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Introduction Chapter 1
 

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-processing facility for almost a century.  

This soil was chosen because of its importance 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 analysed 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 activity, 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 the soil 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 ( 18O/ 16O). 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 device, and 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 Msol (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 squeezing is 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 M 2+ 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 influenced 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 soil 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-3. 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 nonlithophilic2 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-1 - derived 

from crustal dust and possible volc anic input – to around 2.5 ng kg-1 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-1 

between 1950 and 1980, representing twelvefold 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 on arable land (Reilly, 1991; Alloway, 1995). 

Table 1.1 shows the relative natural abundance, indicative concentrations of 

some trace elements in soil, sludges and soil pore water (see section 1.3. for a 

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

                                                           
1 Generally occurring in or with silicates, as defined 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. 

 Soil 
Municipal 

Sludge 
UK sludges 

19821

UK sludges 
19911

UK sludges 
19995

EU sludges 
Limits 6

2000 
Soil pore water 

Element mmol kg-1 �Pmol L -1

�Pmol L -1

at 10% 
Moisture 
Content 

Available 
fraction 

x 106

Mn 2 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 0.074 - - - - 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 0.24 - - - - 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 
Sb 0.004 0.14 - - - - - - - 
Adapted from Wolt (1994) and references therein; 1  50th percentile, DoE, 1993; 2Förstner (1991) and references therein;  
3 www.liv.ac.uk/~rick/BIOL202_Web/Sewag e_treatment/meta ls_in_slu.htm; 
4Eriksson (2001); 5 FWR (1999), from Merrington et al., (2003); 6dry matter related, in brackets the proposed values in EC (2000b);  
- (dashes) refers to ‘no data’. 
 

    29 
    



Introduction Chapter 1
 

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 or via land fill (Sonesson et 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 (Sörme 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 in the EU vary from 11% to > 50% (Fig. 

1.2 and 1.3 - EC, 2000a).  

In recent years, concentrations of most metals in sludges have decreased 

as a result of improved effluent control and waste minimisation (Alloway, 

1995 – see Table 1.1). In addition, the proposals 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; Sterret et al., 1996; Hooda et al., 1997; Miner et al., 1997; Hamon et 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 soil 

chemistry (Behel et al., 1983; Essington and Mattigod, 1991; McGrath and 

Cegarra, 1992; Candelaria and Chang, 1997; Hyun et al., 1998; Salam and 

Helmke, 1998; Carbonell-Barrachina et al., 1999; Polo et 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 and 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 wast es 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) current ly 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; Green et al., 2003), redox conditions 

(Davranche and Bollinger, 2001; Davranche et al., 2003; Qafoku et al., 2003), 

amount of metals (Garcia-Miragay a, 1984; Basta and Tabatabai, 1992; Sauvé 

et al., 2000), cation exchange capacity (Ziper et al., 1988), organic matter 

content (Gerritse and Vandriel, 1984; Elliot et al., 1986; Benedetti et al., 1996a, 

1996b; Kinniburgh et al., 1999; Kashem and Singh, 2001), soil mineralogy 

(Tiller et al., 1963; Jenne, 1968; Kinniburgh et al., 1976; Cavallaro and McBride, 

1984; Kuo, 1986; Lindroos et al., 2003), biological and microbial conditions 
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(Gerritse et al., 1992; Dumestre et 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, Tye et 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 measure of short-term bioavailability and 

not a very useful tool to determine potential risks from soil contamination 

(Tack et al., 1995; Sauvé et 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 al., 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; Shan et al., 2003). Traditionally, however, the soil 

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. Inst ead, 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 so lid phase, biological system, and 

atmosphere (Fig. 1.4).  

 

GaseousGaseous
TransportTransport

Gases

Liquid phase
Dissociated species

(e.g., free ions)

Soluble complexes

Biomass
e.g., plants

animals, microbes

Solid Phases
e.g., adsorbed,
precipitated

AqueousAqueous
TransportTransport  

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’ water 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 defined 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 bioavailability, mobility and geochemical 

cycling of trace elements in 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 nature, 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, aqueous 

and gaseous phases of the soil medium (Yaron et 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,  

o method of extraction,  

o 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 Reeder et al., 1998). Solute 

concentrations have rarely been measured 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 heterogeneity on observed trace element 

concentrations. Relevant soil characteristics 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 heterogeneities.  

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 

questioned. 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 sizes) 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 18O 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 

o 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) 

o Mineral composition (X-Ray Diffractometry – XRD) 

o Surface composition and speciation (X-Ray Photoelectron 

Spectroscopy – XPS; Scanning Electron 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 drawbacks that can arise while working with wet 

samples. Several studies indicate that this 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; 

Perez et 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 (adhesion and absorption) 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 thei r 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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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 un der 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 cm-3. 

Description 
Bulk Density, �Òb

g cm-3 Porosity, �Æ Void ratio, e 

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 
open packing 

1.39 0.48 0.91 

Subsoil of sandy texture 1.61 0.39 0.65 
Sandy loam compacted by 
heavy traffic 

1.90 0.28 0.39 

Spheres of uniform size in 
closest packing 

1.96 0.26 0.35 

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 �Ím equivalent cylindrical diameter) - hold  

excess water that is free to drain, between (and sometimes within) 

aggregates. These pores enable soil to drain 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 �Ím to 50 �Ím diameter). These retain 

water against the force of gravity, but allow water uptake by plant 

roots. 

3. Residual pores  (< 0.5 �Ím 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, mw, 

on drying in an oven to a constant mass, ms, at the arbitrary temperature of 

105 �qC. Water content, as a volume fraction, ranges from zero at oven 

dryness to a value �H at 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 , �<m, 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’ represents the equivalent diameter of pores and is expressed in �Ím, unless otherwise stated. 

Functional 
classification ( �Ím) 

Physical classification Size 
(m) 

Soil system  

Greenland and Hayes, 1981 Brewer, 1964 Luxmoore, 1981 

Predominant water 
phenomena 

Size 
(�Ím) 

�gEquivalent 
water pressure 

(kPa) 

10-2

Spaces as large as these are commonly formed 
between the clods of newly ploughed soil. 
Cracks in dry clay soils can reach widths of this 
order of magnitude. 

Macropores 
d > 1000 

Macropores 
d > 1000 

Channel flow through 
profile from surface 

ponding and/or perched 
water table 

10000 - 0.015 

10-3  
(1 mm) 

Pores of about this size and smaller are formed 
between aggregates of finely tilled soil as for a 
seed-bed. 

Transmission pores : 
air movement and 
drainage of excess water  
d > 50 1000 - 0.15 

10-4

Pores between spherical particles 0.65 mm in 
diameter in closest packing have this size 
(Dallavalle, 1948). Roots will not extend into 
ri gid pores smaller than this (Wiersum, 1957). 

Fine 
Macropores 
75 < d < 1000 

Mesopores 
10 < d < 1000 

Drainage; hysteresis; 
gravitational driving force 

for water dynamics 
100 - 1.5 

10-5
Pores larger than about 15 �Ím (corresponding to 
9.8 kPa) are drained in most soils that can be 
said to be at Field Capacity. 

Mesopores 
30 < d < 75 

Micropores 
d < 10 

Evapotranspiration; 
matric pressure gradient 

for water distribution 

10-6  
(1 �Ím) 

Pores down to this size are accessible to bacteria. 

Storage pores: 
retention of water against 
gravity and release to plant 
roots 
0.5 < d < 50 

Micropores 
d < 30 (< 0.5) 

Physico-Chemical classification 
(adsorption) 

10 - 15 

IUPAC, 2001 
1 - 150 

10-7
Water in pores of about this size or larger is 
available to plants in non-saline soil (correspond 
to 1500 kPa). 

Macropores 
d > 0.05 

0.1 - 1500 (PWP#) 

10-8

When micropores are treated as slits between 
parallel plates, about half the pore space in dried 
aggregates of clay soil can commonly be 
attributed to plate separations of 10 nm or less 
(Sills et al., 1974). 

Residual pores : 
retention and diffusion of 
ions in solution 
0.005 < d < 0.5 

Ultramicropores  
0.5 < d < 0.1 Mesopores 

Capillary condensation; 
transport 

0.002 < d < 0.05 
0.01 - 15000*

10-9  
Bonding spaces: 
support major forces 
between soil particles 
d < 0.005 

Cryptopores 
d < 0.1 

 

Micropores Physisorption; adsorbate-
adsorbate and adsorbant-

adsorbate interactions (1 nm) 
Roughly corresponding to the thickness of 3 
layers of water molecules on a clay surface. 0.001 - 150000*

d < 0.002 

�gCalculated 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 soil water included 
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The relation between water content, �T, and matric potential (or suction), �<m, 

is a basic property of a soil, called the moisture characteristic  (also water 

retentivity curve or water characteristic function). The moisture characteristic is 

constructed by measuring �T 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),  

 

r
gsp

�D�J
�U

cos2
��� ���  (2.1) 

 

 

where: p is the pressure of the water, �Ä is the surface tension of water (72.75 

mJ m-2 at 20°C), r is the tube or pore radius, �Ò is the density of water (0.9982 

mg m-3 at 20°C), g is the acceleration due to the gravity (9.80 m s-2), s (in m) is 

the suction and �4 is the contact angle, which is normally to be zero. On this 

basis, a moisture characteristic can be used 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 to classify 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 macropore water 

(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 have also 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; Courchesne et 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 se ‘conventional’ analytical techniques has 

limitations by being either invasive, in capable of detecting certain constituent 

elements, or not being surface-specific. X-ray photoelectron spectroscopy (XPS) 

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 the 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 being 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, but also their chemical state. In the case 

of iron, for instance, the spectra of Fe0, Fe2+, and Fe3+ 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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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 due to hydrocarbon and non-hydrocarbon (e.g., 
carbonyl group), respectively (from Yuan et al., 1998). 

 

XPS has rarely been applied to probe 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 surf ace-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 of this land for approximately 100 

years. The soil chosen was from a field originally used as a lagoon for sludge 

de-watering (Fig. 2.4).  Sewage sludge 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 (Young et al., 

2000), found values in the range 141-200 mg P kg-1 (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 sampling 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 

Figur e 2.4. View of test field; the old lagoon boun dary and a ring main outlet for sludge 
disposal 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.   

Heavy metal 
Range occurring 

across site1 

(n = 475) 

Range occurring in 
test field 1 

(n = 8) 

Maximum permissible 
concentrations in ‘normal’ 

agricultural soil 
(pH 6.0 - 7.0) 2

 (mg kg-1) (mg kg-1) (mg kg-1) 
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 

1Heaven and Delve (1997). 
2The 1989 Sludge Regulations (HMSO, 1989). 
 

 

 

 Key: Cd concentration in soil (mg kg -1) 

Sampling site 

Railway 
Farm 
buildin gs 

Village 

Sewage 
treatment 
works 

N

Scale 1: 10730 
(1.71 cm = 1km)  

 

Figur e 2.5. Geochemical map of the Stoke Bardol ph 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.  

Name 
site 

OS Ref 
Soil 

classification 
Land use Parent material Code 

Newport SJ 747 189 Brown sand Arable 
Glacial drift over 
Triassic Sandstone 

(Sherwood sst) 
Np 

Insch NJ 650 263 
Typical brown 

earth 
Arable 

 
Gabbro intrusion 

 
Ic 

Hanslope TL 344 634 
Calcareous 

pelosol 
Arable 

Great Oolite Series 
(Jurassic) 

Hp 

Stoke 
Bardolph 

SK 643 406 ‘Sewage farm’ 
Sewage 
sludge 

Silty river alluvium 
over Triassic (Mercia 

Mudstone Group) 
SB 

application 

 

 

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 5ºC and 15ºC. 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 ( �Òb), i.e. the ratio of the mass of dry solids to the bulk 

volume of the soil, was measured as described 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 cm-3. 

 

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 cm3 of dry soil (< 2mm) was 

placed in a weighed 250 ml beaker and re-weighed (a, dry soil). De-ionised 

water (50 cm3) 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: 

s

s
s V

M
d �  (2.2) 

 

where   OHflasks VVV
2

��� ;  
OH

OH d
ab

V
2

2

��
�  

and Ms is the mass of dry soil. 

 

Porosity was calculated from the measured values of bulk and particle 

density: 

�¸�¸
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�·
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�©

�§
��� 

s

b

d

�U
�H 1  (2.3) 

 

 

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 �Ím to 2000 �Ím (0.0004 mm to 2 mm). 

 

A sample of 25 g of soil was treated with 30% hydrogen peroxide (H 2O2) 

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% Calgon solution (recommended 

for soils and geological samples) was prepared by adding 35 g sodium 

hexametaphosphate and 7 g sodium carbonate to 1 L of distilled water 

(Head, 1992). A known amount of sample after H2O2 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 Calgon to 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 are caused 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 �Ím) appearing 

during the analysis can affect the accuracy of particle size distribution’ 

results and should therefore be minimized.  

The standard ‘optical model’ used fo r 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 �Ím) 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 afte r sample addition, i.e. the amount of 

sample dispersed in the cell as the relative 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 and pore size distribution 

The relationship between water content and potential, the moisture 

characteristic, was determined followi ng the method described in ISO 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). Soil 

samples at FC are placed in contact with the surface of the table and the 

application of suction causes the samples to 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 technique used was based on compulsive exchange between an 

aqueous 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 organi c matter, upon heating at 450�qC for 4 hours and 
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cooling in a dessicator (Sutherland, 1998).  Triplicate measurements were 

made on samples initially dried at 105�qC 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-dispers ive 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, Al 2O3, SiO2, P2O5, K2O, CaO, TiO2, MnO, Fe2O3, Sc, V, 

Cr, Co, Cs, Ba, La, Ce, Nd and Sm as one suite 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, Sb, 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% 

H2O2 (hydrogen peroxide) in a water bath (in steps, from 40° to 60°C), in 

order to remove organic matter. H 2O2 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 mortar) 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 63�Ím sieve into a glass cylinder: the 

retained portion (> 63�Ím) 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(PO4)6) was added until dispersion occurred. The 

sample was thoroughly shaken and left overnight to let the 63 �Ím equivalent 

diameter particles settle. For a 20 cm cylinder, nearly 14 hours were required 

according to Stoke’s Law. The first 20 cm from the top (unsettled particles < 

2�Ím) of the cylinder was removed and dried at 55°C. The rest of the 

suspension was preserved in case more 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 CaCl2�›6H2O 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°2�É at 0.70°2 �É/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 Siroquant v.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 concentrations 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 sample 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 the emission 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 AlK �D X-rays (1486.6 eV) with photoemission 

resulting from the ejection of core level electrons by the AlK �D X-rays. The 

kinetic energy of the emitted photoelectro ns is then analysed by the electron 

spectrometer and the data presented as a graph of intensity (of counts per 

second) versus electron energy, the X-ray induced photoelectron spectrum.  

The kinetic energy (EK) 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 (EB) 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: 

B

 

WEhE kB ����� �Q  (2.4) 
 

 

where h�Q is the photon energy (1486.6eV for Al K�D X-rays), EK 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 an electron 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 escape without energy loss contribute to 

the characteristic peaks in the spectrum; those which undergo inelastic 

scattering and suffer energy loss contribute to the background of the 

spectrum (Fig. 2.8). Since the ‘escape depth’ 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 spectrum of a soil excited by Al K�D radiation 
(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 chemists’ notation in which electrons are 

described by the appropriate quantum number and sub-shell, i.e. 1s, 2p3/2 , 

3d5/2 , 4f7/2 . 

 

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 surfaces were then lightly 

compacted with an ultra-clean spatula to ensure cohesion of the soil and 

complete coverage of the carbon adhesive (Gerin et al., 1995; Dengis et al., 

1995).  

Samples were analysed on an Escalab Mark I XPS using an 

unmonochromated Al K �D X-ray source (1486.6 eV) operated at an anode 

potential of 10 kV and a filament emission current of 20 mA. The vacuum in 

the analysis chamber was typically better than 4 x 10-9 mbar. An electron 

take-off angle of 90 degrees was used and the area analysed was 

approximately 1cm x 1cm. The electron spectrometer comprises a 

hemispherical sector analyser and was operated in the constant energy mode 

(CAE) at electron pass energies of 10 eV for the high-resolution element 

peaks. Survey scan spectra were collected in the 0-1100 binding energy range 

using a pass energy of 50 eV. 

Background removal, peak fitting and peak area determination were 

performed using CasaXPS software. Quantitative data (i.e. atomic % 

determination) of survey spectra were derived using modified Scofield 

elemental sensitivity factors. The C1s peak (C-C/C-H) at 285 eV was used to 

correct the binding energy shift due to charging. This correction was applied 

to all element peaks following backgr ound subtraction/peak deconvolution 

to give ‘true’ binding energy values. To  ensure correct energy calibration of 

the spectrometer the calibration was checked before and after the analysis 

with an argon-etched pure silver standard specimen. 

Distribution of carbon in the variou s chemical states was determined by 

deconvoluting (i.e. curve fitting) the High Resolution (HR) C 1s spectra into 

components corresponding to known chemical functions (Gerin et al., 1995), 

using a non-linear Shirley background model and symmetric peaks with a 

Gaussian/Lorentzian ratio of 70/30.  
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Data collection typically comprised a survey analysis followed by an HR 

analysis of C1s. 

The full width at half maximum (FWH M) of the carbon components were 

typically in the range of 1.4-1.8eV and attributed to carbon in the various 

oxidation states (see Table 2.6 for details). 

 

2.6. Results and discussion 

2.6.1. Soil physical characteristics 

Results of the particle size distributi on analysis are shown in Fig. 2.9. and 

2.10. The Stoke Bardolph soil presented < 9% clay, 40% silt and 45% sand, 

therefore falling into the category of sandy silt (British Standard 

classification, see Head, 1992, p. 165). Bulk density (�Òb) was measured as 0.67 

g cm-3, particle density as 1.58 g cm-3 (including organic matter); giving a 

porosity ( �6) of 0.58 (void ratio 1.36). These values are more typical of a clayey 

soil. 
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Figure 2.9. Differential volume of particle size as measured by Laser Diffraction Counter for 
Stoke Bardolph soil compared with three ‘test’ soils. 
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It has to be said that the resolution of the laser diffraction instrument is not 

linear across the entire measuring range, because different size particles 

scatter light in different ways (Beckman Coulter, 2003). In particular, 

particles < 1 �Ím have weaker scattering and are more difficult to discern. For 

these reasons a different technology (i.e. Polarisation Intensity Differential 

Scattering - PIDS) is generally used for the high resolution of sub-micron 

particles3, but was not employed in this context. Therefore, results may be 

slightly underestimating the clay content and differ from the published data 

for the soils presented here (e.g., Memoirs of Soil Survey, various sheets). 

