; a brief illust ration of the soil

system in those conditions is also given; ‘d’ representsthe equivalent diameter of pores and is expressed in im, unless otherwise stated.

Size . F_u_nctl_onal : Physical classification Predominant water Size *Equivalent
Soil system classification ( 1m) : water pressure
(m) phenomena (1m)
Greenland and Hayes, 1981 Brewer, 1964 Luxmoore, 1981 (kPa)
Spaces as large as thesare commonly formed Channel flow through
between the clods of newly ploughed soil. R i Macropores Macropores profile from surface
102 Cracks in dry clay soils can reach widths of this Transm|SS|on pores . d> 1%00 d> 1[(3300 ponding and/or perched 10000 -0.015
order of magnitude. ar movement and water table
103 Pores of about this size and smaller are formed griuggge of excess water
between aggregates of finely tilled soil as for a 1000 -0.15
(1 mm) seed-bed. Fine M Drainage; hysteresis;
Pores between spherical particles 0.65 mm in Macropores 10e<58201r0%% gravitational driving'force
104 diameter in closest packing have this size 75 < d < 1000 for water dynamics 100 .15
(Dallavalle, 1948). Roots will not extend into '
rigid pores smaller than this (Wiersum, 1957). Storage pores:
Pores larger than about 15 im (corresponding to  retention of water against . Evapotranspiration;
105 9.8 kPa) are drained in most soils that can be gravity and release to plant Mesopores Micropores matric pressure gradient 10 -15
said to be at Field Capacity. roots 30<d<75 d<10 for water distribution
106 0.5<d<50 , Physico-Chemical classification
(1 im) Pores down to this size are accessible to bacteria. I\élfggrzgge:) (adsorption) 1 - 150
' IUPAC, 2001
Water in pores of about this size or larger is
107 available to plants in non-saline soil (correspond Macropores 0.1 - 1500 PWP#)
to 1500 kPa). Residual pores: d>0.05
When micropores are treated as slits between retention and diffusion of Ultramicropores Capillary condensation;
parallel plates, about half the pore space in dried  ions in solution 05<d<0.1 transport
108 aggregates of clay soil can commonly be 0.005<d<0.5 Mesopores 0.01 - 15000
attributed to plate separations of 10 nm or less 0.002<d<0.05
(Sills et al, 1979.
Bonding spaces: o _
10°  Rougy comespordng o e mknessor s supportmarfoes Vobg T Micopores USSR ssetae
(1 nm) layers of water molecules on a clay surface. between soil particles d < 0.002 adsorbate interactions

d <0.005

%Calculated using equation (2.1);* PWP = Permanent Wilting Point.
“These values are only indicatives: a different equation should be used above the PWP, and the relative vapour pressure of the gil water included
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The relation between water content, 7 and matric potential (or suction), <,
is a basic property of a soil, called the moisture characteristic (also water
retentivity curve or water characteristic functign The moisture characteristic is
constructed by measuring 7 with change in tension placed on soil on
progressively drying soils. The ‘tension’ imposed is equivalent to the value of
<m counteracting the applied tension. The tension is also inversely related to
the soil pore radius of the largest pores holding water at that tension, when

soil shrinking is negligible with drying . An effective size of pore can be

calculated from the suction using equation (2.1),

2.cos/

p g —F—- (2.1)

where: p is the pressure of the water, A is the surface tension of water (72.75
mJ m2 at 20°C), ris the tube or pore radius, Os the density of water (0.9982
mg m-3 at 20°C), g is the acceleration due to the gravity (9.80 m$), s(in m) is
the suction and 4 is the contact angle, which isnormally to be zero. On this
basis, a moisture characteristic can beused to show the amount of pore space
(as given by the water content on a volume basis) consisting of pores smaller

than a given effective size (Fig. 2.2).

The benefit of using pore size ranges toclassify soil water (see Table 2.2) is
the ability to distinguish micro- and mesopore capillary water (subject to
diffusive flow through the soil profile) from non-capillary = macroporewater

(that contributes to channelised or bypass flow in soils).
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Figure 2.2. Idealised graphs of (A) the water characteristic function and (B) specific water-
holding capacity for a clay soil (modified, fr om White, 1987); FC = Field Capacity; PWP =
Permanent Wilting Point.