Nevertheless, the Fraunhofer approximation used for the measurements 

gives good results over the range considered (ISO, 1999).  
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Figure 2.10. Particle size distribution curves for Stok e Bardolph soil compared to three ‘test’ 
soils (Hanslope, Insch and Newport). 

 

 

                                                           
3 See http://www.beckman.com/products/instrument/partChar/technology/pids.asp for more 
information on the technique 
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Figure 2.11.  a) Water characteristic curves for Newport (Np); Insch (Ic); Stoke Bardolph (SB); 
and Hanslope (Hp) soils; b) comparison of experimental and modelled (one-parameter 
model – Gregson et al., 1987) water characteristics curves for Stoke Bardolph soil; vertical 
bars represent standard errors. 

 

 

Water characteristic curves for the Stoke Bardolph soil is given in Fig. 

2.11a and b, where it is also compared with the other three ‘test’ soils. The 

curves reflect the textures of the soils; SB is behaving very similarly to a 

clayey soil with a steeper slope of the curve at between low and medium 
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suctions. Conversely, the three ‘test’ soils present fairly typical shapes with 

respect to their textures. The different behaviour by SB is clearly due to the 

amount of organic matter in the soil. Organic matter produces both a direct 

and indirect effect on the amount of  water held in a soil (Brady and Weil, 

1999).   

Organic matter is generally more porous than mineral soil particles and 

can hold much greater quantities of water than that of an equal volume of 

mineral matter when the soil is bet ween FC and wiltin g point (Hudson, 

1994).   The indirect effect of organic matter occurs through its influence on 

soil structure and total pore space. Its presence helps to stabilize soil 

structure and increases the total volume as well as the size of the pores. This 

therefore organizes the aggregate structure of the mineral phases so as to 

increase the occurrence of ‘storage pores’. 

 

Table 2.5. Total available and capillary water of the four test soils. 

Soil 
FC 

(-10 kPa) 
PWP 

(-1500 kPa) 

Hycroscopic 
coefficient* 
(-3100 kPa) 

Capillary 
water†

Available 
Water 

�Tm  (g g-1) 
Newport 0.1331 0.0493 0.0413 0.0918 0.0838 

Insch 0.3652 0.1726 0.1632 0.2020 0.1926 
Hanslope 0.4191 0.2203 0.2029 0.2162 0.1988 

Stoke Bardolph 0.5231 0.2286 0.1892 0.3339 0.2945 
*estimated using Gregson et al. (1987) model 
†difference between FC water and Hygroscopic water 

 

 

The “one-parameter model” proposed by Gregson et al., (1987) was fitted 

to the experimental data (Fig. 2.11b). The model shows a very close fit to the 

data, where similar results are achieved with the ‘test’ soils (data not shown). 

The model was used for calculations of water retention (Fig.2.12). Table 2.5 

shows values of field capacity FC (- 10 kPa), wilting point PWP (- 1500 kPa) 

and available water content �Tm for the soils studied, as well as estimates of 

capillary water and water content at the hygroscopic coefficient.  

68
 



Soil physical and chemical characterization Chapter 2
 

The Stoke Bardolph soil showed a greater capacity to hold capillary water 

compared to the other soils, even compared to the clayey soil.  
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Figure 2.12. Modelled moisture characteristic of Stoke Bardolph soil with equivalent pore 
size distribution and pore classifica tion (Greenland and Hayes, 1981). 

 

 

2.6.2. Soil chemical characteristics 

Table 2.6 shows the result of the XRF analyses and lists the mineralogy 

and some of the chemical parameters measured. As expected, all of the trace 

elements were enriched and their concentrations exceeded those found in 

average uncontaminated soil (see Table 1.1). The most abundant trace 

elements were Zn, Cr, Cu, followed closely by Pb and Ni. It is also interesting 

to note the values for Sn (170 mg kg-1), Sb (75 mg kg-1), V (57 mg kg-1), Cd (50 

mg kg-1), and As (34 mg kg-1), which are all well above typical concentrations 

in soils (see Table 1.1). Given the coarse texture of the soil and its low clay 

content, CEC will be provided mainly  by humus content. Considering the 

clay and SOM contents, their relation and the consequent influence on CEC 
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will roughly be 1:3. Therefore, while 46.7 cmol c kg-1 can be ascribed as SOM-

derived exchange sites, only 15.6 cmolc kg-1 are probably due to the clay 

fraction.  

 

X-ray diffraction profiles of the so il studied are shown in Fig 2.13, 2.14 and 

2.15, with the main phases observed listed in Table 2.6. The XRD data 

illustrate the presence of mostly commonly occurring soil minerals, with 

quartz, calcite and dolomite identified as the major mineral phases from the 

XRD data of whole-rock sample (bulk sample), and minor amounts of 

Feldspar (possibly microcline), albite, kaolinite, muscovite. A peak possibly 

associated with a hydrated zinc phosphate hydroxide (possibly spencerite) 

was also identified. Zinc is the most abundant of the heavy metals and 

phosphates are highly enriched on the sampling site (141-200 mg P kg-1 

bicarbonate-extractable P, Young et al., 2000). 
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Table 2.6. Major and trace element concentrations in SB soil as measured by XRF, mineralogy and some chemical parameters; all values in mg kg-1 unless 
otherwise stated. 

        

Element Concentration   Element Concentration   Mineralogy  

        

Soil chemical 
parameters 

CaO (%) 9.06  As 34.5  

Fe2O3 (%) 3.83  Br 32.5 Quartz SiO2  

K2O (%) 1.05  Ag 30.0 Calcite CaCO3 pH 6.32 

TiO 2 (%) 0.392  Nd 27.5 Dolomite (Ca,Mg)CO3   

MnO (%) 0.142  La 24.0 Feldspar (Na,K)AlO 2[SiO2]3 CEC 62.3 cmolc kg-1

   Co 20.5 Albite NaAlSi 3O8   

Zn 2946  Y 18.0  LOI 27.1 % 

Cr 2604  W 12.5 Kaolinite Si4Al 4O10(OH) 8   

Ba 2099  Sc 11.0 Muscovite KAl 2(Si3Al)O 10(OH,F)2 Organic C 15.7 % 

Cu 1194  Ga 8.00 Zn phosphate Zn4 (PO4)2 (OH)2 ·3H2O  

Pb 850  Nb 7.50 Illite (K,H 3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH) 2,(H2O)]  

Ni 571  I 7.50   

Sn 170  Ge 6.50 Ca oxalate hydrate CaC2O4 ·2.25 H2O  

Sr 160  Hf 5.00 Fe, Mn phosphate (Fe, Mn)3 (PO4)2 (OH)2  

Zr 140  Th 4.50  

Sb 75.0  Mo 4.00  

Bi 60.5  Se 3.00  

V 57.0  Sm 2.50  

Cd 50.5  Ta 2.50  

Ce 47.5  U 2.00  

Rb 44.5  Tl <1  
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Figure 2.13. X-ray diffractograms of Stoke Bardolph soil for the bulk fraction.  
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Figure 2.14. X-ray diffractograms of Stok e Bardolph soil for the < 2�Ím fraction. 

 

 

The diffractogram for randomly oriented < 2 �Ím size fraction shows 

similar results, with quartz, calcite, kaolinite and muscovite present. Illite 
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and two new phases appear in the oriented mount; a hydrated calcium 

oxalate (possibly weddelite) and an iron manganese phosphate hydroxide 

(possibly lipscombite).  
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Figure 2.15. X-ray diffractogram of the < 2 �Ím size fraction with oriented mount for Stoke 
Bardolph soil; d-values in in Å are noted alongside the mineral names. 

 

Calcium oxalate could well be a by-product of the H 2O2 treatment to 

separate the organic matter, whereas the phosphate could be a result of the 

sewage sludge amendment, similarly to the zinc phosphate observed in the 

bulk sample. The majority of the phosphat e is however likely to be present as 

Ca-phosphate, probably in the forms of hydroxylapatite [Ca 5(PO4)3OH], 

tricalcium phosphate [Ca 3(PO4)2], or octacalcium phosphate 

[Ca4H(PO4)3á2.5H2O]. Ca-phosphates should have a characteristic peak 

corresponding to 2.81 Å which is not showing on the XRD diffractograms 

probably because of interference from organic carbon phosphate or humic 

acid. However, the crystalline phases could be superseded by a widespread 

unstable amorphous phase.  
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The presence of base metal phosphates is sometimes explained by the 

presence of ferromanganese oxyhydroxides, which promote the interaction 

of the base metals with P by serving as an adsorbent and a retaining matrix 

for both P and the base metals (Nriagu, 1984). When the particles settle out, 

base metals are immediately exposed to pore water with elevated 

concentrations of orthophosphate ions (Nriagu and Dell, 1974), and the 

interaction of the metals with the orthophosphate ions may be expected to 

occur.  

The occurrence of quartz, kaolinite, calcite and feldspar in the < 2 �Ím 

fraction could suggest association with other lower density materials, such as 

organic matter or amorphous material, highlighting the difficulty in 

disrupting the physical organic-inor ganic interaction in sewage sludges-

amended soils (Essington and Mattigod, 1991). The noisy background 

observed in the diffractograms indicates that amorphous material is present 

in the sample, and makes interpretation di fficult. The history of the site, as a 

lagoon for sludge de-watering, the hi gh phosphate inputs and the rigorous 

liming protocol followed, may support the evidences of amorphous material. 

In a previous study of the same Stoke Bardolph soil, SOM showed profiles 

enhanced down to ca. 60 cm depth, suggesting strong interference with the 

mineral phase throughout (Maxted, 2003, data not shown).  

 

The latter observation was also supported by the SEM-EDX images, which 

showed a high amount of amorphous material, either isolated or coating the 

particle surfaces, whereas the crystalline phases were often identifiable as 

quartz and/or calcite (Fig 2.16). Particles coatings could be either organic 

material (humic and fulvic acids) and/ or Fe, Mn oxyhydroxides, but the EDX 

spectra cannot resolve this aspect. 

Fig. 2.17 shows the wide-scan XPS spectrum covering a binding energy 

(EB) from 0 to 1250 eV. This is clearly dominated by peaks for O, C and Si, 

with less Al, Ca and N. Elements including Fe, Cr, Ni, S, P and K, which were 

B
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detected by SEM-EDX, were not detected here, probably because they were 

below detection limits or absent from th e surfaces. The absolute intensities of 

photoelectron peaks are influenced by factors such as density, chemical 

composition and surface roughness of the sample (Vempati et al., 1996).   

 

 

 

C

Figure 2.16. Secondary electron micrograph image and EDX spectrum of elemental chemical 
composition of Stoke Bardolph soil (Au coated). 
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Concentrations of C and N observed in the spectra are ascribed to OM in 

the soil. Nitrogen was detected at a binding energy of 399-400 eV, 

corresponding to N in orga nic amine or amide (Gerin et al., 1995). This 

represents strong evidence that the OM in the samples occurs as a coating 

over particle surfaces as well as being dispersed throughout the whole 

samples. 

 

 

 

Figure 2.17. Wide-scan X-ray photoelectron spectrum (0-1250 eV) of Stoke Bardolph soil 
excited by Al K �4 radiation. 
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The Hanslope, Insch and Newport soils showed similar results to that for 

SB soil, in agreement with recent studies (Yuan et al., 1998; Gerin et al., 2003), 

strongly indicating that OM occurrence as  a coating over particle surfaces is 

probably most likely even at much lower total organi c contents. The presence 

of Al on surfaces, could arise from an association with OM (Courchesne et al., 

1996), other Al silicates or Al in kaolinit e. The Ca peak is probably related to 

the very high content of CaO subsequent to the liming regime on the SB site.  

For each visible peak, a narrow-scan spectrum (10 eV) was also 

determined: this can help discriminate the chemical composition at the 

surface. In particular, carbon was analysed in order to interpret its 

distribution in the various oxidation states (Fig. 2.18 and Table 2.6). Results 

indicate that C[0] and C[+1] (where the exponent in square brackets indicates 

valence states), are the main components, with 47.5 and 38.1% respectively, 

with a lesser amount of carboxylic acid and/or carbonate (C [+2] or C[+3] 

depending on protonation). These results are in agreement with the recent 

work by Gerin et al., (2003). These authors also compared the mean 

functional C composition as determined by XPS with the composition of 

purified humic and fulvic acids as dete rmined by wet chemistry (Schnitzer, 

1978) and 13C-NMR (Cook and Langford, 1998). They found that there was 

good agreement between the composition of organic substances determined 

by XPS with the bulk composition of humic acids. Therefore, it may be 

reasonable to think that these are the conditions that are most likely to exist 

for the soil studied as well, with humic acid present in larger proportions 

compared to fulvic acids. 

 

Table 2.7. Types of functional groups that were considered in the de-convolution of the 
carbon spectra (from Gerin et al., 2003, according to Gerin et al., 1995) 

Type of Carbon 
Fitting 

Valence notation 
Binding energy 

eV notation 
C-C, C-H a C[0] 284.8 
C-O, C-N b C[+1] 286.4 

c C[+2] 287.9 C=O, O-C-O 
O=C-O, O=C-N, CO32- d C[+3] 289.3 
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a  

b  

c 

d  

Figure 2.18. Observed C(1s) spectrum ‘e’ of Stoke Bardolph, with computer fit components 
‘a ‘b ‘c’ and ‘d’, indicating different C oxidation states (see also Table 2.6.) 

 

 

2.7. Conclusions 

Te principal soil studied (Stoke Bardolph) was characterised for its major 

chemical and physical properties. As anticipated the soil showed high 

concentrations of trace elements as a result of historical additions of sewage 

sludge (Table 2.6). Mineralogical analysis illustrated close matching with the 
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mineralogy of the soil parent material . Solid phases were also identified 

which probably originate from amendment with sewage sludge. 

The soil has high humus content which, in turn, influences other 

properties, including CEC, phosphate content, bulk density, and FC. The soil 

is classified as a sandy silt (Particle Size Analysis - PSA), with < 9% clay. Its 

CEC was however relatively high, with roughly 75% of total exchange sites 

ascribable to SOM. This will affect the capacity of the soil to retain and 

exchange metals with the liquid phase, especially as OM is coating the 

surfaces of the mineral particles. The nature of the carbon coating particle 

surfaces is dominated by material of humic rather than fulvic composition.  

Bulk, particle density and total poro sity (in terms of ‘storage pores’) was 

also affected by the presence of SOM. Water retention is enhanced by the 

OM, as is FC. This finding is supported by the high volume of capillary water 

available in the soil (storage and residual pores), which far exceeded that of 

the other three soils tested. 

 

80 
  



Soil pore water extraction methods Chapter 3
 

3. Soil pore water extraction methods 
 

 

3.1. Introduction 

There are several approaches to sampling soil pore water from soils, 

however no single methodology is approp riate to all applications. The choice 

of method will depend on the particular aim of the study in question. In fact, 

it is arguable that soil pore water is operationally defined by the 

methodology employed for its acquisitio n and subsequent analysis.  It is 

therefore very important to describe  the methodology and the assumptions 

employed. 

This chapter describes some current methodologies used to extract soil 

pore water. Three laboratory-based methods (Rhizon™ samplers, 

centrifugation, and pressure filtering)  were chosen for further investigation 

and considered in detail. Results are presented for a range of operational 

factors: pressure applicable (i.e., pore size involved), moisture pre-requisites 

of the soil, pore water yielding, efficiency, duration of extraction, materials 

and possible contaminations for trace metals studies.  

 

3.3. Pore water extraction methods 

3.3.1. Field-based methods 

Field methods for sampling pore water are generally grouped under the 

general term lysimetry . This definition usually co mprises a range of types of 

samplers (Wolt, 1994): 

o Monolith – any device using an undisturbed soil block or column; 

o Filled-in – devices containing soil where the natural soil structure has 

been disrupted; 

o Tension – also called vacuum, suction, point or mini - lysimeters; 

o Passive – also called capillary samplers, zero-tension – lysimeters; 
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o Ebermayer – any lysimeter installation where, by access from a 

trench, a trough, pan, funnel, plate, or wick is placed under 

undisturbed soil.  

Of these, tension and passive samplers are the most widely used and are 

discussed below. 

 

3.3.1.1. Tension samplers 

In general, the approach employed for extracting pore water in situ is to 

use tension samplers such as porous cups, (for a complete review see Litaor, 

1988; Grossmann and Udluft, 1991). Porous cups are designed to replicate the 

function of a plant root, by applying su ction to the soil. The method however 

is replete with inadequacies that need to be considered in the acquisition and 

interpretation of data. Principal lim itations are the non-representative 

sampling of soil water occurring above the capillary fringe, and potential 

artefact effects arising from the reaction of lysimeter materials with the 

surrounding soil environment. In the first instance, changing the applied 

vacuum (from 0 to – 40 kPa) was observed to generate little effects on the 

concentrations of chemical species collected (Beier and Hansen, 1992; Beier et 

al., 1992). Additionally to this, water will flow from the soil into the porous 

cup if the capillary pressure in the cup is lower  than that in the soil. With a 

single pump, a vacuum of – 90 kPa can be easily generated and applied to 

the samplers. Sampling seepage (i.e. slowly percolating) water is therefore 

possible only as long as the capillary pressure in the soil lies above this value. 

As a result of the low sampling rates at capillary pressures below – 70 kPa, 

the use of this system is limited in the majority of soils (Grossmann and 

Udluft, 1991).  

The other problem connected with th e use of these samplers is the 

sorption of solutes from the pore water. Depending on the cup material 

(materials used include aluminium oxide,  glass sinter, ceramic, teflon, acrylic 

copolymer with internal nylon support, stainless steel, plastic ‘organic’ 
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polymers – PVC, PP, PVDF) additional reactions may take place leading to 

absorption, precipitation or even release of chemical substances, resulting in 

pronounced effects on the final composition of the water sampled (Litaor, 

1988). Several studies have investigated these effects and questioned the 

validity of results given by these kinds of samplers (e.g., Hansen and Harris, 

1975; Levin and Jackson, 1977; Nagpal, 1982; Guggenberg and Zech, 1992; 

Goyne et al., 2000). Siemens and Kaupenjohann (2003) found that between 0.8 

and 63 mg L-1 of dissolved organic carbon (DOC) was released from sealing 

and glues of pore water samplers. They concluded that samplers should be 

designed without glues or elastomers, presenting a suction plate entirely 

made from borosilicate glass that did not release organic C. Interaction with 

organics may be particularly significant in  the case of trace metals adsorption 

on the surface of the samplers (Shendrikar et al., 1975; Massee and Maessen, 

1981; Grossmann et al., 1990; Wenzel and Wieshammer, 1995; Wenzel et al., 

1997). Different materials have been tested to minimize metals sorption 

effects. For example, McGuire el al., (1992) found that metal adsorption on 

samplers decreased on porous cups made of materials in the sequence 

ceramic > stainless steel > fritted glass = poly(tetrafluorethene) (PTFE), with 

trace metals being adsorbed in the sequence Zn >> Co > Cr > Cd. These 

authors also pointed out the importance  of the total metal concentration as 

well as cleaning method (water vs acid solution) and rinse volumes, which 

affected the extent of the adsorption. Adsorption was between 2 to 15 times 

higher for water-cleaned samplers, but also increased on acid-cleaned 

samplers with decreasing volumes ut ilised.  A later study by Andersen et al., 

(2002) found that cups made of PTFE affected the concentrations of Cd, Cu, 

Ni and Zn, which were adsorbed at pH > 4.5 for low pore water 

concentrations. Results on adsorption showed that plastic cups may have 

some advantage over conventional ceramic cups. With increasing sample 

volume the concentration of a trace metal recorded by the suction cup comes 

closer to the concentration in the pore water because of the equilibration of 
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the cation exchange surface of the suction cup with the solution. However, 

the extraction of large sample volumes can cause a significant disturbance of 

the system (Grossmann and Udluft, 1991). More recently, ceramic cups were 

found to adsorb PO43-, DOC, major and minor cations (Na+, K+, Ca2+, Mg2+, 

Fe3+, Al 3+, Mn2+, and Zn2+) and SO42- and NO3
- anions. They release H4SiO4 

and, in addition to this, relative low pH values (5.1 – 6.2) favoured anion and 

DOC adsorption, the latter increasing the exchange capacity and cation 

adsorption of the material (Menendez et al., 2003). 

Despite the potential problems, this remains an area of great opportunity 

for innovation, as illustrated by the development of new types of sampler, 

such as the soil moisture Rhizon samplers (www.eijkelkamp.nl ), which will 

be described later.  

 

3.3.1.2. Passive samplers 

Passive samplers have no tension applied to them. Consequently, they 

only sample that fraction of the soil wa ter flux occurring under saturated soil 

conditions or during macropore flow. Th ese devices results in samples of soil 

water which may represent a combinatio n of bypass water (recent rainfall, 

irrigation events, i.e. water moving via preferential flow), and “internal 

catchment water” (Booltink and Bouma, 1991), i.e. water moving by diffusion 

and/or conduction and exhibiting a ran ge of contact times with the soil 

matrix.  The proportion of bypass wa ter compared to internal cachment 

water will depend on soil structure, so il moisture conditions prior to and 

during percolate sampling, and features  of the design and operation of the 

lysimeter. As a result, compositional analysis of ‘passive’ lysimeter solutions 

and pore water obtained by laboratory displacement may substantially differ 

(Zabowsky and Ugolini, 1990).  
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3.3.2. Laboratory-based methods 

Laboratory methods of pore water displacement are designed to 

approximate diffuse water in quasi-equ ilibrium with the soil solid phase. 

Methodologies for obtaining “unaltered” soil pore water in a laboratory 

setting may be broadly defined as displacement techniques and comprise: 

o Column displacement (pressure or tension displacement, with or 

without a displacing head solution); 

o Centrifugation (with or without immiscible liquid displacement); 

o Saturation extracts (including saturation pastes); 

o Water extracts; 

o Complexation and exchange techniques (e.g., DGT technique, Hooda 

et al., 1999); 

o Lysimetric methods (both tensio n and passive, including Rhizon 

samplers - see also field methods) 

The various column displacement methods are the most widely applicable 

and reliable techniques, although require a high degree of operator 

experience. Centrifugation methods are the most popular soil pore water 

displacement techniques due to their ease and the ready availability of the 

requisite equipment in most laboratorie s. Saturation extracts constitute a 

valid alternative, especially when batc h experiments are carried out (Degryse 

et al., 2003). 

 

3.3. Choice of methods 

From the preceding discussion (see also sections 1.3. and 2.3.) it is 

apparent that the sampling procedures used for this study should be capable 

of identifying the origin of pore wa ter sampled. In general, most field 

sampling methods have been used to interpret soil pore water chemistry 

from both static and dynamic perspect ives, without sufficient consideration 

of which soil water is being sampled and its chemical reactivity in soils 

(Wolt, 1994). This possibly makes field-based sampling more suitable than 
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laboratory methods for consideration of chemical transport, provided the 

solutions obtained represent mobile water in the soil environment. By 

contrast, considerations of biologically  important processes relating to plant 

nutrient availability, phytotoxicity and soil metabolism are probably best 

related to chemical composition of diffuse soil water as reflected in the 

composition of displaced soil pore water. Therefore, it may be reasoned that 

laboratory methods appear more appropriate for this project.  

 

Three different extraction methods were chosen for this project:  

1) Rhizon samplers (or ‘Soil Moisture Samplers’ - SMS);  

2) drainage centrifugation;  

3) ‘pressure filtering’ (squeezing).  

These three methods were selected for different reasons, but mainly for their 

flexibility and novelty. Rhizon samplers  represent the current equivalent of 

porous cups, widely used in the recent past, centrifugation is possibly the 

current most widely used method and sq ueezing is a novel alternative, since 

it has been never used on soils before and has the potential to access water 

contained in small pores. These methods should enable us to perform 

‘fractionated’ extraction on the soil, whereby a combination of the methods 

can be used to provide soil water originating from a wider range of pores. 

 

 3.3.1. Rhizon Soil Moisture Samplers (SMS) 

Rhizon samplers are a hybrid device, which can be used in the laboratory 

for e.g. pot experiments, as well as in the field (Knight et al., 1998; Cabrera, 

1998). They represent one of the latest developments in terms of tension 

samplers, where it is necessary to apply a suction to withdraw pore water, 

either with a syringe, a vacuum tube or a pump. In this project Rhizon 

samplers obtained from Rhizosphere Research Products (Wageningen, 

Holland), and later from Eijkelkamp ( www.eijkeljamp.nl ), were used.  
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A pore water sample is obtained by inserting the sampler into a wet soil, 

and applying a suction from a vacuum tube or syringe. According to the 

manufacturer, the yield in water with 100 kPa pressure differential is greater 

than 1 ml min -1.  

Rhizon samplers are becoming increasingly popular, especially for studies 

on bioavailability. Knight et al., (1998) were one of the first group of 

researchers to apply these devices to extract pore water for metal availability 

studies (Cd, Zn) on soil pore water. App lications on nutrient properties and 

distribution in different media are also found (e.g. Cabrera, 1998). The 

methodology has been compared with centrifugation for microbial 

ecotoxicity testing on soil amended with Cd and Zn (Tiensing et al., 2001). 

Luo et al., (2001, 2003) studied Cu and Zn in polluted soil as influenced by �Ä-

radiations, monitoring the changes in metal concentration over time. More 

recently, the same authors evaluated the use of a multi-layer column device, 

with installation of Rhizon samplers, to collect soil pore water for study on 

nitrate leachability in sludge-amended soils. Rhizon samplers were also used 

by Tye et al., (2002, 2003) to extract pore water to predict As solubility in 

contaminated soils and to study Cd 2+ and Zn2+ activities in soil pore water on 

a range of soils.  

 

3.3.2. Centrifugation 

Centrifugal extraction of pore water is a relatively routine and well-

established method. Its use started early in the 20th century (Cameron, 1911), 

but was little used until its reintroducti on by Davies and Davies (1963). Since 

then few modifications have been applied to the method. Generally, one can 

distinguish between three main kinds of centrifugation: low-pressure 

centrifugal displacement or high-pre ssure centrifugal displacement and 

centrifugation with immi scible liquid (Fig. 3.1). 
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Figure 3.1. Pore water extraction by (a) drainage centrifugation using a swing-out rotor and 
(b) immiscible liquid displacement using a fixed-angle rotor (after Kinniburgh and Miles, 
1983). 

 
 

The first two types are based on free drainage of the pore water, through a 

porous plate supporting the sample, into  a collecting cup. The third is based 

on the displacement of pore water by a dense, immiscible liquid followed by 

subsequent collection of the displaced water after it has floated to the top 

(Mubarak and Olsen, 1976; Batley and Giles, 1979; Whelan and Barrow, 1980; 

Kinniburgh and Miles, 1983).  

 

Centrifugation has been widely applied to the extraction of pore waters 

from various materials including sedime nts, chalks, sandstones and clayey 

soils (e.g. Shaffer et al., 1937; Richards and Weaver, 1944). Drainage 

centrifugation was reported as a method for the removal of fluids from 

various saturated and partially saturated geological materials in the early soil 

science literature.  These early studies were aimed at measurements of the 

physical properties of the rocks rather than the characterisation of extracted 

pore waters.  Jones et al., (1969) and Sholkovitz (1973) later reported the use 

of centrifugation, to extract pore wa ter from basin sediments for chemical 

characterisation. Much of the sampling of pore water in hydrochemical 
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investigations in UK aquifers follows the approach developed and tested in 

the pioneering work of Edmunds and Bath (1976). The same high-speed 

centrifugation technique adopted by these authors was later used by 

Wheatstone and Gelsthorpe (1982) and others for the extraction of pore 

waters from Triassic sandstones.  The technique gradually became the 

preferred method in soil science. Adams et al., (1980) reported that 

centrifugal displacement at low pressures (< 500 kPa) represented the most 

widely employed approach to obtaining soil pore water.  

 

The direct centrifugation drainage technique is often preferred as a simple 

way of obtaining pore water that mini mises risks of contamination (Tyler, 

2000). Centrifugation allows the quick and easy removal of soil water at 

precise intervals in time at matric suctions greater than 100 kPa, the upper 

limit of most of the porous ceramic samplers (Jones and Edwards, 1993). The 

pressure applied can go up to 1500 kPa with the highest centrifugal speeds.  

 

Many researchers have tested and reported the yield (defined also as 

“extraction efficiency” – Entwisle and Reeder, 1993, see methods in this 

chapter) for different materials and using a range of rotation speeds and 

lengths of operation.  In the study of Edmunds and Bath (1976), extraction 

yields of 20-30% were obtained at low speeds, compared with up to 85-95% 

of the available pore water using the high-speed centrifuge. In the study of 

Wheatstone and Gelsthorpe (1982), the moisture content of the samples 

tested varied between 6 and 15% and the percentage of water extracted 

increased with increasing speed from 3000 to 12000 rotations per minute 

(rpm).  At the optimum speed of 12000 rpm, tests showed that only a 

marginal increase in the amount of fluid extracted was observed after an 

initial 30 minutes operation. In the work of Kinniburgh and Miles (1983), 

yields were typically 20 to 50% for soils of moisture content 10 to 40%, but up 

to 90% for some chalks with 20% initial moisture content. 
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Studies comparing different centrifugation methods and other techniques 

in providing soil pore water have been reported by many authors (e.g. 

Menzies and Bell, 1988; Zabowski and Ugolini, 1990; Sheppard et al., 1992; 

Dahlgren, 1993; Lorenz et al., 1994; Giesler et al., 1996; Chapman et al., 1997a). 

Most studies are fairly consistent in  their illustration of the differences 

among methods in terms of element concentrations in pore water, partly due 

to different fractions of pore waters considered. Moreover, centrifugation can 

be used to fractionate the pore water by selecting several centrifugation rates, 

i.e. pore water can be extracted using a number of steps, with an increment of 

centrifugal speed.  When increasing the centrifugal speed, and therefore the 

relative centrifugal force (RCF) value, during the various stages of soil 

centrifugation, less available water may gradually be released and collected 

(Tyler, 2000), thereby extracting water from a range of pore size distributions. 

Centrifugal speed has been shown to influence significantly the composition 

of the extracted soil pore water, which, depending on the specific soil 

considered, can display an effective increase in metal concentrations (Pérez et 

al., 2002). 

 

3.3.3. Pressure filtering (Squeezing) 

The squeezing method represents an approach where it is possible to 

modify the pressure during the extraction. This technique has been proved to 

be effective with various structured ma terials (coherent sediments and rocks) 

and has also been used for incoherent materials, including peat, clay, till, 

sand, silt, chalk, sea sediments (Entwisle and Reeder, 1983), but had never 

previously been used on soils.  

The squeezing technique was originally developed to obtain pore water 

samples mainly from unconsolidated m arine silts and clays. Manheim (1966) 

developed a heavy duty squeezer capable of applying a stress up to 150 MPa 

based on the early designs of a number of Soviet workers, most notably 
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Kriukov (1971). Similar designs have been used by Morgenstern and 

Balasubramonian (1980), Brightman et al., (1985), and Krahn and Fredlund 

(1972) to evaluate change in salinity with increased pore water extraction and 

increased pressure. The methodology has been used to extract pore fluid 

from materials with moisture content slightly below 7%.   The method is 

often unsuccessful on highly cemented, hard material.  In comparative 

studies, squeezing has been found to have a lower potential for 

contaminations and artefacts, partly because pore water extraction and 

filtration can be conducted in-line (B ufflap and Allen, 1995b). Very little 

direct contamination of the pore water resulted from clay studies using this 

extraction method (Entwisle and Reeder, 1993). In contrast differences in 

ionic strength and major components were found with increasing pressure 

applied and decreasing moisture contents (Cave et al., 1998, Reeder et al., 

1998). 

 

3.4. Materials and methods 

3.4.1. Soil sampling and preparation 

Soil sampling and preparation was the same as previously described (see 

section 2.5.1.). 

 

3.4.2. Rhizon Samplers 

3.4.2.1. Materials 

Standard Rhizon samplers (Fig. 3.2) consist of a length of porous, 

chemically-inert hydrophilic polyme r plastic (2.5 mm outer diameter, 1.4 mm 

inner diameter, average pore diameter ca. 0.1 �Ím), namely 

polyethersulphone (PES – G.P.J.P. van Dijk, pers. comm.). This is capped 

with nylon at one end, and attached to  a 5 or 10 cm length of polyethylene 

tubing, with a Luer-Lock (L-L) male conne ctor at the other end. The tubing is 

double walled, the inner sleeve is polyethylene (PE) because it is highly inert, 
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the outer wall (for strength) is polyviny lchloride (PVC). The porous polymer 

and part of the PVC tube is strengthened by a stainless steel wire. The Bubble 

Point (BP) of the sampler, i.e. the minimum pressure needed to overcome the 

capillary action of the fluid within  the largest pores, which are then 

emptied 4, is greater than 200 kPa. The dead volume (or void volume i.e., the 

total of the volume of the porous materi al and the inner volume) is relatively 

low, ~0.5 ml. 

 

 

Figure 3.2. Sketch of a Rhizon sampler (from “Rhizon soil mosture sampler: operating 
instructions”. www.eijkelkamp.nl ). 

 

 

3.4.2.2. Theoretical basis of method 

When suction is generated within th e sampling system, water is sucked 

inwards through the pores of the samp ler until a corresponding capillary 

pressure occurs in the pores. If the capillary pressure in the sampler is lower 

than that in the soil, water flows fr om the soil into the sampler until the 

capillary pressure in the sampler and in the soil are equal. The maximum 

capillary pressure in a pore can be calculated by the following equation 

(Schubert, 1982): 

 

9

1

10
cos)(2 ���u

��
� 

rgD
T

pc

�T�J
 (3.1) 

 

where  

                                                           
4 Bubble Point tests are usually carried out to characterize a membrane or porous material consistency 
or quality; they are also a common procedure to determine the maximum pore size. 
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pc = capillary pressure (MPa);  

�J = surface tension (N m-1); 

T = temperature; 

�T = contact angle; 

r = radius of the pore (m); 

D1 = density of the liquid (kg dm -3); 

g = gravitational constant (m s-2). 

This equation is valid for pores with  a circular cross-section. For other 

shapes an empirical adjustment factor must be considered. Surface-active 

substances that are dissolved in the water, for example humic substances, 

can decrease the surface tension. Materials that are not completely 

hydrophillic (e.g. plastic) need a smaller pore size. 

The time required for sampling depends directly on the actual unsaturated 

hydraulic conductivity ( k) of a soil. Soil pore water will be extracted when k  

> 10-3 m day-1 and when there is a good hydraulic contact between the soil 

and the sampler.  

 

3.4.2.3. Zone of influence 

The zone of influence of the sampler is the zone where sampler 

installation and operation affect solute flow, the region of the soil from which 

rhizon water is drawn, and the fraction  of soil water that is represented in 

rhizon solutions. The recharge area of these samplers (the space in which the 

water flows towards the sampler) depend s upon the capillary pressure in the 

soil, the tension applied, the diameter of the sampler and the pore size 

distribution of the soil.  

Warrick and Amoozegar-Fard (1977) presented an equation that 

theoretically described the maximum radius of influence ( rm). The former can 

be estimated in stationary conditions (steady state flow) for a point in an 

infinite medium around the sampler as follows: 
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where  

q  = volumetric flow rate into the sampler (cm 3 s-1); 

Ks  = saturated hydraulic conductivity (cm s -1); 

�D = fitted parameter of hydrau lic conductivity function (kPa -1); 

h1  = pressure head at rm (outside the sphere of influence of sampler, kPa). 

An alternative expression for the maximum radius of influence is that 

given by Morrison and Szecsody (1985), which was derived from equation 

(3.2) but with k  (unsaturated hydraulic conductivity) expressed as a function 

of the hydraulic head (see also Hart et al., 1994 and Hart and Lowery, 1997): 

 

)()( h
sKhk �'� �D  (3.3) 

 

where  

�¦ h = h0  - h1 

h0 = suction head at the sampler (kPa) 

 

Therefore rm will be calculated as: 

� � � �� � � ��»
�¼

�º
�«
�¬

�ª
��� �' h

r

m ee
r

r �D
�D

�D
1

4
20

0

 (3.4) 

 

where 

r0 = radius of the sampler  

The constant �4 is empirically derived and is a measure of the relative 

importance of gravity and capillarity fo r water movement in the particular 

soil (see Bresler, 1978 and Morrison and Szecsody, 1985). Fine soils, where 

capillarity dominates, have small �4-values; coarse soils where gravity effects 

control water transport have larger �4-values (Phillip, 1968). 
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3.4.2.4. Pore water extraction 

For the soil pore water sampling, the procedure described by Knight et al. 

(1998) and Tye et al., (2003) was followed. Four samplers were inserted into 

each of the soil containers. Soil pore water was extracted by connecting a 

syringe to each sampler and applying a suction. The zone of influence of the 

samplers was calculated according to equation 3.4.  

 

3.4.2.5. Conditions of the porous material 

Scanning Electron Microscopy (SEM) images and qualitative chemical 

analysis (EDX) of a brand new sampler, a used and acid-washed sampler and 

a used sampler, were taken to compare surface morphology, architecture and 

chemistry of the plastic porous material in pristine conditions and following 

pore water extraction (see section 2.5.3.5. for sample preparation).  