2.4. Nature and properties of the soil solid phase

The majority of chemical interactions in soil take place at the particle—
solution interface (Bolt et al, 1991). The nature and properties of soil particles
therefore have a controlling influenc e on important soil processes. The
expression of these properties depends on the composition of soil particle
surfaces. For many soils, this composition is likely to differ from that of the
bulk material since soil particles commonly have a covering of extraneous
substances. For example, humified organic matter (OM) complexed with
polyvalent cations and Fe/Al/Mn hydrous oxides are known to form
coatings around soil particles and a lining within aggregate pores (De
Coninck, 1980). These constituents havealso been identified as the primary
reservoirs of metals in soil and sediments. The chemical composition of such
coatings and other cementing agents has been extensively studied using

various techniques, including selective dissolution, optical microscopy (X-ray
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diffraction — XRD), scanning electron microscopy, and energy dispersive X-
ray analysis (SEM-EDX) (McKeague and Wang, 1980; McHardy and
Robertson, 1983; Courchesneet al, 1996). Although usually qualitative, and
often not sensitive enough to detect forms present in very small amounts
(Mattigod et al, 1986; Essington and Mattigod, 1991), these methods provide
useful knowledge about the nature of the soil constituent involved, so that
the various chemical forms present can be more precisely characterized
(Adamo et al, 1996). Each of the seconventional’ analytical techniques has
limitations by being either invasive, in capable of detecting certain constituent
elements, or not being surface-specific. X-ray photoelectron spectroscof¥PS)
or electron spectroscopy for chemical analysis (ESCA) has none of these

limitations.

2.4.1. Surface analyses by X-ray photoelectron spectroscopy

XPS can be used for analysis of tle elemental composition of particle
surfaces and in heavy metals adsorption studies, e.g. Gier and Johns (2000),
Yuan et al (1998). XPS has the advantage of heg able to detect all elements
in soil except for H and He. The principal advantage of XPS however is its
surface specificity in that the ‘depth’ of analysis only extends to several
nanometres from the particle surface (Briggs and Seah, 1990). It is also able to
yield information on chemical specificity, i.e. the ability to identify not only
the elements present in the analysis, butalso their chemical state. In the case
of iron, for instance, the spectra of F&, Fe*, and Fe* are all distinguishable;
in the case of carbon it is possible to separate the hydrocarbon and non-
hydrocarbon (e.g., carbonyl group, see Fig. 2.3). Various data sets exist that

catalogue XPS chemical shift.
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Intensity

Binding enegy (eV)

Figure 2.3. Observed C(1s) spectrum ‘c’ of a soil with computer fi t components ‘a’ and ‘b’.
Bands ‘a’ and ‘b’ indicate C(1s) spectra dueto hydrocarbon and non-hydrocarbon (e.g.,
carbonyl group), respectively (from Yuan et al, 1998).

XPS has rarely been applied to proke the surface composition of soil
particles. However it has the potential to assess the chemical composition of
soil particle surfaces of contaminated soils, especially when formation,
translocation, and deposition of amorphous materials within the soil profile

occur, all of which are surface-controlled processes.

2.5. Materials and methods
2.5.1. Soil sampling and preparation

The soil chosen for this investigation was sampled at a sewage re-
processing facility (‘sewage farm’), run by Severn Trent Water at Stoke
Bardolph near Nottingham, England (GR: SK643 406). The farm is
approximately 700 ha, with about 60 fields. The site is managed within the
guidelines governing ‘dedicated sites’ set out by the 1989 Sludge Regulations
(HMSO, 1989), and is utilised for dairying and production of livestock feed.
Sewage sludge has been applied to parts ofthis land for approximately 100
years. The soil chosen was from a field oiginally used as a lagoon for sludge

de-watering (Fig. 2.4). Sewagesludge is currently applied to fields via sub-
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surface injection from tractor-mounted equipment, and towed pumps
(Heaven and Delve, 1997).

A rigorous liming regime is followed at the site. A subset of samples
analysed during a previous study fo r bicarbonate-extractable P (Younget al,
2000), found values in the range 141-200 mg P kd (index 7 of MAFF, 1994).
An intensive geochemical survey of the farm is conducted at five yearly
intervals. This involves collecting soil from 0 - 25 and 25 - 50 cm horizons and
analysing for a wide range of metals and metalloids (Heaven and Delve,
1997). These data show that the samplig site chosen for this study has
amongst the highest concentrations of metals, particularly Cd, from the

entire site (Table 2.3; Fig. 2.5).

Ring main outlet Lagoon wall

Figure 2.4.View of test field; the old lagoon boun dary and a ring main outlet for sludge
disposd are visible (from Maxted, 2003).
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Table 2.3. Range of metal concentrations found within the test field and across the entire
Stoke Bardolph site.

. L Maximum permissible
Range occurring Range occurring in . . ,
: ) concentrations in ‘normal
Heavy metal across sitet test field * . :
(n = 475) (n=8) agricultural soil
(pH 6.0 - 7.0)2
(mg kg) (mg kg) (mg kg™)
Cd 0.2-75 46 -71 3
Cu 15.6 - 1120 855 - 1011 135
Pb 26 - 870 696 - 774 300
Ni 10- 630 499 - 591 75
Zn 82 - 2700 2129 - 2516 300

IHeaven and Delve (1997).
2The 1989 Sludge Regulations (HMSO, 1989).

Sewage
treatment

: Farm
works Railway

I f buildin gs

Village

Sampling site

Key: Cd concentration in soil (mg kg 1)

Scale 1:10730
(1.71 cm =1km)

Figure 2.5. Geochemical map of the Stoke Badolph estate illustrating the mean Cd

concentration of soil (0 - 25 cm), based on field averages(Heaven and Delve, 1997). The test
field is indicated (from Hough, 2003).
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In addition to the principal study soil (SB), three more soils were used for

comparison or cross-checking. Details of the soils are given in Table 2.4.

Table 2.4. Description of soils used in this study.

N"’Tme OS Ref S.O'l . Land use Parent material Code
site classification

Glacial drift over
Newport SJ 747189  Brown sand Arable Triassic Sandstone Np
(Sherwood sst)

Typical brown

Insch NJ 650 263 Arable Gabbro intrusion Ic
earth
Hanslope  TL 344 634 Calcareous Arable Great Oolite Serles Hp
pelosol (Jurassic)
Stoke Sewage Silty river alluvium
SK 643406 ‘Sewage farm’ sludge over Triassic (Mercia SB
Bardolph Lo
application Mudstone Group)

Following sampling, field-moist soil samples were passed through a
polypropylene sieve (mesh size 2 mm), thoroughly mixed and separated into
two portions of 2.5 kg (dry weight basis, DWB) each; these were kept aerated
and incubated at 5°C and 15°C. Moisture content was monitored on a regular
basis and maintained at FC (53% gravimetric moisture content DWB -

determined by suction tables), by addition of de-ionized water.

2.5.2. Physical properties
2.5.2.1. Bulk density, particle density and porosity

Soil bulk density ( @), i.e. the ratio of the mass of dry solids to the bulk
volume of the soil, was measured asdescribed in Rowell (1994). Samples of
the soils at FC were placed, in triplicate, in a cylindrical sampler of known
mass and volume. Samples were weighed wet prior to drying at 105°C for 24

h and then re-weighed. Bulk density was expressed in g cm3,

Particle density (ds), i.e. the ratio of the total mass of the solid particles to

their total volume (excluding pore sp aces between particles), was measured
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as described in Rowell (1994). A volume of 25 cn?¥ of dry soil (< 2mm) was
placed in a weighed 250 ml beaker and re-weighed (@, dry soil). De-ionised
water (50 cmd) was then added and boiled gently to disperse the soil and
eliminate air. The beaker was cooled in running water, its contents were
placed in a weighed 250 ml flask and weighed (b, wet soil). Particle density

(ds) was then calculated as follows:

M
d S
s, (2.2)
where Ve Vi Vo Vho b a
dro

and Msis the mass of dry soil.

Porosity was calculated from the measured values of bulk and particle

density:
§ .
H1 Y (2.3)
Sls ¢
2.5.2.2. Particle size distribution

Particle size distribution was measured with a Beckman Coulter LS 230,
using the principle of laser diffraction. A sample placed in a fluid module is
circulated through a sample cell at a constant speed. A beam of laser light
shone through the cell is diffracted by particles within the sample, and the
forward scattered (or diffracted) light is collected by a series of collectors.
The distribution of light falling on the se nsors enables the size distribution of
the sample to be calculated. This method enables the measurement of

particles from 0.4 im to 2000 im (0.0004 mm to 2 mm).