 

3.4.3. Centrifugation 

3.4.3.1. Materials 

A Beckman J21C high-speed refrigerated centrifuge, fitted with a 6 x 500 

cm3 Beckman JA-10 fixed-angle rotor was used. Specially designed 

polyoxymethylene (Acetal) tubes pr ovided with 316 stainless steel, 20 �Ím 

mesh filters were manufactured in-house  to adapt the rotor available with 

the centrifuge (Fig. 3.3).  
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Figure 3.3. Centrifuge tubes for soil separation, designed and manufactured by R&D 
Workshop BGS, Keyworth; 1 – pore water collector cup; 2 – upper soil container; 3 – 
screwable acetal top; 4 – screwable acetal filter and support; 5 – stainless steel filter. 

 

 

3.4.3.2. Theoretical basis of method 

Although the exact force distribution is  difficult to determine, the physics 

of fluid removal from porous geological  materials by drainage centrifugation 

is fairly well understood (Edmunds an d Bath, 1976).  Given a column of soil 

under centrifugation, the tension applied, pa, can be derived as: 

 

� � � �2
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g
pa ��� 

�Y
 (3.5) 

 

where: 

pa = tension applied developed at a generic point r2 of column (cm water); 

�Ú = angular velocity (rad sec-1); 

g = gravitational constant (cm s-2); 

r1 = distance from base of column to centre of rotation (cm). 
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The applied force is therefore a function only of distance from the rotor 

and the centrifugal speed, i.e. it has the same magnitude irrespective of the 

density and nature of the material tested, and the pattern of water removal 

will depend on the pore size distribution of the material. At equilibrium, pa 

will be everywhere balanced by a capillary pressure, pc, which can also be 

expressed as follows (Washburn, 1921): 

 

r
pc �˜

� 
�U

�T�Jcos2
 (3.6) 

 

where 

pc = capillary pressure in a pore (N m -2); 

�Ä = surface tension (N m-1); 

�Ò = specific gravity; 

�É = contact angle between porous solid and liquid; 

r = radius of pore (m). 

 

The extent of interstitial water re moval is therefore a function of the 

centrifuge dimensions and rotation speed, but it is also governed by the 

weight of sample used, the degree of initial saturation as well as the 

material’s pore size distribution.   

 

3.4.3.3. Pore water extraction 

The centrifugation drainage procedure described by Edmunds and Bath 

(1976) and Gooddy et al., (1995) was applied in the present study. The 

relationship between the distance to the centre of rotation and speed (hence 

pressure) applied was investigated for the supplied vessels and centrifuge 

rotor. The optimal choice of centrifuge speed, centrifugation time, and 

sample weight were also investigated in relation to the particular sample and 

volume of interstitial water required (see also Kinniburgh and Miles, 1983).  
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A known quantity of soil (at 5 º C) was transferred into weighed centrifuge 

buckets. Samples were spun at the desired speed for 30, 45 and 60 min. Two 

speeds were chosen: 1500 and 7000 rpm, corresponding respectively to 39 

and 858 kPa (equation 3.5). Upon completion, samples were removed from 

the centrifuge and the collection cups removed from each bucket. Dry bulk 

density was measured on the soil samples after centrifugation.  

In these preliminary tests, any pore water extracted was collected using a 

disposable syringe, weighed and filtered through a 0.45 �Ím filter to mimic 

the procedure for the successive extractions prior to preservation for 

chemical analysis.  If only small volumes of pore water were extracted, 

replicate samples were used to bulk the extracts. Distilled water blanks were 

passed through the extraction steps to minimize any contamination by 

materials or handling.  

 

3.4.4. Pressure filtering (Mechanical squeezing) 

3.4.4.1. Materials 

The squeezing apparatus in use at BGS utilises a hydraulic pump 

(Wykeham Farrance Engineering Ltd., Slough) which has a maximum output 

stress of 70 MPa and hydraulic hoses and fittings (Fig. 3.4). The main body of 

the cell and other metal parts in contact with the test sample or pore water 

are manufactured from Type 316 stainless steel, which was selected because 

of its resistance to corrosion and its high tensile strength.  

The cell body sample chamber is 75 mm in diameter and 100 mm high 

(Fig. 3.5). The outside of the cell has a spiral trough through which 

temperature controlled fluid circulates inside a plastic insulation jacket. 

Temperature control of the cell is achieved by a heater/chiller, which is 

capable of temperature control between -10�q and 50�qC. The pore water 

collection pipe screws into the top plate. Pore fluid is collected directly into 

disposable polypropylene syringes.  
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Figure 3.4. Squeezing apparatus, designed and manufactured by R&D Workshop, BGS 
Keyworth. 

 

 

 

Figure 3.5. Clay squeezing cell, designed and manufactured by R&D Workshop, BGS 
Keyworth. 
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Two syringe taps (which can have a 0.45 �Pm Acrodisc filter in between) are 

pushed onto the pore water pipe allowing flexibility of pore water collection: 

taps can be opened and closed when multiple samples are collected and 

syringes need to be replaced. The metal filter, which has a diameter of 90 

mm, is also made of Type 316 stainless steel (see Entwisle and Reeder, 1993 

for further details). 

 

3.4.4.2. Theoretical basis of method 

The squeezing process involves the expulsion of pore water from the 

material being compressed.  In general the material consists of solid particles 

(mineral phase), and spaces (voids), which in an unsaturated environment 

such as a soil, contain both air and water. When a squeezing stress is applied 

to a water-saturated material, its volume decreases by three main 

mechanisms: 

o compression of the solid phase; 

o compression of the pore water between the solid phase; and 

o escape of water from the voids. 

In most circumstances, the compression of the solid and liquid phases is 

negligible and most of the change in volume is caused by the escape of pore 

water.  This may be illustrated by a hydromechanical analogy for load 

changing and squeezing as shown in Figure 3.6 (after Lambe and Whitman, 

1979).  The resistance of the solid phase during compression is represented 

by a spring and the rate at which the pore fluid flows is dependent upon the 

size of the valve aperture.  In (a) the valve is closed and in equilibrium.  

When a pressure is added (b) the piston load is apportioned by the water and 

the spring in relation to the stiffness of each.  There is little movement in the 

piston because the water is relatively incompressible.  Most of the load is 

carried by the water and this increases the water pressure. If the valve is now 

opened (c) the excess pore pressure dissipates by water escaping through the 
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valve (d).  The piston drops and the volume of the chamber decreases until 

there is a new equilibrium when the app lied load is carried by the spring and 

the water pressure has returned to the original hydrostatic condition (e).  The 

gradual transfer of load from the wate r to the spring is shown in (f).  The 

dissipation of the pore water is called primary consolidation. 

 

 

Figure 3.6. A hydromechanical analogy for load chan ges during squeezing (after Lambe and 
Whitman, 1979). 

 

The rate at which the pore fluid is expelled is related to the length of the 

sample and the pore size.  A typical graph of the rate of settlement, and 

therefore pore fluid extraction, after the addition of a load (Fig. 3.7) shows 

both primary and secondary consolidation.   

Most of the excess pore pressure dissipates during primary consolidation. 

Secondary consolidation involves the movement of particles as they adjust to 

the increase in effective pressure and the dissipation of excess pore pressure 

from very small pores.  The pore water extracted during squeezing is mainly 

due to primary consolidation. 
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Figure 3.7. The rate of settlement for increasing stress (modified, from Entwisle and Reeder, 
1993). 

 

 

3.4.4.3. Pore water extraction 

Since this method had never been used for soils before, three soils (Hp, Np 

and SB) with different texture and characteristics were tested on the 

squeezing apparatus to assess the rate of release of pore water.  

The soil was placed into the clean dry cell. A 90 mm diameter Whatman 

filter paper was then placed on to th e shoulder of the sample chamber and a 

clean steel filter placed on top of the filter paper. The top plate is screwed 

into the cell to contact the metal filte r; the temperature control unit cooler 

was then switched on. A small nominal stress (<1 MPa) was applied to 

remove most of the air from the cell and to allow the sample and the 

components to bed in. When the selected temperature (�r2�qC) was attained, 

the pressure was increased and water collected. A temperature of 15�qC was 

chosen to match the temperature of the conditions of soil storage.  

The squeezing test may take from 1 hour to in excess of 2 or more weeks, 

depending on the set up and the physical properties of the material, 

producing either a single bulk sample or a number of “sequential” water 

samples (Ross et al., 1989). Sequential extractions were used here in order to 
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assess the release of pore water, analyse the samples separately, and study 

the change in composition with pr ogressive pore water extraction.  

When sufficient volume of pore water had been obtained (~ 15 mL to 

allow chemical analysis), the syringe was removed and the sample filtered as 

soon as collected through a 0.45 �Pm Nylon Acrodisc Syringe Filter (Pall-

Gelman - HPLC certified). Filtered samples were poured into 15 ml Röhre 

tubes (Sarstedt) and sub-samples of each syringe were acidified to 1% v/v 

(Aristar HNO 3) for ICP analysis. Further fractions of sample were collected 

by continued squeezing, using a new syringe assembly, until no further pore 

water could be obtained (Cave et al., 1998). 

 

After the test was completed, the squeezed sample was removed from the 

cell and the apparatus dismantled and cleaned. The test specimen was 

measured to calculate its volume, weighed and oven dried at 105�qC for 

density and moisture content determinations. 

 

3.4.5. Extraction Efficiency 

Duplicate samples of the soils tested were taken at the same time as the 

sample was prepared for both centrifug ation and squeezing extraction, for 

the determination of moisture content.  Moisture contents determined as part 

of centrifugation and squeezing extracti on tests are normally reported with 

respect to the dry weight. A known mass (at least 50 g, in triplicates) of the 

original sample was tested by determining its weight before and after 

heating at approximately 105 to 110°C for a minimum of 24 h.   

The percentage moisture content with respect to the initial wet sample 

weight, �Éw, was determined as: 

 

100
d
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WW ��
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where  
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Ww = wet sample weight; 

Wd = dry sample weight. 

The percentage of the available pore water extracted, E, (Entwisle and 

Reeder, 1993) was determined as: 

100
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p
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W
E

��
�  (3.8) 

where  

Wp = weight of pore water collected; 

Wsi = weight of sample initially tested; 

Wsd = weight of sample post squeezing (centrifuging) after oven drying. 

This can be written as: 
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where 

�Éw = moisture content with respect to initial wet sample weight. 

 

3.4.6. Chemical analyses on pore waters 

pH was determined on all squeezed pore water samples as soon as 

possible after collection using a standard pH meter provided with a 4 mm 

leadless micro electrode. Major cations (Ca, K, Mg, Na), trace elements (B, Ba, 

Be, Cu, Fe, Mn, Ni, Si, Sr, Zn) and total P and S were determined by ICP-AES, 

using a Fisons/ARL 3580 spectrometer. Further trace elements (Al, As, Li, 

Cd, Co, Cr, Cs, Cu, Mo, Ni, Pb, Sb, Sn, U, V and Zn) were also determined 

using a Thermoelectron VG Elemental Excell ICP-MS spectrometer. Analyses 

were carried out on 5 ml of sample acidified to 1% v/v with respect to 

Aristar HNO 3. Major anions (Cl, NO3, SO4, HPO4) were determined by Ion 

Chromatography (DIONEX DX600). A Shimadzu TOC-5000 total organic 

analyser fitted with ASI-5000 autosampler was used to determine total 

organic and inorganic carbon (DIC and DOC) using 5 ml of un-acidified 

sample. All the elemental analyses were performed at the BGS, in 

laboratories operating under UKAS Accreditation for natural waters 
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(including pore waters, synthetic flui ds, hydrothermal fluids and aqueous 

leachates). 

 

3.5. Results and discussion 

3.5.1. Rhizon samplers 

Nominal data for physical characteristics and dimensions of the Rhizon 

samplers are given in Table 3.1. 

 

Table 3.1. Physical characteristics and dimensions of a Rhizon sampler. 

q BP 
Porous 

area 
Length 

Internal 
diameter 

Outer 
diameter 

Internal 
Volume 

Dead 
Volume 

m3 s-1 
(108) 

kPa cm2 cm cm cm cm3 ml 

1.7 200 7.90 10 0.14 0.25 0.15 0.5 

BP: Bubble point 

 

 

According to the supplier (Eijkelkamp, www.eijkelkamp.nl ), a Rhizon 

sampler with 10 cm length porous po lymer producing a 7 ml sample, will 

have removed a water cylinder of 1 cm diameter. Following this approach, it 

was concluded that a generic zone of influence, extending to a radius of 5 cm 

in all directions from the edge of th e porous sampler, should be considered. 

The assumption of a 5 cm radius of influence however is not supported by 

any consideration of properties such as hydraulic conductivity or porosity 

and was only to advise users to space samplers at 5-10 cm distance between 

each other.  

Alternatively, the maximum radius of influence, rm, can be calculated 

using equations (3.2) and (3.4). Figure 3.8 shows rm as calculated by equation 

(3.4), varying the pressure head (�¦h) and the type of soil ( �4-value). The real 

diameter of a Rhizon sampler and optimal sampling conditions ( h0 = -200 

kPa) were assumed for the calculations. The two vertical lines, FC (Field 
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Capacity) and ‘syringe suction’, enclose the expected conditions for any soil 

in this study. According to Cabrera ( 1998), 10 ml plastic syringes applied to 

Rhizon samplers are likely to generate an average suction of -48.1 ± 0.5 kPa. 

�D-value
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8

-200-180-160-140-120-100-80-60-40-200
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cm
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0.02 0.03 0.05 0.08 0.10 0.20 0.51 1.01

FC Syringe
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fine soil

typical soil

coarse soil

 

Figure 3.8. Radius of influence of a Rhizon sampler as a function of the pressure head and 
the soil type. 

 

As expected, the radius of influence is greater for finer (clayey) soils, and 

smaller for coarser soils. The radius for the Stoke Bardolph soil falls between 

4 and 6 cm. In addition, within the studied conditions, the radius does not 

seem to be significantly influenced by the pressure head. This was not 

measured for the present study as the purpose was to work with an 

unsaturated soil at FC. 

The �4-values shown in Fig. 3.8, range through most of the published �4-

value for soils (0.01 kPa-1 to 1.01 kPa-1). However, there is a considerable 

variation in �4 and Ks, therefore more accurate rm calculations can be made if 

those two parameters are determined experimentally for a particular soil.  

In general, the calculation showed that the overall axial-radial influence of 

this type of sampler is very small, confirming the findings of Hart and 

Lowery (1997). This could result in a limitation of the method especially 
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when the soil is not homogeneous (or it has not been homogenised) causing 

preferential flow conditions to prevail. 

Samples collected with these devices may inadequately represent the pore 

water in its natural occurrence because of problems inherent in the technique 

(Litaor, 1988). This limitation may be additionally influenced by the complex 

nature of the soil, whose heterogeneity highly affects the chemical 

concentrations in pore water. Hence rhizon samplers, with their small cross-

sectional area, may not adequately integrate for spatial variability (England, 

1974; Amoozegar-Fard et al., 1982; Haines et al., 1982), and may represent 

‘point samples’ with qualitative rather than quantitative attributes (Biggar 

and Nielsen, 1976). 

 

Examination of the Rhizon samplers by SEM (Fig. 3.9) shows detail of the 

external surface of a pristine sampler. This clearly shows the porosity and the 

distribution of the pores through whic h the solution will be withdrawn from 

the soil sample. The spectrum of the chemical composition shows that the 

material forming the samplers is organi c, with peaks of C, O and S, as one 

would expect considering that the porous part of the sampler is made of PES. 

The presence of Au is due to the sample preparation, during which the 

sample is coated in gold. Figure 3.10 shows the external surface of a sampler 

that has been used several times for extraction, and cleaned with a slightly 

acid solution (5% volume HNO 3). For comparison, images from the two 

samplers were recorded at identical magnifications. The ‘used’ sampler 

appears to have no remnant porosity, or anything resembling residual pore 

structure. The EDX spectra show no significant compositional differences 

between the ‘pristine’ and the ‘used’ sampler. The only elements present are 

C, O, and S with approximately similar peak intensities. Arguably the 

external surface is coated with some organic layer which does not alter the 

overall chemical composition shown by the EDX spectrum.  
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Figure 3.9. Secondary electron micrograph image and EDX spectrum of elemental chemical 
composition for an Au coated ‘pristine’ Rhizon sampler. 
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Figure 3.10. Secondary electron micrograph image and EDX spectrum of elemental chemical 
composition for an Au coated ‘used and washed’ rhizon sms. 

 

If an organic layer (e.g., humic acid) were forming on the outer surface of 

the samplers, this would probably ha ve a significant cation exchange 

capacity. The acid-washing stage of cleaning the Rhizon samplers would 

protonate such surface coatings. The resulting pool of exchangeable H+ ions 

would be unaffected by subsequent washing with deionised water. Ion 

109 
  



Soil pore water extraction methods Chapter 3
 

exchange between Rhizon-H+ and soil pore water cations would acidify the 

extracted pore water, causing major alterations in the pore water speciation. 

Alternatively, the loss in porosity co uld be the product of a mechanical 

stress on the surface of the sampler, which is subjected to pressures from the 

soil when this is compacted by the installation process and the suction 

consequently applied. Observations of SEM pictures do not clarify this point, 

or whether there might be a combinatio n of the two processes leading to the 

loss of porosity. It is a fact that after 3-4 uses (Andrew Tye, pers. comm.) the 

suction performance of the sampler decreases significantly, raising questions 

about the life expectancy of the material itself.  Naturally this depends on the 

conditions to which we subject the rhiz on samplers, from soil at different 

acidity, organic matter, clay and moisture content. The material is fairly 

resistant to acid attack, but the same cleaning operation executed several 

times may damage and alter the material. 

 

3.5.2. Centrifugation 

During centrifugation a soil sample is  spun at a specific speed, which 

corresponds to a relative centrifugal force (RCF) and, according to equation 

(3.5), a corresponding pressure. The pressure on each point within the soil 

column can be represented depending on the distance to the axis of rotation 

and speed. Fig. 3.11 shows the variation of the applied pressure within a 

single bucket, as calculated by using equation (3.5). The radius varies 

between 5 (top of the column) and 9 cm (base of the column) depending on 

the position of the point inside the bu cket, which is inclined at 45º with 

respect to the axis of rotation. In this situation we considered the maximum 

speed achievable as ca. 7000 rpm, which was calculated according to a 

reduction factor for the rotor in use with  the centrifuge, in case of materials 

having density higher than water  (Beckman instruments, 1988). 
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Figure 3.11. Pressure profile depending on distance R from rotation axis at maximum speed 
(7000 rpm) based on equation (3.5). 

 

 

The mean distance from the axis of rotation is 7 cm, which is the midpoint 

at which we can calculate the relationship between the varying speed and the 

pores drained according to equation (3.6). Fig. 3.12 shows the resulting 

pressure profile at the midpoint with varying centrifugal speed.  
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Figure 3.12. Pressure profile depending on the speed at a midpoint of 7 cm from axis of 
rotation calculated using equation (3.6); relationships between speeds of rotation, pressure 
applied and minimum capillary size drained (radius = 7 cm). 
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The highest speed achievable corresponds to ca. 860 kPa; at this pressure 

the smallest capillary pore that can in theory be accessed is 0.33 �Pm in 

diameter. This corresponds to the class of pores defined as residual . Above 

0.5 �Pm (corresponding to a speed of ca. 6000 rpm, equal to 632 kPa) and up to 

50 �Pm we are accessing storage pores. Therefore, with the centrifugation 

method in principle we are able to access these two different ranges of 

functional pores, both classified as mesopores (see table 2.3).  
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Figure 3.13. A)  Release of pore water with increasing speed (converted to pressure) for the 
Stoke Bardolph soil using 86 g of soil at 5° C and FC conditions; B) release of pore water 
during the experiment conducted in real condit ions (greater mass of soil, same temperature 
and FC conditions, see Chapter 4); vertical bars represent standard errors. 

 

 

Tests were also conducted to verify the release of water with varying time 

and centrifugal speed. Fig. 3.13 shows the relation between relative volume 

of water released and pressure applied during centrifugation. It appears that 

the release of water reaches a maximum peak in correspondence of ca. 160 

kPa (3000 rpm). Subsequently the release of water does not vary 

significantly, approaching a steady state-like behaviour. This could be due to 

an initial release of more mobile water and higher moisture content, followed 
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by the release of less mobile water from smaller and less accessible pores and 

lower moisture content. In the simplest case of piston and preferential flow 

(Beven, 1989), water is considered to have a bimodal distribution in velocity, 

corresponding to ‘mobile’ and ‘immobile’ phases (Coats and Smith, 1964). In 

an unsaturated soil medium with a given degree of heterogeneity, piston 

flow tends to be dominant at higher wa ter contents and preferential flow at 

lower water content (Padilla et al., 1999).  

The volume of solution extracted is a function of the initial weight of the 

sample, the pore size distribution (PSD) of the soil, the degree of initial 

saturation, the centrifuge dimensions, and rotational speed (Edmunds and 

Bath, 1976).  

Fig. 3.14 shows the yield of pore water at two different centrifugal speeds 

after different durations of centrifugin g. The volumes of water extracted are 

consistent with the idea that at high er speed we can access a broader range of 

pores from which to withdraw soil pore water. 
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Figure 3.14. Release of pore water from Stoke Bardolph soil with increasing duration of 
centrifuging. Initial conditions: 5° C, 86 g soil at FC.  
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This can be also compared with the water released at 6000 rpm (~ 631 kPa 

matric suction, corresponding to 0.23 �Ím pore diameter) with time shown in 

Fig. 3.15. At the studied conditions, the release of water reaches a plateau 

after the 8th hour of extraction. Cumulative water extracted during 

centrifugation can be predicted for our conditions with a nonlinear 

regression analysis: this is showing a good fit (P < 0.01) with an equation of 

the type: 

 

xRBAy �˜���  (3.10) 
 

where x is the Time (t) in min. and ot her parameters are defined in Table 3.2. 

 

Table 3.2. Estimate of parameters for equation 3.11 for predicting the release of water with 
time. 

Parameter Estimate Standard Error 
R 0.99041 0.002 
B -7.143 0.407 
A 8.781 0.517 
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Figure 3.15. Cumulative water released by  centrifugation at 6000 rpm (631 kPa) as a function 
of time. Solid line represents a predicting function (logarithmic); vertical bars represent 
standard errors. 
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During centrifugation compaction of the soil occurred. From an initial 

bulk density ( �Òb) of 0.67, a final �Òb of 1.01 was measured. Although this is a 

predictable drawback of the methodology, it could lead to misinterpretation 

of the possible sources of the water in terms of porosity if not carefully 

considered. According to Jones and Edwards (1993), a moisture content 

gradient also develops through the sample. As water migrates down through 

the sample, the base of the soil, from which the solution is released, will be in 

excess of its water-holding capacity (0 kPa) during part of the centrifugation 

process.  

Centrifugation achieved an efficiency of 28% (measured on a single tube), 

and very little pore water was collected at low speeds (1000 and 2000 rpm). 

This is due to the initial moisture content of the soil used and the low 

pressure differential between the matric potential of the soil (representing the 

strength at which water is held in the soil), equivalent to FC (-10kPa), and the 

corresponding potential applied during  these steps (respectively 18 and 70 

kPa). When centrifuging, pore water is lost from the sample when positive 

pressures exerted by centrifugal force are greater than the matric suctions 

exerted by the solid phase (Jones and Edwards, 1993). A significant amount 

of water (40% of the total) remained in the samples at the end of the 5-step 

centrifugation extraction (Fig. 3.16). Furthermore, the change in bulk density 

occurring during centrifugation affects the nominal pore distribution. As a 

result, the release of water does not follow the theoretical curve based on the 

moisture characteristic, raising questions about the correlation between pore 

water released at specific pressures and the corresponding pore size. It has to 

be stressed however that the moisture characteristics is built on a series of 

equilibrium stages, whereas the water is released during centrifugation in 

steps of an arbitrary duration (1 h), which are not necessarily achieving 

equilibrium.  
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Figure 3.16. Percentage of water remaining in Stoke Bardolph soil during centrifugation. 
Centrifugation was performed in 5 steps: 18, 70, 214, 438 and 809 kPa  (converted to 
pressures from rpm: 1000, 2000, 3500, 5000 and 6800); initial water content: 84.7 g (56% 
moisture content, DWB); water extracted: 62.4 % of total content; moisture content at the end 
of the run: ca. 40 % (DWB). 

 

3.5.3. Soil squeezing 

General information about the squeezing tests is summarised in Table 3.3. 

Stoke Bardolph (SB), Newport (Np) and Hanslope (Hp) produced 

respectively 10, 2 and 12 pore water samples, each one of about 13 ml 

volume. The weight of extracted pore  water was 131 g for SB, 21.4 g for Np 

and 181 g for Hp. The extraction for Np was not completely successful due to 

mechanical failure and soil intrinsic texture. 

Extraction efficiency, %E, for the three soils were calculated. For Np, %E 

was 27.4%. This is due to the initial low moisture content (11.1%) and the 

sandy texture of the soil. Previous tests on different materials (Entwisle and 

Reeder, 1993) showed that samples with an initial moisture content of less 

than 10% present a low extract efficiency and that there is an apparent cut-off 

of about 7-8% below which no water is collected. Furthermore, the sandy 

texture of the soil suggests that solid particle repacking, which is one of the 

main mechanisms through which pore water is displaced, will be limited 
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during squeezing. The rate of settlement and therefore the pore water 

extraction by primary consolidation are also related to the change in volume 

(i.e., voids ratio) that the sample suffers during the process; this is related to 

the texture of the sample, with sand giving lower porosity (void ratio 

calculated at the end of the test = 0.58). %E for SB and Hp were 68.3% and 

67.4% respectively. 

 

Table 3.3. Summary of condition used for squeezing soil samples. 

Mass extracted 
(g) 

Total mass 
extracted 

(g) 

Test time 
(h) 

Total time 
(h) 

Pressure 
(MPa) 

Sample 

 
Stoke Bardolph 

sb1 0:30 0:30 0.50 14.4 14.4 
sb2 2:05 2:35 0.55 14.9 29.3 
sb3 19:25 22:00 0.65 9.20 38.5 
sb4 28:00 50:00 0.95 12.8 51.4 
sb5 48:50 98:50 2.00 14.2 65.5 
sb6 46:00 144:50 3.40 13.3 78.8 
sb7 45:30 190:20 8.00 16.1 95.0 
sb8 48:00 238:20 18.0 14.8 110 
sb9 105:00 343:20 42.0 15.4 125 
sb10 474:00 817:20 49.0 5.31 131 

Date squeezing started      21/06/2000 Initial sample weight    540 g 
Minimum pressure    0.5 MPa Maximum pressure    49 MPa 

 
Newport 

np1 195:30 195:30 36.0 13.0 13.0 
np2 475:30 671:00 60.0 8.36 21.4 

Date squeezing started      28/06/2000 Initial sample weight    700 g 
Minimum pressure    0.75 MPa Maximum pressure    60 MPa 

 
Hanslope 

hp1 27:30 27:30 0.70 14.4 14.4 
hp2 19:30 47:00 0.70 15.2 29.5 
hp3 10:00 57:00 1.00 14.7 44.2 
hp4 16:00 73:00 1.00 13.8 58.0 
hp5 30:00 103:00 1.00 14.9 72.9 
hp6 26:20 129:20 1.20 14.8 87.7 
hp7 46:00 175:30 1.40 13.4 102 
hp8 86:30 262:00 2.00 17.9 119 
hp9 246:30 508:30 4.00 15.3 134 
hp10 211:30 720:00 8.60 15.4 150 
hp11 216:00 936:00 27.0 15.5 165 
hp12 673:30 1609:30 69.0 15.5 181 

Date squeezing started      28/06/2000 Initial sample weight    720 
Minimum pressure    0.3 MPa Maximum pressure    69 MPa 
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The time taken to complete the tests varied from 671 hours for Np to 1609 

hours for Hp. The times required to co llect individual solution samples are 

also reported; this information is compared with the maximum pressure 

applied during the extraction to assess the test conditions for each soil. When 

the moisture content decreased, the clayey soil (Hp) required higher 

pressures for a longer time (see Table 3.3) to produce the required mass of 

water. In general, stiffer materials of low permeability require longer periods 

of squeezing. 

Problems were experienced with SB and Np soils. These tests were 

stopped because it was not possible to increase the pressure further; the 

hydraulic pump did not achieve more than 49 MPa for SB and 60 MPa for 

Np. 
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Figure 3.17. Cumulative volume of pore water extr acted for the three soils tested with 
increasing pressure; the dotted line represents the pressure corresponding to the 
hygroscopic coefficient, i.e. the upper limit for the capillary water. 

 

 

Figure 3.17 shows the cumulative release of pore water for the three soils 

tested. The dotted line represents the pressure corresponding to the 
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hygroscopic coefficient, i.e. the upper limit for the capillary water. This 

illustrates the capability of squeezing to reach a wider range of pores. This 

pressure value should also correspond to most of the available water in the 

soil. In fact by this stage almost 75% of the total water was extracted for Hp 

and 60% for SB.  

Soil compaction was clearly very mark ed for Hp and SB and to a lesser 

extent for Np (Table 3.4), due to the soils intrinsic characteristics.  

 

 

Table 3.4. Summary of water yields and physical pa rameters during the squeezing tests for 
the three soils studied; �É = moisture content (initial and final); W = mass of solid (f = final 
wet, d = dry). 

Soil 
�Éi

% 
�Éf

% 
Wf

(g) 
Wd

(g) 
Total H 20 

(g) 

H2O 
available  

(g) 

Efficiency  
(%) 

Density  
(g cm-3) 

Voids  
ratio 

Porosity  

SB 53.2 9.04 381 349 131 213 68.3 1.80 1.34 0.57 
Np 11.1 7.26 667 621 21.4 77.7 27.4 2.21 0.58 0.37 
Hp 43.1 6.70 483 452 181 310 67.4 2.20 1.17 0.54 

 

 

Preliminary chemical analyses were also carried out on the sampled pore 

water and some results for selected metals as well as carbon and pH are 

shown in Figures 3.18 and 3.19.  

There is evidence of composition variability with increasing pressures. 

Trace metals show a general decrease in concentration with subsequent 

extractions for Stoke Bardolph (with the exception of the final tail for Ni). For 

Hanslope As and Ni seem to increase with increasing pressure applied, with 

Zn increasing and then decreasing from Hp8 (2000 kPa). Similarly, organic 

and inorganic C vary across the samples, which suggests that the effect of the 

increasing pressure requires further investigation. 
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Figure 3.18. Selected trace metals composition for the pore water samples extracted by 
squeezing for a) Stoke Bardolph and b) Hanslope soils. 
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Figure 3.19. Organic, inorganic carbon and pH composition for the pore water samples 
extracted by squeezing for a) Stoke Bardolph and b) Hanslope soils. 

 

 

3.6. Conclusions 

Rhizon samplers, centrifugation and squeezing were operationally tested 

for pore water sampling. An altern ative way to measure the radius of 

influence of Rhizon samplers was suggested by the application of previously 
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tested equations. Results show that the overall geometric mean axial-radial 

influence of these samplers is very small, suggesting careful consideration of 

the samplers’ placement and experimental designs as a function of the 

characteristics of the soil to be studied are required. Rhizon soil moisture 

samplers will only function when the soil is not too dry, i.e. when the matric 

potential is greater than 10 kPa (above FC) and the potential gradient and the 

hydraulic conductivity are too low to obtain a sample. Rates of solution 

accumulation by tension samplers can vary in a given soil due to 

heterogeneity of moisture content and solution flow pathways. Increasing 

the applied tension increases the non-uniformity of sampling. Hence the 

more uniform the particle size the more uniform is the sampling rate. 

Furthermore, although the manufactur er claims the material that makes 

these devices is chemically inert, the problem of possible adsorption and/or 

chemical reactions on the surface is still present and need to be addressed. 

Perhaps Rhizon samplers are best used as a ‘one-time-only’ (i.e. disposable) 

option, otherwise careful consideration has to be made about the porosity 

and the suction capacity of the material.  

 

Centrifugation covers for a wider range of pore sizes compared to Rhizon 

sampling, but nevertheless will only yield a fraction of the total pore fluids. 

In addition to this, only a little pore  water was released at the lowest speed 

available and a total efficiency of just 28% was achieved. In this case, 

fractionations may occur so ‘early’ samples (i.e. from lower speeds) may not 

be representative of the total fluid. A consideration when using this 

methodology is that compaction and pore size reduction may occur during 

centrifugation, as shown by Jones and Edwards (1993). This effect is more 

significant for finer textures (Gamer dinger and Kaplan, 2000).  Therefore 

finer-textured soils would need to be tested for compaction prior to 

experimentation. Furthermore, a moistu re content gradient also develops 

through the sample. As the water mig rates down through the sample, the 
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base of the soil will be in excess of its water-holding capacity (0 kPa) during 

part of the centrifugation process, result ing in saturation of the sample at its 

base. This could cause alteration of the chemical composition of the extracted 

pore water, caused by a mixing process, which would homogenize the 

composition compared to the heterogeneous in situ conditions. Similar 

conclusions were reached by Lorenz et al., (1994), indicating that 

centrifugation yielded solution from pores of all sizes at the one time. This 

effect would however be much more evident at soil matric potential 

increasingly above FC, where preferential flow conditions and gravitational 

water prevail with respect to capillary water, and for single extractions. In 

fact, as this method is destructive and produces compaction of the soil 

sample, capillary conditions are most likely to be established as the 

extraction would proceed to later fracti ons, due to the reduction of the total 

nominal porosity.  

 

A squeezing methodology was tested for the first time on soils. The rate of 

pore water collected shows that sample texture and organic matter content 

are important variables to consider prior to extraction. The release of water 

followed a linear function with very lo w yields for a sandy soil at FC. In 

these cases exceeding FC would be advisable to improve the release of pore 

water. Conversely, due to the higher range of pressures exerted compared to 

Rhizon samplers and centrifugation, a greater amount of the total available 

water was generally extracted. Efficiencies of 67% and 68% were observed 

for a clayey and a sandy silt with high organic matter respectively. The 

principal constraint of this methodolo gy is the time involved. Although rapid 

extractions at maximum pressure are possible, the objectives of this project 

require a ‘multiple-step at quasi-equilib rium’ protocol. In this case a much 

longer duration, compared to centrifugation and Rhizon samplers, is 

required for a complete test. The duration of the extraction constitutes a 

major limitation, especially when organic matter is a key component of the 
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soil studied. Decomposition of OM and anaerobism can lead to massive 

variations in chemical composition and speciation. Careful consideration 

should therefore be made in those circumstances. For this reason, two 

temperatures (5°C and 15°C) will be introduced for all subsequent work in 

order to evaluate the extent of bacterial activity, organic decomposition and 

their consequences on solute composition, during pore water extractions. 
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4. Chemical composition, specia tion and availability of trace 
metals in fractionated pore waters 
 

 

4.1. Introduction 

Knowledge of a soil’s composition in terms of total elemental content is 

usually not very useful when it come s to understanding the processes and 

dynamics of element availability and cycl ing. Whether an element is present 

naturally in the soil or has been introduc ed by pollution, it is usually more 

useful to estimate the ‘availability’ of the element, since it is this property 

that can be related to mobility and uptake by plants (McBride, 1994). A good 

estimation of ‘availability’ can be achi eved by measuring the concentration of 

the element in soil pore water. A comple te chemical analysis of soil pore 

water represents a powerful diagnostic tool for the interpretation of many 

soil chemical phenomena relating to soil fertility, mineralogy, and 

environmental fate (Wolt, 1994), particul arly when combined with models of 

chemical speciation to derive free ion activities. 

This chapter presents the results of chemical analysis of soil pore water 

samples that were isolated using the three different extraction methods 

described in Chapter 3, and discusses the variability observed between those 

samples. Centrifugation and squeezing were applied in progressive steps of 

increasing extraction pressure, in order to extract fluid from a wider range of 

pore size (see sections 2.3.2, 3.3 and 3.4). The term ‘fractionated samples’ will 

be used in this chapter, and thereafter, to describe those soil pore water 

samples obtained by using centrifugation and squeezing in multiple steps.  

Rhizon samplers were also used employing a single extraction pressure, for 

comparison with the ‘fractionated’ samples derived by the other two 

methods.  
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4.2. Trace elements in soil pore water 

Solute concentrations in natural waters are governed by a variety of 

chemical, biological and physical processes, giving rise to a wide range of 

compositions. The solutes found in naturally occurring water, usually 

present in the form of ions, can be broadly categorised as major components 

(i.e., present at large concentrations), and minor or trace components (i.e. at 

micromolar to nanomolar concentrations) (Stumm and Morgan, 1996).  

Early studies in the 20th century regarding soil pore water composition 

were especially concerned with the major constituents (or nutrients), plant 

growth response and the effects of agricultural management on soil nutrient 

status (Cameron, 1911; Burgess, 1922). Interest in trace element solubility 

arose later, especially when improved analytical techniques enabled the 

measurement of the very low concentrations at which these elements are 

present in pore water. In particular, the role of these elements as essential 

micronutrient began to be clear from the 1950s - 1960s, when deficiencies and 

toxicities for some of the trace elements were found in grazing animals (e.g., 

Britain and New Zealand, see Thornton, 1983). 