A sample of 25 g of soil was treated with 30% hydrogen peroxide (H 205)

in order to remove organic matter. Fine samples were then adequately
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dispersed prior to analysis in order to obtain a representative particle size
distribution (Head, 1992). The exact type and strength of dispersant used
depends upon the nature of the sample. A 5% Calgonsolution (recommended
for soils and geological samples) was prepared by adding 35 g sodium
hexametaphosphate and 7 g sodium cabonate to 1 L of distilled water
(Head, 1992). A known amount of sample after H2O, treatment (from few
hundred mg for very fine samples, to 1-2 g for coarse-texured samples),
representative of the sampled material and in stable form, was then
dispersed in Calgonto ensure proper wetting and prevent agglomeration.
Samples were stored in air-tight 250 ml nalgene bottles and placed in an
ultrasonic bath for 10 min; this improves dispersion especially if the sample
has been heat-treated or ashed. Samples of the soil suspension were therefore
loaded directly into the fluid module, taking care not to introduce bubbles
into the suspension chamber. Bubbles arecaused by the degassing of water
as its temperature rises and may represent a problem for this kind of
methodology. Bubbles (usually in the range off 100 - 500 im) appearing
during the analysis can affect the accuacy of particle size distribution’
results and should therefore be minimized.

The standard ‘optical model’ used for these analyses is called Fraunhofer
and describes the diffraction of light by small particles. This predicts that
when light from a laser is shone at a particle, some of it is diffracted. The
amount of diffraction is dependent upon the size of the particle. The smaller
is the particle, the greater is the maximum angle of diffraction. Thus,
particles of different sizes each produce a characteristic diffraction pattern.
Results show the distribution of partic les in the measured size range (0.4 -
2000 im) within the volume of sample an alysed. The output also reports a
parameter called obscuration (%). This represents a measure of the degree of
interference within the sample cell after sample addition, i.e. the amount of
sample dispersed in the cell as the relaive amount of light is scattered or

adsorbed by the particles, therefore indicating the attenuation of the laser
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light beam caused by the sample. Obscuration must be balanced and should

fall ideally between 8 and 12% for the range of particle size considered.

2.5.2.3. Soil water release curve ad pore size distribution

The relationship between water content and potential, the moisture
characteristic, was determined followi ng the method described in 1ISO 11274
(1998). Sand and kaolin suction tables (from -5 kPa to —30 kPa) were used,
together with pressurised gas and pressure membrane cells (from -100 kPa to
—1500 kPa). The results obtained provide an assessment of the equivalent
pore size distribution (e.g. identificati on of macro- and micropores) as well as

indices of plant-available water in the soil (ISO 11274, 1998).

Figure 2.6. Example of sand suction table (after ISO 11274, 1998); dimensions in mm.
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The principle of the sand and kaolin baths relies on the application of a
negative matric pressure to coarse silt or very fine sand held in a rigid
watertight container (a ceramic sink or a plastic box — see Fig. 2.6). Saoll
samples at FC are placed in contactwith the surface of the table and the
application of suction causes the samplesto lose pore water until their matric
pressure is equivalent to that of the suction table. Equilibrium status was
determined by weighing samples on a regular basis and soil water content by

weighing, oven drying and reweighing.

Figure 2.7. Pressure membrane cell (after ISO 11274, 1998); dimensions in mm.

During the use of the pressure membrane cells soils were placed on a
porous acetate membrane, and brought to equilibrium at a given matric
pressure pm by applying a positive gas pressure p; the matric pressure of the
samples equals—p. To maintain this pressure, the membrane and samples are

contained within a pressure chamber (Fig. 2.7), whilst the underside of the
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porous medium is maintained at atmo spheric pressure. Equilibrium status
was judged to be attained when water outflow from the cell ceased and soil
water content was determined as described for the sand bath (ISO 11274,

1998).

2.5.3. Chemical properties

A pH, Cation Exchange Capacity (CEC) and organic carbon content by

Loss on Ignition (LOI), were me asured on the soil studied.

2.5.3.1. pH

The pH of each soil was determined (Rowell, 1994) using a combined glass
electrode (AgCl) with an Orion 720A meter. Soil (10 g, <2mm) was
suspended in 25 ml of de-ionised water, samples were magnetically stirred
for one minute and then left to settle for 15 minutes. Prior to recording the

pH value the samples were stirred to reform the suspension.

2.5.3.2. Cation Exchange Capacity (CEC)

The techniqgue used was based oncompulsive exchange between an
agueous solution of magnesium sulphate and a barium-saturated soil.
Exchange sites were saturated with barium, supplied as a 1:1 barium
chloride/triethanolamine solution buffered at pH 8.10, and any excess was
removed by washing. Magnesium sulphate solution was added, barium was
precipitated as insoluble barium sulphate, and the magnesium adsorbed to
exchange sites was determined by titrating the excess Mg with EDTA

(Bascomb, 1964; Environment Agency, 2001).