 

4.2.1. Speciation and toxicity 

Attention was soon focused on the various forms that these components 

can assume in the soil-water system. Morrison et al., (1989) pointed out that 

toxicity of metals is related to the fo rm in which they exist in the aqueous 

phase. This is because the interaction of metals with intracellular 

compartments is highly dependent on ch emical speciation. Some species may 

be able to bind chemically with extracellular proteins and other biological 

molecules, some may adsorb onto cell walls, and others may diffuse through 

cell membranes. Consequently, toxicity is more related to the concentration 

of metals present as a particular species, than it is to the total metal 

concentration in pore water. Examples showing that metal speciation is 

important to metal toxicity include st udies of arsenic (As), copper (Cu), 
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selenium (Se), and chromium (Cr). Whilst ionic copper (Cu 2+) and CuCl2
o
  are 

highly toxic, CuCO 3 and Cu-EDTA have low toxicity (Morrison et al., 1989). 

Toxicity tests show that As(III) is ab out 50 times more toxic than As(V). 

Trivalent chromium is much less toxic (excess of Cr(III) could be toxic to 

animals and humans) than hexavalent chromium, probably because Cr(III) is 

virtually insoluble (immobile) in neutral  to alkaline conditions. The smaller 

molecular size of Cr(VI), and the chemical structure of chromate which is 

similar to sulphate, may lead to toxi city via special channel that exist in 

biomembranes for sulphate transport. 

  

4.2.2. Factors controlling trace element speciation in pore water 

Trace elements concentration may vary considerably in soils and therefore 

in pore water for a variety of reason s. As discussed in Chapter 1, trace 

elements occur naturally in rock and soils but since the start of the 19th 

century increasingly higher quantities of  trace metals have been released into 

the environment by anthropogenic acti vities (Ross, 1996). Mobility and/or 

solubility of trace elements in pore  water are controlled by a range of 

environmental factors including:  

o soil pH,  

o redox potential,  

o adsorption and exchange capacities of soils,  

o capacity for organic chelation,  

o soil hydrology,   

o microbial activity.   

For example, soluble organic acids or mineralization of soil organic matter 

may form aqueous complexes with trace metals, facilitating transport to the 

lower mineral soil or to surface water (Perdue et al., 1976; Turner et al., 1985). 

Trace elements can be immobilized within the soil by adsorption, occlusion 

and precipitation (Gosz et al., 1976; Swanson and Johnson, 1980; Friedland 

and Johnson, 1985). The mineral soil may therefore operate either as a trace 
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metal sink through adsorption and prec ipitation reactions and/or as a trace 

metal source through desorption and dissolution reactions (Boggess, 1977; 

Driscoll et al., 1988; Driscoll et al., 1994), where solid phase composition and 

properties and chemical forms of metals in pore water will dictate the 

tendency towards one or the other direction.  
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Figure 4.1. Generalized diagram of pools and transfers of trace metals in the environment. 

 

As a consequence, trace metals can exhibit a variety of aqueous and 

particulate species (Fig. 4.1). Within the aqueous environment, metals can 

associate with a range of ligands to form complexes. These include water 

(aquo complexes), OH- (hydroxo complexes), other inorganic ligands (e.g., 

Cl-, SO42-, HCO3
-, F-) and organic ligands. Trace metals can be 

mobilized/immobilized from solid phases. Solid-solution interactions of 

trace metals occur through adsorption/desorption reactions on organic or 

mineral functional groups or direct pr ecipitation/dissolution reactions. Solid 
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phase metals may be associated with surface functional groups, hydroxide, 

carbonate or sulphide minerals (in amorphous or crystalline forms) or 

organic matter (Tessier et al., 1979). Furthermore, biota may alter the cycling 

of trace metals through uptake by assimilation or surface adsorption, and 

release by mineralization, methylation or desorption reactions. Interactions 

between trace metals and organisms are of particular interest in 

environmental chemistry because of potential nutrient deficiencies and 

toxicity (Simkiss and Taylor, 1989). These mechanisms (trace metal 

bioavailability) vary from organism to organism and metal to metal, but a 

detailed understanding of the interactions is only available for a few systems. 

In general, there are two mechanisms by which trace metals can be 

assimilated by organisms: (i) ionic species may form surface complexes with 

carrier proteins used in active transport and be transported across cellular 

membranes, and (ii) non-ionic species may be transported across biological 

membranes by passive diffusion.  

In pore waters, most trace elements exist in different physico-chemical 

forms of various size, such as low molecular mass (LMM) ions or molecules, 

hydrolysis products and polymers, colloids and pseudo-colloids, or 

incorporated in inorganic or organi c particles (Fig. 4.2). The borderline 

between categories is difficult to establish and transformation among 

categories occurs gradually. As pore waters are dynamic systems, the 

distribution of species exhibits spat ial and temporal variations due to 

ongoing transformation processes. In particular, LMM species are often 

transformed to high molecular ma ss (HMM) species through one-way 

processes (i.e. sorption to available surfaces, complexation with available 

inorganic and organic ligands, polymerisation and aggregation of colloids), 

while desorption, dissolution, displacement and dispersion processes may 

mobilise LMM species from surfaces of solids.  
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Figure 4.2. Size classes for the different physico-chemical forms of pollutants in aquatic 
systems. Transformation processes changing the distribution of species are indicated (from 
Børretzen and Salbu, 2004). 

 

 4.3. Computational models for speciation 

Speciation is sometimes best evaluated by a computer model based on 

thermodynamic association and solubility product constants rather than by 

measurements (Mattigod and Sposito, 1979). Whilst analytical metal 

speciation is not always possible, and redox equilibrium is not achieved in all 

natural waters, geochemical modelling of  equilibrium species distribution 

can be used to calculate to predict metal concentration and discern metal 

speciation (Zhu and Anderson, 2002). Despite the availability of over two 

dozen codes, only a small number of speciation programs have been used 

extensively by soil and environmental scientists.  

Some of the reasons for the wide acceptance of the most commonly used 

codes by geochemists are:  
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1) ease and flexibility of data input,  

2) availability of extensive sets of thermochemical data,  

3) ease of addition and modifi cation of code and data, and  

4) the capability to model important classes of reactions such as 

hydrolysis, complexation, dissolution / precipitation, oxidation / 

reduction, ion exchange and adsorption (Mattigod 1995), as well as  

5) the ability to deal with comple xation by soluble humus acids. 

Models evolved from simple ‘functiona l’ models, such as the early site-

specific, regression-based pore water speciation models (Garrels and Christ, 

1962; Truesdell and Jones, 1974) to the more complex, comprehensive models 

capable of representing chemical processes, including mineral formation, 

mineral weathering, transport and ad sorption/desorption processes e.g., 

EQ3/6 (Wolery, 1979), SOILCHEM (Sposito and Coves, 1988), HYDRAQL 

(Papelis et al., 1988), ECOSAT (Keizer, 1991), MINTEQA2 (Allison et al., 

1991), WHAM (Tipping, 1994), NICA-Donnan (Kinniburgh et al., 1996), 

PHREEQCi (Pankhurst and Appelo, 1999), JESS (May and Murray, 1991a, b, 

and c), MODELm (Huber et al., 2002), Biotic Ligand Model (Janssen et al., 

2003). Although very interesting, a description of these models, their 

historical development and theoretica l background, goes behind the scope 

and objectives of this project, but good sources of information can be found 

in the literature (Lumsd on and Evans, 1995; Suarez and Goldberg, 1994; Zhu 

and Anderson, 2002). Some of the characteristics for the most popular 

speciation models are listed in table 4.1.  

Understanding of complexation reacti ons with inorganic ligands is well 

advanced because of the availability of high quality thermodynamic data and 

the widespread application of chemical equilibrium models (Jenne, 1979; Ball 

et al., 1980; Morel, 1983). A report about thermodynamic and kinetic 

databases from NEA (Nuclear Energy Agency – NEA, 1996) is available on 

the internet at: http://www.nea.fr/html/science/chemistry
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Table 4.1. Properties of some popular speciation computer codes (modified, from Børretzen 
and Salbu, 2004). 

 
Surface 

complexation 
Ion exchange Activity correction 

Kinetic 
rate laws 

PHREEQC 
DLM 
NESCM 

Gaines-Thomas 
Gapon 

 
Debye-Hückel 
Davies, B-dot 

 

Yes 

CHESS 
DLM 
NESCM 

Yes? 

 
Davies 

Truncated-Davies 
Debye-Hückel 

B-dot 
 

No 

WHAM-VI 
HIBM VI †

SCAMP* 
Donnan 

equilibrium  

 
Extended Debye-Hückel, 

Davies 
 

No 

HYDRAQL 
CCM, DLM, 
BSM, TLM, 
FLM 

No Davies No 

EQ3/6 No No 
 

Davies, B-dot, Pitzer 
 

Yes 

MINTEQA2 
CCM, DLM, 
TLM 

Yes? 

 
Davies,  

No 
modified Debye-Hückel 

 
DLM = Diffuse Layer Model; NESCM = Non-El ectrostatic Surface Complexation Model; 
CCM = Constant Capacitance Model; BSM = Basic Stern Model; TLM = Triple Layer Model; 
FLM = Four Layer Model; † Humic Ion Binding Model VI (Tipping, 1998); * (Lofts and 
Tipping, 1998). 
 

 

However, while complexation with orga nic ligands is recognized as being 

important in trace metal speciation in fr eshwaters, less direct information is 

available. Thermodynamic data are available to describe complexation of 

trace metals with well-defined organic ligands (e.g. amino acids, citrate, 

oxalate, salicylate), but concentrations of these solutes are generally low and 

they are readily oxidized in the natu ral superficial environment (Morel, 1983; 

Thurman, 1985; Stevenson and Fitch, 1986). Of more importance are 

polycarboxyllic humic and fulvic acid s (Thurman, 1985), which are becoming 

increasingly characterized with respect to H + and metal-binding reactions. 
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4.3.1. Humic binding and choice of speciation model 

For the purposes of this study, the incorporation of humic substances into 

speciation was of primary importance , although this represents a major 

challenge for computer models due to the complex nature of these materials.  

Most of the humic material in soil occurs in insoluble forms. The way in 

which humic substances are bound include the following (Stevenson, 1987): 

1) as insoluble macromolecular complexes, 

2) as macromolecular complexes bound together by di- and trivalent 

cations, and 

3) in combination with clay mineral s, such as through bridging by 

polyvalent cations (clay-mineral-hum us), hydrogen bonding, van der 

Waal’s forces, and other ways (see Greenland, 1971; Theng, 1979). 

The ability of humic substances to form stable complexes with polyvalent 

cations facilitates the mobilization, transport, segregation, and deposition of 

trace metals in soil. Generally, humic substances are polyelectrolyte 

macromolecules of unknown structure, containing a range of organic 

functional groups.  Complexation between humus and metals is mainly due 

to the high content of oxygen-containing functional groups, including 

COOH, phenolic-alcoholic, and enolic-O H, as well as C=O structures of 

various type and possibly amino groups. For this reason, organic 

macromolecules such as proteins, nucleic acids, polysaccharides, as well as 

synthetic polymers and humic substances, are also defined as heterogeneous 

multisite ligands. These macromolecules can undergo substantial changes in 

conformation, thereby allowing favourab le binding site geometries to occur. 

Furthermore, the formation of complexes, in which the cation interacts with 

more than one polymer molecule, allows poly-dentate linkages (high 

denticity) to be achieved, with metals  forming usually bidentate or up to 

tetra-coordinated complexes (Pomogailo and Wöhrle, 1996). Another major 

difference between organic and inorganic ligands is the existance of 

macromolecular electrostatic effects in the former. Organic macromolecules 
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develop surface charge giving rise to electrostatic interactions which 

influence the binding of protons an d metals to each functional group 

(Marinsky and Ephraim, 1986).  

 

4.3.1.1. WHAM 

One of the current models developed to describe metal-binding behaviour 

of humic substances, is the model WHAM-VI (Windermere Humic Aqueous 

Model - Tipping, 1998), a speciation code specifically designed to take into 

account interactions with humic matter. This model was used throughout 

this study.  

WHAM-VI is an example of ‘ electrostatic discrete functional group models’ 

(Lumsdon and Evans, 1995). In this model humic compounds are 

represented by hypothetical size-homogeneous, rigid, molecules, which carry 

proton-dissociating groups that can bind metal ions either singly or as 

bidentate pairs.  In models of this kind the free energy of ion association is 

partitioned into ’chemical’ and ‘electrostatic’ components. In addition, the 

‘chemical’ binding energy is allowed to vary in a systematic way to allow for 

heterogeneity of binding site and complex configuration (Young, pers. 

comm.). Thus, the interactions are described in terms of intrinsic equilibrium 

constant and electrostatic terms. The former refer to the situation where the 

humic substances have zero electrical charge. The latter take into account the 

influence on binding of the variable humic charge; binding strength is 

enhanced when the metal species and the humic molecules carry opposite 

charges, and diminished when the charges have the same sign. As a result, 

the effects of variable pore water ionic strength and pH on the apparent 

surface acidity constants (changes in pK values, polyelectrolyte effects) are 

accounted for by the incorporation of an  electrostatic term in the equilibrium 

constants, which is related to the intr insic equilibrium constant by (Tipping et 

al., 1990): 
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wzZeKK 2
int�  (4.1) 

 

where e2wzZ is the electrostatic term, with w the electrostatic interaction factor 

(depending upon ionic strength), z is the charge on the combining ion in 

question, and Z is the humic charge.  

The proton binding groups of the hu mic substances are heterogeneous, 

having a range of intrinsic pK va lues. Two types of acid group are 

distinguished, denoted as types ‘A’ and ‘B’. Within each type there are four 

different group, present in equal amount s, the pKa of which are described in 

terms of a median value, pKA or pKB, and a spreading factor �' pKB A or �' pKBB, 

that defines the range of the values. 

The charge developed on the humic surface is balanced by ions adsorbed 

in a diffuse layer. As the net charge on the humic surface is usually negative 

the charge-balancing ions are usually cations. This has been incorporated by 

assuming a Donnan equilibrium (the  Donnan law defines the volume 

distribution of ions on either side  of a semi-permeable membrane that 

permits all but one ionic species to diffuse across it; if the non-diffusive ion is 

anionic, the Donnan model becomes analogous to a soil-water system where 

the net negative charge is confined to the soil surface and all other ions freely 

move from the surface to bulk solution – Schofield, 1947; Arnold, 1978; 

Talibudeen, 1981) where the following relationship applies: 
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 (4.2) 

 

where m and n are the charges on different cations (Me) in the diffuse layer 

(D) and the bulk solution (S). At equilibrium the above constraint conditions 

are met so that the sum of charges of the cations in the diffuse layer balances 

the charge developed on the surface. One importante feature of the latest 

version of WHAM is the inclusion of ‘v ery strong’ tri-dentate binding sites. 

Intrinsic bidentate association constants are simply the product of two 
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monodentate constants. However, in Model VI, there is provision for a small 

number of very strong binding site s where the product of monodentate 

constants is further multiplied by an addition factor.  

For more details of the algorithmic basis of the model, see Tipping et al., 

1990, Tipping and Hurley, 1992, and Tipping, 1994. 

 

 

Figure 4.3. Functional relationships in WHAM; FA = fu lvic acid, HA = humic acid; species in 
the bulk solution are in equili brium with fulvic and humic discrete sites, and also with 
counterion species in diffuse layers (modified, from Tipping, 1994). 

 

In summary, Model VI (i.e. the late st version of WHAM) takes into 

account both specific and non-localised (diffuse-layer) binding. The model 

considers HA and FA to be homogeneous materials with molecular 

dimensions corresponding to the average mass of real materials (Fig. 4.3). 

Type A sites correspond approximately to the COOH content of the humic 

(or fulvic) material and type B sites correspond to weaker acid moieties, e.g. 
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phenolic-OH. There are twice as many A sites as B sites. Part of the code 

constituting WHAM was also inco rporated into PHREEQE under the 

CHEMVAL2 study (Warwick et al., 1994), and by Crawford (1996) to 

constitute a new code, PHREEQEV. Close agreement between the 

PHREEQEV and WHAM predictions was achieved. 
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Figure 4.4. Simulation of Cu and Cd speciation using WHAM-VI; input variables: T = 25°C; 
Cu = 150 �Íg L-1; Cd = 15 �Íg L-1; pH (3-10); pCO2 = 3.5 x 10-4 atm; DOC = 20 mg L-1; 
background electrolyte 1 = 0.001 M Ca(NO3)3 (broken line), background electrolyte 2 = 0.01 
M KCl (solid line).  
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Fig. 4.4 shows a typical output of WH AM-VI. This simple simulation was 

carried out on two metals (Cu and Cd) varying pH and background 

electrolyte, but fixing temperature, pCO 2 and the amount of DOC available 

for humic and fulvic complexation.  

WHAM-VI has been used with success in many studies as the binding 

model and has been able to deal with a wide range of natural conditions, 

such as variable pH, competing cations, competing ligands and over a range 

of total metal concentration (Tipping, 2002). Good results have been obtained 

with soil pore waters and freshwaters containing high concentration of 

DOM, for which the ‘active’ humic matter concentration corresponds to 60-

70% of the total DOM.  

 

4.3.1.2. Some limitations in modelling with WHAM 

A problem in the application of WHAM is to knowing how to represent the 

humic substances from measured values of DOC. There is no satisfactory 

way of determining the propor tion of humic substances per se; generally, 

only information on organic carbon contents (DOC) is available. Therefore 

some assumption has to be made to estimate ‘active’ (in the sense of ion 

binding) humic and fulvic acid concen trations. In a recent work, Weng et al., 

(2002) performed model calculations by WHAM model VI, assuming two 

separate compositions of DOM: (i) 30% of DOM as humic acid, 30% as fulvic 

acid, and 40% as inert; (ii) 65% of DOM as fulvic acid and 35% as inert. Their 

results showed that the two assumptions for the DOM composition have 

generally minor effects on the predictions of metal complexation with DOM 

by model VI; the predicted concentratio ns of free metal ions using the two 

models were within 1 order of magn itude difference from the measured 

concentrations, with the exception of Ni 2+ in one sample and Pb2+ in four 

samples. Therefore, any of these assumptions may be reliable, in the sense 

that results will not be highly dependent upon it, thus constituting a robust 

model. For this study, the first assumption, e.g., 30% HA, 30% FA and 40% 
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inert, was chosen. In addition, it has to be assumed that humic substances in 

natural samples interact with cations in the same way as their isolated 

counterparts. Generally, the maximum concentration of organic matter is 

approximately twice the DOC concentration, since humic matter is about 

50% carbon by weight. Therefore, the concentration of active humic matter 

can only be less than or equal to twice the DOC concentration (Tipping, 

2002). In practice a smaller value is usually assumed to allow for the presence 

of ‘inert’ DOC. 

Another limitation of the model is due to the fact that WHAM is designed 

to be used for the simulation of surface water only, therefore it cannot 

simulate precipitation and dissolution of solids and oxidation-reduction 

(redox) reactions. Hence, these aspects need to be approached by classical 

thermodynamic calculations or by means of a different model. For this study, 

PHREEQCi was used as an alternative code. 

 

4.4. Redox status - Electron Activity 

Additional information for predicti ng and defining the behaviour of 

multivalent elements can be gained by the estimation of the redox potential 

(Eh), which represents a function of the standard potential of the reduction 

half-reaction and the activities of p articipating species through the Nernst 

equation. This is a numerical index of the intensity of oxidising or reducing 

conditions within a system, where posi tive potentials indicate that the 

system is relatively oxidising, and negative potentials indicate that it is 

relatively reducing. The redox status of soil pore water can also be described 

as a function of the apparent electron activity (pe = -log A e-), which expresses 

soil oxidizability just as the aqueous prot on is used to describe the acid–base 

status of the soil (Sillen, 1967). The relation between pe and Eh can be written 

as 
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Eh
RT

F
pe

303.2
�  (4.3) 

 

where F is the Faraday’s constant (96.483 kJ V-1 mol-1), R is the gas constant 

(8.314 J K-1 mol-1), T is absolute temperature and 2.303 is the conversion from 

natural to base 10 logarithms (pe=5039.3Eh/T). 

Unfortunately, it is recognised that so ils are typically not ‘well-poised’ with 

respect to redox potential – that is, the redox behaviour of soil systems is not 

fixed by any one redox couple. Each redox pair will define a pe (or Eh), but 

their values may not be the same. If the system is at chemical equilibrium 

these values might be the same, but if the species involved are not in 

equilibrium with each other (commonly the case in natural systems), the 

value will be different. Therefore one can only talk about the pe (Eh) defined 

by a particular couple in the pore water, whereas it is misleading to attribute 

that value to the pore water as a whole without careful justification of what is 

implied (Drever, 1982). Furthermore, measured electrode potentials reflect a 

non-equilibrium condition along a co ntinuum of redox potentials that 

approach a steady state only under strongly reducing conditions. These static 

anaerobic conditions are infrequently ma nifested in soils, surface or ground 

water since these systems are never totally isolated from the atmosphere. A 

further complication arises from the low concentrations of redox species 

existing in most natural  aqueous solutions.  

In addition to pe (redox level or redox intensity), redox buffering (or redox 

capacity) is another important concept to account for. A system is buffered (or 

‘poised’) with respect to redox proc esses if oxidisable or reducible 

compounds are present that prevent a significant change in pe in response to 

addition of small amounts of strong  oxidising or reducing agents.  

In aerobic soils, O2 is the major electron acceptor and acts to buffer 

electron activity. In the face of limited O 2 in the soil, microbes will use 

successively less effective electron acceptors as sources of reducing power. 
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As soil become progressively anaerobic, pH tends to stabilise due to the 

buffering effect of accumulated CO 32- and HCO3
-.  

The most important chemical elements affected by soil redox reactions are 

C, N, O, S, Mn and Fe (Sposito, 1989). In contaminated soils, this list would 

be extended to include As, Se, Cr, Hg and Pb. If a soil is behaving effectively 

like a closed system (e.g., a flooded soil under stagnant ponding) and 

abundant sources of carbon and energy are available to support microbially 

mediated catalysis, there is a well-defined sequence of reduction of the 

inorganic elements through the principa l six reduction half-reactions (Table 

4.2).  

 

Table 4.2. Order of utilization of principal electron acceptors in soils, Eh at pH 7 (from Bohn 
et al., 1985 - modified); pe calculated using equation (4.3). 

Reaction Eh7
pe 

5ºC 
pe 

15ºC 
O2 disappearance 
½ O2 + 2e- + 2H+ = H2O 

0.82 14.86 14.34 

NO 3
-disappearance 

NO 3
-+ 2e- + 2H+ = NO2

- + H2O 
0.54 9.79 9.45 

Mn 2+ formation 
MnO 2 + 2e- + 4H+ = Mn2+ + H2O 

0.4 7.25 7.00 

Fe2+ formation 
FeOOH + e- + 3H+ = Fe2+ + 2H2O 

0.17 3.08 2.97 

HS- formation  
SO42- + 6e- + 9H+ = HS- + 4H2O 

-0.16 -2.90 -2.80 

H2 formation 
H+ + e- = ½ H2

-0.41 -7.43 -7.17 

CH4 formation 
- - - 

(CH2O)n = n/2  CO 2 + n/2 CH 4

 

 
The table shows that N and Mn reductions occur before that of Fe. In fact, Fe 

reduction only starts when both N an d Mn have been completely reduced, 

which makes using Fe concentrations not always reliable and/or easy to 

assess and calculate redox potential. In addidion, Fe ions are not always 

easily detectable by some analytical techniques; in the case of ICP-MS 

analyses, used throughout this study, Fe ions have low detection limits and 

are often ‘obscured’ by Ca interferences. For these reasons, redox 
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interpretations were mostly based on Mn  and N observation rather than Fe 

in this study. In particular, Mn was also  used for redox potential calculations 

and to assess redox conditions of the extraction conditions. 

 
4.4.1. Role of Manganese 

In the context of redox reactions, manganese oxides play a unique role in 

aerobic soils as highly adsorptive colloidal materials interacting with both 

soil minerals and organic fractions. Mineralogically complex, these oxides are 

practically universal above pH 5 as mineral coatings and nodules on or near 

well-aerated surfaces (Bartlett, 1986). Because they coat surfaces, they exert a 

chemical influence far out of proporti on to their total concentration (Jenne, 

1977). Mn oxides have extremely high surface areas and cation adsorption 

capacities and appear to act as strong scavenging agents for heavy metals 

(Chao, 1972). Surface charge on Mn oxides is pH dependent, with negative 

charges increasing markedly as pH increases above 5 (Possett and Anderson, 

1968). 

In oxidised forms, Mn is resistant to leaching, but once reduced to the 

divalent ion, it can be leached quickly from the matrix. McBride (1982) 

showed in Electron Spin Resonance (ESR) studies that at soil pH greater than 

5 or 6, Mn2+ is held by soil organic matter in inner sphere (chelate) 

complexes, but that bonding to more acid organic matter is by outer sphere 

(electrostatic) forces.  

Reduction of Mn oxides has dual effects on soil cation solubility. Not only 

does the oxide adsorption surface disappear, but the newly formed Mn 2+ ion 

enters into sorption competition with other cations. Activities and 

susceptibility to leaching of Ca, Mg, and adsorbed heavy metals increases as 

Mn reduces (Bartlett, 1986). 

Jenne (1977) proposed that the presence of hydrous oxides of Mn and Fe 

provides the principal control on the fixation of Co, Ni, Cu and Zn in soils 

and freshwater sediments. By selectively reducing a landfill soil, Suarez and 

Langmuir (1976) showed that Mn-rich oxides had at least ten times the heavy 
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metal content of Fe-rich oxides, reflecting their greater potential for 

coprecipitation with other trace meta ls. McKenzie (1978) found that the 

addition of MnO 2 to Pb-contaminated soil lowered the uptake of Pb, Co, and 

to a lesser extent, Ni, by subterranean clover. The availabilities were related 

to the distribution of these elements between Mn and Fe oxides in the soils. 

According to Loganathan et al., (1977), specific adsorption of Co and Zn by 

MnO 2, compared to Ca, was related to hydroxylation of the metal ions as pH 

was increased above 6. The oxidation of some elements (i.e. V, Se, Hg, Mo, 

and Cu) by Mn oxides is thermodynami cally feasible and the study of the 

redox behaviour of these elements in soil is an area which merits research, 

especially in terms of adsorption and toxicity. Adsorption of Co(II) onto 

MnO 2 resulted in its oxidation to Co(III), accompanied by the reduction of 

Mn(IV) (Hem, 1978; Murray and Dillard, 1979). Toxic As(III) (arsenite) was 

shown by Oscarson et al., (1981), to be oxidised to the less toxic As(V) 

(arsenate) form by Mn oxides in sediments. Bartlett (1986) reports studies on 

Cr and Pt redox reactions as affected by soil Mn oxides where it was 

concluded that Cr behaviour could be used as a qualitative model for Pt 

oxidation in soils, which was shown to be converted to the mobile anion 

form, similarly to chromate, if oxidised by soil Mn oxides.  

 

4.5. Objectives 

In the following sections, an experi ment is described and performed in 

order to extract soil pore water from different classes of pores, using three 

methods of extraction: Rhizon samplers, centrifugation and pressure filtering 

(squeezing), each one based on a different physical principle (see Chapter 3). 

Incremental pressure steps were performed during extractions for 

centrifugation and squeezing. The experiment aimed at clarifying the 

existence of difference in chemistry for the pore waters extracted and 

discusses genuine differences caused by variation of master pore water 
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variables, such as pH, redox and speciation as distinct from artefacts arising 

from the methods employed.  

 

4.6. Materials and methods 

4.6.1. Soil sampling and pre-treatment 

The soil used in this experiment was from Stoke Bardolph. Its sampling 

and pre-treatments are described in section 2.5.1.  

 
4.6.2. Pore water extraction 

Samples of soil pore water were extracted from the incubated soil (FC 

moisture content, 5° C and 15° C) using three different techniques (see 

section 3.4):  

1) rhizon samplers (Soil Moisture Samplers - SMS);  

2) drainage centrifugation;  

3) ‘pressure filtering’ (squeezing). 

 

4.6.2.1. Rhizon samplers 

Rhizon SMS were used for pore water sampling following the procedure 

described in section   3.4.2.4  (Knight et al., 1998; Tye et al., 2003).  

 

4.6.2.2. Centrifugation 

The centrifuge drainage technique as described in section 3.4.3.3 (Edmund 

and Bath, 1976; Gooddy et al., 1995) was employed using a Beckman J2-21 

high-speed refrigerated centrifuge, with  the modification of fractionating the 

soil pore water by incremental increases in the centrifugation speed (Tyler, 

2000). Samples were centrifuged for 1 hour, as suggested also by Grieve 

(1996) and Pérez et al., (2002), at two different temperatures, 5ºC and 15ºC, in 

5 consecutive steps, at Relative Centrifugal Field (RCF �u g) values of: 110, 

439, 1345, 2744 and 5075. The resulting driving pressures at the midpoint 
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during each fraction step centrifugation, calculated using the equation (3.5), 

were: 18, 70, 214, 438 and 809 kPa respectively.  

The five water fractions extracted were collected separately, weighed and 

then syringe ultra filtered through a 0.45 �Í m Nylon Acrodisc Syringe Filter 

(Pall-Gelman - HPLC certified) and separated into two aliquots, one of which 

was acidified to 1% HNO 3 v/v into 15 ml Nalgene bottles for elemental 

analysis by ICP-AES or ICP-MS. The fractions of three centrifuge tubes were 

combined to have enough water for th e analysis and the whole run repeated 

twice to have adequate number of replicates (4) for each sample. When the 

test was completed, the soil contained in the tubes was weighed and oven 

dried at 105�qC for determination of moisture content. 

 

4.6.2.3. Pressure filtering (Mechanical squeezing)  

The ‘pressure filtering’ technique (or soil mechanical squeezing) was 

undertaken at the British Geological Survey (Keyworth, Nottingham, UK) as 

described in section 3.4.4. A protocol of incremental pressures to apply to the 

soil samples was decided with steps at: 200, 500, 1000, 1500, 3000, 9000 and 

ca. 50000 kPa. When the soil sample stopped releasing pore water at a 

specific pressure (< 1 ml collected in 18-24 h), the syringe was removed and 

the sample filtered as soon as collected through a 0.45 �Ím Nylon Acrodisc 

Syringe Filter. The samples were poured into 30 ml Nalgene bottles and 

treated as for previously described extractions. Further fractions of sample 

were collected, using a new syringe assembly, until no further pore water 

could be obtained (Cave et al., 1998). When the test was completed, the test 

soil was weighed and oven dried at 105�qC for density and determination of 

moisture content. 
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4.6.3. Chemical analysis 

All chemical analyses (pH, major cations and anions, trace elements and 

total organic and inorganic carbon) were carried out as described in section 

3.4.6.  

 

4.6.4. Redox potential calculations  

Redox calculations were based on the reduction half-reaction: 
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)()(2)(
2
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2
2

2 lOHaqMnaqeaqHsMnO ��� ���� ������  (4.4) 

 

where Mn 2+(aq) represents the free ion concentration, and equation (4.3). In this 

way it was possible to calculate the corresponding Eh values for a given 

activity of Mn 2+, giving an estimate of the redox conditions of the system. In 

reduction half-reactions, such as equation (4.4), the reduction of the proton 

(reaction on the right) is defined to have log K = 0. In this way, the reduction 

half-reaction can be used to predict the ranges of pe (Eh) and pH over which 

one redox species or another predominates (Sposito, 1989). Assuming both the 

solid-phase and liquid water activities equal to 1.0 (it is customary to), Eh can 

be written as: 
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where (Mn 2+) is the activity of Mn 2+(aq) in pore water (as calculated by 

WHAM-VI). The equilibri um constant log keq will depend on the 

temperature and is calculated according to the van’t Hoff equation: 
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where keq1 represents the initial or known equilibrium constant (usually at 

25ºC), T is the temperature in Kelvin (K), �¦H rº is the standard enthalpy of 

reaction (J mol-1),  R the gas constant (8.31447 J K-1 mol-1) and keq2 the 

equilibrium constant at the required  temperature (Atkins and de Paula, 

2001).  

�¦H rº and keq1 were calculated at standard conditions (298.15K) using 

thermodynamic properties of pure substances and aqueous solutes5, and 

were respectively: 

 

�¦H rº = (–)136190 J mol-1 

k298 =  keq1 = 5.02 x 1020  (ln keq1 = 47.7) 

 

As a result, keq2 for 5ºC and 15ºC will be: 

 

k278 = 9.33 x 1018  (ln k278 = 43.7) 

k288 = 7.22 x 1019  (ln k288 = 45.7) 

 

4.6.5. Chemical speciation  

Metals in the soil pore waters were speciated using the model WHAM-VI 

(Tipping, 1998). Input files included to tal pore water concentrations for Na, 

Mg, Al, K, Ca, Cr(III), Mn, Co, Ni, Cu, Zn, Sr, Cd, Ba, Pb, Cl, NO3, SO4, PO4, 

AsO4, temperature (5ºC and 15ºC) and pore water pH. Fe(III) activity was 

included as a variable, and calculated from (Loft, S., pers. comm.): 
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5 http://www.psigate.ac.uk/newsite/reference/chemdata/3.html
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7.2Klog 0
SO10 �  at  298K 

�¦H º, the standard reaction enthalpy, has a value of –104600 J mol-1  

 

This is particularly important in WHAM-VI because Fe 3+ is a major 

competitor for the small number of very  strong binding sites on HA and FA 

hypothesised in Tipping’s Model VI. 

Measured DOC was converted to concentrations of HA and FA, following 

the approach suggested by Weng et al., (2002): 30% of DOC as humic acid, 

30% as fulvic acid, and 40% as inert, where FA and HA both contain 50% C. 

The model allows the simulation of the carbonate system in equilibrium with 

atmospheric CO2 (open system) or decoupled from the atmosphere (closed 

system). For the soil studied, dissolved inorganic carbon (DIC) was included 

as the WHAM master variable ‘CO 3’ to account for carbonate alkalinity. All 

free ion and complex concentrations and activities are included in the output 

of the model. 

Pore waters were also modelled using PHREEQCi version 2.8.0.0 

(Parkhust and Appelo, 1999), a program based on equilibrium chemistry of 

aqueous solutions, written in the C pr ogramming language and available as 

freeware from the internet 6. PHREEQCi is based on an ion-association 

aqueous model but also includes the capability to model kinetic reactions 

with rate equations user-specified. The code incorporates a diffuse double-

layer model (Dzombak and Morel, 1990), a model with an explicitly 

calculated diffuse layer (Borkovec and Westall, 1983) and a non-electrostatic 

model (Davis and Kent, 1990) for modellin g surface-complexation reactions. 

Surface complexation constants from Dzombak and Morel (1990) are 

included in the default databases for the program. Several databases are 

available within the code: phreeqc.dat and wateq4f.dat, taken from Dzombak 

and Morel (1990), minteq.dat taken from MINTEQA2 (Allison et al ., 1990), and 

llnl.dat, taken from the Geochemist Workbench (Bethke, 1996). Ion-exchange 
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reactions are modelled with the Gaines-Thomas convention and equilibrium 

constants derived from Appelo an d Postma (1994) are included in phreeqc.dat 

and wateq4f.dat.  

PHREEQCi was used as a speciation program to calculate saturation 

indices for potential solid phases and the distribution of aqueous species for 

elements not supported by the WHAM model. Analytical data for mole 

balances were defined for any valence state or combination of valence states 

for an element. Distribution of redo x elements among their valence states, 

based on a specified Eh or any redox couple for which data were available or 

calculated, were also determined.  

 

4.7. Results and discussion 

4.7.1. Overview of the geochemical dataset 

Statistical summaries of the data generated are given in Tables 4.3 and 4.4 

and Fig. 4.5 where, for simplicity, elements are organised in increasing order 

of mean value. Values below the lower limit of detection were assigned a 

value of one half of the detection limit, as recommended by Albert and 

Horowitz (1995), prior to statistical treatment of the datasets.  

As expected from the nature of the soil studied, some trace element are 

present in unusually high concentratio ns (Ni, Zn, Mo, As, Mn Cu and Cd) 

compared to ‘typical’ values in soils and soil pore waters (values reported in 

Table 4.3 and 4.4 taken from Table 1.1.), whereas some of the normally 

abundant or major elements in soil wer e found to be present in very small 

concentrations (Fe) in the pore water. The most variable measurements were 

Br, NO2, Pb, DIC, Mn and to a lesser extent Fe, V, Mo (Fig. 4.5 and Tables 4.3 

and 4.4). 