2.5.3.3. Organic carbon (Loss on ignition — LOI)

Organic carbon content was estimated by measuring the weight loss due

to the combustion of organic matter, upon heating at 4506 for 4 hours and
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cooling in a dessicator (Sutherland, 1998). Triplicate measurements were
made on samples initially dried at 105 & to remove any residual water. Each
sample was weighed prior to, and after, heating; the decrease in weight was
calculated as a proportion of the initial weight and expressed as a percentage
weight loss. The average carbon content of organic matter is approximately
58% (Broadbent, 1953; Rowell, 1994), therefore an estimate of carbon content

was calculated by multiplying the measured organic matter content by 0.58.

2.5.3.4. Total metal content;: XRFS

Triplicate samples of Stoke Bardolph soil were analysed for total element
concentration by wavelength-dispersive X-ray fluorescence spectrometery
(Ingham and Vrebos, 1994) and energy-dispersive X-ray fluorescence
spectrometry, as described in Rawlins et al, (2003); all the analyses and
preparations were carried out at the BGS laboratory, operating under UKAS
Accreditation. Two Philips PW2400 sequential X-ray fluorescence
spectrometers fitted with rhodium-an ode X-ray tubes (3 kW 60 kV) were
used for Na2O, MgO, Al203, SIO;, P.0s, K20, CaO, TiOz, MnO, Fex03, Sc, V,
Cr, Co, Cs, Ba, La, Ce, Nd and Sm as omsuite and Ni, Cu, Zn, Ga, Ge, As, Se,
Br, Rb, Sr, Y, Zr, Nb, Mo, Hf, Ta, W, Tl, Pb, Bi, Th and U as another. A
Spectro X-LAB2000 energy-dispersive, polarised, X-ray fluorescence
spectrometer fitted with a palladiu m-anode X-ray tube (400 W 54 kV) was
used to determine Ag, Cd, Sn, Sbh, Te and I.

Milled material (12 g) was mixed thoroughly with 3 g of binder
(EMU120FD styrene co-polymer and one part Ceridust 3620, a micronised
polyethylene wax) for 3 min in an ag ate planetary ball mill before pressing

into a 40 mm diameter pellet at 250 kN.
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2.5.3.5. Optical methods: XRD and SEM analysis

For bulk and clay fraction XRD analysis, two samples of 20 g of the
studied soil (< 2mm) were dried at 55°C for 24 h. Replicate portions were
transferred to 4 different 250 ml pyrex beaker and treated with 50 ml of 30%
H20. (hydrogen peroxide) in a water bath (in steps, from 40° to 60°C), in
order to remove organic matter. H20> was added until any reaction had
ceased and the suspension left overnight. Samples were then separated into
two portions, one for the bulk and on e for the clay fraction analysis.

For the bulk fraction, 10 g of material was ground by pestle and mortar;
then ca. 3 g were micronised for 3 min, dispersed with de-ionised water, then
dried at 55°C, disaggregated (agate matar) and back-loaded into standard
aluminium sample holders for analysis.

The clay fraction was dispersed with de-ionised water for 30 min on a
reciprocal shaker and then for 3 min in ultrasonic bath. The sample
suspension was passed through a 63m sieve into a glass cylinder: the
retained portion (> 63 im) was washed and dried at 55° C, the filtered
portion was decanted into the glass cylinder filled with de-ionised water.
Following sample flocculation, 2% Calgon solution  (sodium
hexametaphosphate — Na(PQ)e) was added until dispersion occurred. The
sample was thoroughly shaken and left overnight to let the 63 im equivalent
diameter patrticles settle. For a 20 cmcylinder, nearly 14 hours were required
according to Stoke’s Law. The first 20 cm from the top (unsettled particles <
2im) of the cylinder was removed and dried at 55°C. The rest of the
suspension was preserved in case moe clay extractions were needed. 100 g
of the separated dried sample was weighed into a test tube; 3 ml of de-
ionised water were added and the suspension placed in an ultrasonic bath to
assist dispersion. When completely dispersed, the sample was then applied
to a ceramic tile placed on a vacuum cell; when filtration was complete, 2ml
of 0.1 M CaCk 6H20 solution were added, followed by 2 ml of de-ionised

water. The sample was allowed to dry overnight prior to analysis.
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XRD analysis was carried out using a Philips PW1700 series diffractometer
equipped with a cobalt-target tube and operating at 45kV and 40mA. The
bulk samples were scanned from 3-50°2Eat 0.70°2 #minute. Diffraction data
were initially analysed using Philips X'Pert software coupled to an

International Centre for Diffraction Data (ICDD) database.

Following identification of the mine ral species present in the samples,
quantification was achieved using the Rietveld refinement technique (e.g.
Snyder and Bish, 1989) using Siroquantv.2.5 software. This method avoids
the need to produce synthetic mixtures and involves the least squares fitting
of measured-to-calculated XRD profiles using a crystal structure databank.
Errors for the quoted mineral concentrations are typically +2.5% for
concentrations >60 %, £5% for concemnations between 60 and 30 %, +10% for
concentrations between 30 and 10 %, 20% for concentrations between 10
and 3 wt% and +40% for concentrations <3 wt% (Hillier et al, 2001). Where a
phase was detected but its concentration was indicated to be below 0.5%, it
was assigned a value of <0.5%, since the error associated with quantification

at such low levels is too large.

Scanning Electron Microscopy (SEM) images and qualitative chemical
analysis (EDX) of the soils was undertaken to compare surface morphology
and architecture.

Samples were mounted onto SEM samge stubs and painted with silver
dag to ensure good electrical contact with the base and sputter coated with a
thin layer of gold metal. Samples were examined in a Philips XL30 Scanning
Electron Microscope in the secondary electron emission mode using a beam
(accelerating) voltage of 15 kV. Qualitative EDX spectra were collected using
an Oxford Instruments Link ISIS system, fitted with Si(Li) spectrometer and
ultra-thin entrance window allowing detection of light elements down to

Boron.
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2.5.3.6. Surface speciation analysis: XPS

Theoretical background

XPS technique is concerned with theemission and energy analysis of low
energy electrons (generally in the range 20-2000 eV) liberated from the
specimen as a result of a particular photoemission process. The excitation
source used in this study was AIK p X-rays (1486.6 eV) with photoemission
resulting from the ejection of core level electrons by the AIK p X-rays. The
kinetic energy of the emitted photoelectro ns is then analysed by the electron
spectrometer and the data presented asa graph of intensity (of counts per
second) versus electron energy, the X-ray induced photoelectron spectrum.
The kinetic energy (Ex) of the electron is the experimental quantity measured
by the spectrometer, but this is dependent on the energy of the X-ray source
employed and is therefore not an intrinsic material property. The binding
energy of the electron (Eg) is the parameter which identifies the electron
specifically, both in terms of its parent element and atomic energy level. The
relationship between the parameters involved in the XPS experiment is as

follows:

E h( E W (2.4)

where h @s the photon energy (1486.6eV for Al Kp X-rays), Ex is the kinetic
energy of the electron and W is the spectrometer work function.

As all three quantities on the right-hand side of the equation are known or
measurable, it is a simple matter to calculate the binding energy of the
electron.

The process of photoemission, where anelectron is ejected from the atom,
is represented by the photoelectron spectrum: this will reproduce the
electronic structure of an element quite accurately as all electrons with a

binding energy less than the photon energy will feature in the spectrum.
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Those electrons that are excited and scape without energy loss contribute to
the characteristic peaks in the spetrum; those which undergo inelastic
scattering and suffer energy loss contribute to the background of the
spectrum (Fig. 2.8). Since the ‘escape dath’ is limited to less than 10 nm,
only electrons from elements at and near the surface of the solid can be

detected and analysed (Paterson and Swaffield, 1994).

Figure 2.8. Wide-scan X-ray photoelectron spedrum of a soil excited by Al K pradiation
(upper band is the enlargement of the left part of the spectrum — from Yuan et al, 1998).

Once a photoelectron has been emitted, the ionized atom must relax in
some way. This can be achieved by the ejection of an electron as an Auger
electron.

The nomenclature employed by XPS technique to describe photoelectrons
is the so called spectroscopists’ or clemists’ notation in which electrons are
described by the appropriate quantum number and sub-shell, i.e. 1s, 2pz2,
3dsi2, 4712

The < 2mm fraction of air-dried soil was gently dry crushed and sieved

and used without any further preparatio n. A small amount of each sample
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was spread on to double-sided carbon adhesive tabs, and mounted on 10 mm
diameter stainless-steel specimen holders. Sample