 

 

                                                                                                                                                                     
6 http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/  or 
http://www.geo.vu.nl/users/posv/phreeqc.html

149
  



Soil pore water chemistry Chapter 4 
 

B oxp lo ts - 5oC
C

on
ce

nt
ra

tio
n 

(m
g 

L-1
)

1e-5

1e-4

1e-3

1e-2

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

B oxp lo ts - 15oC

B
e 

S
n 

P
b 

C
o 

R
b V
 

A
l 

M
o C
r 

C
d 

F
e 

 

Li
 

A
s 

B
r 

 

B
a 

S
b 

M
n 

C
u B

 

S
r 

Z
n N
i 

P
O

4 
 

N
O

2 

P
 to

t  

C
l  

D
IC

  

N
a 

 

S
i  

M
g 

 

K
  

D
O

C
  

SO
4 

IC

S
 to

t

C
a 

 

N
O

3 

C
on

ce
nt

ra
tio

n 
(m

g 
L-1

)

1e-5

1e-4

1e-3

1e-2

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

 

Figure 4.5. Comparison of solute concentrations at 5ºC and 15ºC between the three extraction methods (see also Table 4.3 and 4.4); data sorted by 
increasing mean. The distance between the top and bottom sides of the box represent the interquartile range, the mid-bar is the median. Whiskers 
extend to the outermost data point, or 10th and 90th percentile when they exist. Outlier values  (o) are defined as values less than 10th and beyond 
90th percentile. 
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Table 4.3. Descriptive statistics of the dataset at 5°C; data ordered by increasing mean; in 
brackets some mean typical pore water concentrations taken from Table 1.1; all 
concentrations in mg L-1. 

 
Mean 

St. 
Error 

Median 
St. 

Deviation 
Min Max 

 5°C 

Be 7.74 x 10-5 1.33 x 10-5 2.50 x 10-5 7.55 x10-5 2.5 x 10-5 2.72 x 10-4

Sn 1.55 x 10-4 2.2 x 10-5 1.00 x 10-4 1.24 x 10-4 1.0 x 10-4 6.24 x 10-4

Pb 0.0011 (0.0010) 1.7 x 10-4 8.42 x 10-4 9.61 x 10-4 2.5 x 10-5 0.0038 
Co 0.0033 (0.0047) 1.67 x 10-4 0.0034 9.46 x 10-4 0.0012 0.0050 
Rb 0.0063 5.1 x 10-4 0.0052 0.0029 0.0041 0.0172 
V 0.0068 5.82 x 10-4 0.0068 0.0033 0.0016 0.0184 
Al 0.0073 0.0012 0.0055 0.0071 0.0025 0.0319 
Mo 0.0088 (3.84 x10-5) 8.11 x 10-4 0.0079 0.0046 5.89 x 10-4 0.0235 
Cr 0.0107 (0.0541) 7.51 x 10-4 0.0093 0.0042 0.0055 0.0242 
Cd 0.0110 (0.0045) 0.0013 0.0101 0.0076 3.91 x 10-4 0.0473 
Fe 0.0160 0.0024 0.0100 0.0139 0.0100 0.0650 
Li 0.0250 5.24 x 10-4 0.0253 0.0030 0.0166 0.0303 
As 0.0447 (7.49 x 10-4) 0.0030 0.0374 0.0170 0.0273 0.0846 
Br 0.0487 0.0073 0.0280 0.0402 0.0040 0.1570 
Ba 0.0792 0.0081 0.0715 0.0457 0.0086 0.2271 
Sb 0.1095 0.0023 0.1106 0.0132 0.0910 0.1353 
Mn 0.1108 (5.20 x 10-4) 0.0151 0.1086 0.0857 0.0057 0.2924 
Cu 0.1862 (0.0635) 0.0200 0.1746 0.1133 0.0533 0.6854 
B 0.2211 0.0085 0.2100 0.0484 0.1800 0.4000 
Sr 0.4153 0.0163 0.4020 0.0925 0.1397 0.5782 
Zn 0.7731 (0.0052) 0.0788 0.8253 0.4455 0.0720 1.9869 
Ni 0.8981 (0.010) 0.0447 0.8688 0.2531 0.4597 1.9888 
PO4 3.1286 0.0806 3.1355 0.4417 1.8803 3.9906 
NO 2 3.7413 1.6135 0.7035 8.8373 0.1050 40.154 
P tot 5.7527 0.0867 5.8650 0.4902 4.6600 6.7300 
Cl 13.110 0.4972 12.167 2.7231 10.255 21.406 
DIC 17.895 3.5408 8.2210 19.394 0.1500 59.900 
Na 21.261 0.5767 21.150 3.2624 12.780 28.020 
Si 22.557 0.1973 22.796 1.1162 20.290 24.640 
Mg 33.633 0.9739 32.175 5.5093 20.420 42.910 
K 52.949 1.4628 55.120 8.2748 24.260 61.640 
DOC 79.420 2.7453 78.100 15.036 48.390 128.70 
SO4 138.54 5.1239 152.80 28.065 82.717 176.45 
S tot 148.82 4.9839 158.68 28.193 102.16 184.09 
Ca 473.28 18.772 451.13 106.19 154.40 641.29 

NO 3 1464.5 108.57 1381.2 594.68 102.60 3114.0 
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Table 4.4. Descriptive statistics of the dataset at 15°C; data following the same order as on 
Table 4.3 (for comparison); in brackets some mean typical pore water concentrations taken 
from Table 1.1; all concentrations in mg L-1. 

 
Mean 

St. 
Error 

Median 
St. 

Deviation 
Min Max 

 15°C 

Be 8.45 x10-5 1.91 x 10-5 2.5 x 10-5 1.13 x 10-4 2.5 x 10-5 3.51 x 10-4

Sn 1.28 x 10-4 1.25 x 10-5 1.0 x 10-4 7.39 x10-5 1.0 x 10-4 4.05 x 10-4

Pb 0.0010 (0.0010) 2.39 x 10-4 2.5 x 10-5 0.0014 2.5 x 10-5 0.0049 
Co 0.0035 (0.0047) 1.81 x 10-4 0.0035 0.0011 0.0015 0.0056 
Rb 0.0087 6.61 x 10-4 0.0093 0.0039 0.0050 0.0160 
V 0.0110 9.79 x 10-4 0.0089 0.0058 0.0021 0.0274 
Al 0.0058 0.0010 0.0025 0.0061 0.0025 0.0244 
Mo 0.0170 (3.84 x10-5) 0.0023 0.0118 0.0136 0.0017 0.0507 
Cr 0.0228 (0.0541) 0.0101 0.0119 0.0599 0.0101 0.3667 
Cd 0.0094 (0.0045) 8.39 x 10-4 0.0111 0.0050 2.01 x 10-4 0.0180 
Fe 0.1542 0.0759 0.0300 0.4227 0.0100 1.7785 
Li 0.0300 0.0010 0.0297 0.0059 0.0188 0.0421 
As 0.0544 (7.49 x 10-4) 0.0045 0.0457 0.0266 0.0290 0.1139 
Br 0.0989 0.0202 0.0570 0.1104 0.0020 0.4130 
Ba 2.94 x 10-4 2.21 x 10-5 3.3 x 10-4 1.31 x 10-4 2.05 x 10-4 5.65 x 10-4

Sb 0.1422 0.0045 0.1465 0.0265 0.0936 0.1882 
Mn 0.1499 (5.20 x 10-4) 0.0250 0.1214 0.1481 0.0057 0.4317 
Cu 0.1685 (0.0635) 0.0113 0.1886 0.0668 0.0177 0.2982 
B 0.3323 0.0143 0.3300 0.0797 0.2050 0.5650 
Sr 0.5010 0.0280 0.5167 0.1654 0.1869 0.8182 
Zn 0.6978 (0.0052) 0.0482 0.6481 0.2851 0.1782 1.1888 
Ni 1.0025 (0.010) 0.0625 0.9470 0.3697 0.6970 2.9770 
PO4 3.2737 0.1958 3.1395 1.1079 1.6283 7.2829 
NO 2 1.7824 0.6084 0.3990 3.3873 0.1030 15.745 
P tot 6.7704 0.2704 6.3000 1.5055 5.4800 13.195 
Cl 11.576 0.2266 11.630 1.2817 7.7880 15.060 
DIC 21.966 4.6794 10.632 26.881 0.0360 84.400 
Na 25.164 1.2353 24.025 6.8776 14.100 36.885 
Si 26.101 0.3391 26.476 1.8883 19.325 28.720 
Mg 33.741 1.4859 36.880 8.2731 17.400 47.190 
K 59.317 2.1034 61.125 11.711 29.100 77.030 
DOC 92.241 2.4530 91.020 14.091 49.590 121.74 
SO4 171.38 6.4854 165.73 36.687 84.705 237.94 
S tot 190.40 6.0339 182.12 33.595 88.990 264.29 
Ca 504.93 26.198 576.38 145.86 203.00 756.43 

NO 3 1474.8 128.09 1795.6 724.58 1.8530 2574.9 
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Element concentrations appear to be greater following incubations at 15ºC. 

Table 4.5 presents p values resulting from ANOV A of the dataset considering 

the effect of the temperature on the concentration variability. This effect is 

very significant for some elements (p < 0.001 - B, Br, Cr, organic and 

inorganic C, K, Li, Mo, N a, P tot, Rb, S tot and SO4, Sb, Si, Sr, and V), which 

in turn can have considerable implicat ions for speciation and bioavaiilability. 

However, the temperature seems to have no significant effect on the 

concentration of other elements (Al, Ba, Be, Cd, Co, Cu, Fe, Mg, Mn, Ni, NO2 

and NO 3, Pb, PO4, Sn, and Zn), which may suggest different behaviour as a 

result of different chemical properties of the elements. 

 

 

Table 4.5. ANOVA results and p values for datasets at 5°C and 15°C; * = p < 5% (0.05) = 
significant difference; ** = p < 1% (0.01) = highly significant; *** = p < 0.1% (0.001) = very 
high significant; NS = not significant. Where there are significant differences 5>15 denotes 
that concentrations at 5°C are greater that those at 15°C; 5<15 denotes that concentrations at 
15°C are greater than those at 5°C. 

Parameter Temperature effect Means  Parameter Temperature effect Means 
 p    p  

         

PO4 0.909 NS   Cl 0.001 ** 5>15 

Be 0.703 NS   B <.001 *** 5<15 
Cu 0.608 NS   Br <.001 *** 5<15 

NO 3 0.586 NS   Cr <.001 *** 5<15 

Pb 0.57 NS   DIC <.001 *** 5<15 
Ba 0.542 NS   DOC <.001 *** 5<15 
Cd 0.474 NS   K <.001 *** 5<15 
Co 0.439 NS   Li <.001 *** 5<15 
Sn 0.416 NS   Mo <.001 *** 5<15 
Al 0.324 NS   Na <.001 *** 5<15 
Mg 0.215 NS   P tot <.001 *** 5<15 

NO 2 0.164 NS   Rb <.001 *** 5<15 

Zn 0.144 NS   S tot <.001 *** 5<15 
Fe 0.117 NS   Sb <.001 *** 5<15 
Mn 0.099 NS   Si <.001 *** 5<15 

Ni 0.076 NS   SO4 <.001 *** 5<15 

pH 0.037 * 5>15  Sr <.001 *** 5<15 
As 0.029 * 5<15  V <.001 *** 5<15 
Ca 0.019 * 5<15      
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In general, the different concentrations at the two temperatures seem to 

suggest greater solubility of solutes at higher temperatures. In a recent work, 

Richards and Kump (2003) suggested that temperature affects the release of 

solutes from soils in two ways; first directly, by modifying surface tension, 

water viscosity, dissolution rate, diffus ion rate and equilibrium constants of 

the mineral present, and second indirectly, by influencing the level of 

biological activity. Temperature will th erefore affect both the volume of 

water withdrawn from a soil and its chemical composition. A temperature-

induced change in surface tension and water viscosity, which in turn 

influences hydraulic conductivity, will change the size class of micropores 

that can drain and at the same time will cause variation of water residence 

time as well as desorption rate constant and equilibrium constants. 

 

It is interesting to note the differe nce between the first samples obtained 

by squeezing or centrifugation and those obtained by Rhizon samplers. Table 

4.6 presents p values resulting from ANOVA of the dataset considering the 

effect of the method of extraction but comparing only the first samples 

extracted by centrifugation and squeezing with the one extracted by Rhizon 

samples. Concentrations are also shown in Fig. 4.6 – 4.17. Typically soil pore 

water would not be withdrawn in mult iple steps and would not reach the 

pressures used in the squeezing method. More frequently one would use a 

single extraction (as in the Rhizon sampler case) or a single step with 

centrifugation. Alternatively, samples coming from different stages of the 

extraction are usually bulked. The method of extraction does not affect 

significantly the concentrations of some elements (Br, Cd, Cl, Cu, DIC, Fe, Ni, 

NO 2 and NO 3, P tot and PO4, Rb, Sb and SO4) but appears to be significant for 

the rest of them. In most cases, their concentrations in pore waters taken by 

Rhizon samplers are smaller than those from centrifugation and squeezing 

(Table 4.6 - R<C<S – Ca, Co, Li, Mg, Mn, Mo, Na, S tot, Si, Sr and V; R<S<C – 
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B, Ba, Cr, Organic C, and K). A smaller group of elements shows 

concentrations in pore waters taken by squeezing smaller when compared to 

those taken by centrifugation and Rhiz on sampler (Table 4.6 - S<R<C – Al, 

Pb, Sn and Zn). When we consider the methods individually, data show 

different degrees of variability across th e 3 different methods of extraction. 

The variation is much greater within extracted samples by squeezing, 

whereas centrifugation data appear less variable. The greater variation 

within the squeezing data is due to the use of three different sets of 

apparatus, which, although set with ex actly the same parameters (i.e., mass 

and conditions of soil, pressure and temperature), may vary in their 

mechanical performances (Table 4.6 and Fig 4.6 – 4.17). 

 

Table 4.6. ANOVA results and p values for 1 st samples of different extraction methods (R = 
Rhizon samplers, C = Centrifugation, S = Squeezing); * = p < 5% (0.05) = significant 
difference; ** = p < 1% (0.01) = highly significant; *** = p < 0.1% (0.001) = very highly 
significant; NS = not significant. Where there are significant differences, the last column on 
the right shows which extraction method (R, C and S) presents greater concentrations 
compared to the others. 

Parameter Method effect Means  Parameter Method effect Means 

 p 1st sample   p 1st sample 

         

PO4 0.728 NS   Si 0.004 ** R<C=S 

NO 2 0.561 NS   Sr 0.003 ** R<C<S 

Rb 0.501 NS   Ba 0.002 ** R<S<C 
Sb 0.358 NS   V 0.002 ** R<C<S 
Cd 0.319 NS   Mg 0.001 ** R<C<S 
Br 0.249 NS   Al <.001 *** S<R<C 

SO4 0.239 NS   B <.001 *** R<S<C 

Cu 0.221 NS   Ca <.001 *** R<C<S 
P tot 0.191 NS   Co <.001 *** R<C<S 

NO 3 0.123 NS   Cr <.001 *** R<S<C 

Ni 0.083 NS   DOC <.001 *** R<S<C 
DIC 0.081 NS   K <.001 *** R<S<C 
Fe 0.08 NS   Mn <.001 *** R<C<S 
Cl 0.064 NS   Mo <.001 *** R<C<S 
Be 0.05 * R=C<S  Na <.001 *** R<C<S 

Sn 0.034 * S<R<C  Pb <.001 *** S<R<C 

As 0.03 * R=C<S  pH <.001 *** R<C<S 
Li 0.012 * R<C<S  S tot <.001 *** R<C<S 
     <.001 *** S<R<C Zn 
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Grouping the elements by their position  in the periodic table, we can start 

to account for similar or dissimilar behaviour (Fig. 4.6 – 4.17). Alkali and 

alkaline earth metals decreased in concentration with progressive 

extractions, both using centrifugation and squeezing at both temperatures. 

Very similar behaviour was shown by K, Na, Li, Ba, Ca, Mg and Sr in this 

respect. 

Transition metals, showed a similar behaviour between the two 

temperature datasets, but in this case some elements appeared to decrease in 

concentration (Pb, Al, Fe, Cd, Cu, Zn and Ni), some other seem to increase 

with progressive extractions (Mo, V, Co, Mn), whereas the remainder appear 

to have different behaviour between methods of extraction (Co, Cu, Cr).  

Non-metallic elements, which include most of the anions, present 

contrasting behaviour. Some increased in concentration during squeezing (S, 

HCO3, As, P, Br and to a lesser extent Si) but were fairly constant with 

progressive centrifugation. Others decreased with centrifugation (B, Cl, Si) or 

decreased during squeezing (NO3). 

Organic Carbon showed similar behaviour between the two temperatures. 

However, samples withdrawn by Rhizon samplers showed lower 

concentrations of DOC compared to the other two methods, sometimes 

presenting better agreement with centrifugation data rather than with 

squeezing. The pH was fairly constant during centrifugation whereas it 

increased in squeezed samples. 
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Figure 4.6. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Alkaline Earth Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.7. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Alkaline Earth Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.8. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Alkaline Earth Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.9. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Transition Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.10. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Transition Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated; NB: note logarithmic scale for Fe. 
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Figure 4.11. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Transition Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.12. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Transition Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = 
Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.13. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Metalloids and Non-Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) 
= Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.14. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Non-Metals and Halogens; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) 
= Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.15. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Non-Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = Squeezing; 
concentrations in mg L-1 or �Íg L-1 as stated; NB: note logarithmic scale for NO2. 
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Figure 4.16. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Non-Metals; R = Rhizon samplers, C (1-5) = Centrifugation, S (1-7) = Squeezing; 
concentrations in mg L-1 or �Íg L-1 as stated. 
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Figure 4.17. Element concentrations for pore water fractions at 5°C and 15°C for Stoke 
Bardolph: Organic, Inorganic Carbon and pH; R = Rhizon samplers, C (1-5) = Centrifugation, 
S (1-7) = Squeezing; concentrations in mg L-1 or �Íg L-1 as stated. 
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4.7.1.1. Ionic strength, pH and alkalinity 

Comprehensive soil pore water analysis typically requires measurements 

of pH and total concentrations of ma jor cations and anions that balance 

charge in the aqueous phase. The relationship between cations and anions is 

important in checking analytical results.  
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Figure 4.18. Charge ratio (cations/anions) in pore water fractions extracted by Rhizon 
samplers, centrifugation and squeezing as calculated by WHAM-VI; C = Centrifugation, S = 
Squeezing. 

 

Ionic concentration can be examined through the difference of the sum of 

cations and anions, often referred to as anion charge deficit or through their 

ratio, which of course should be as close to 1 as possible. Figure 4.18 shows 

charge ratios for the soil pore water fractions as calculated by WHAM-VI. 

The WHAM picture of the pore water is somewhat different from the 

‘standard’ one in which both inorganic and organic species (including FA 

and HA) are included (Tipping, 2002). WHAM considers the FA and HA as 

an electrically neutral phase, because any residual negative charge after 

specific binding is neutralised by coun terions. In this way cations are not 

overestimated by omitting organic anio ns. Fig. 4.18 suggests that extracted 
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soil pore waters present a satisfactory electroneutrality over the whole range 

of samples, except towards the end of the squeezing extraction, where there 

appear to be an apparent excess of positive charge. This may be caused by 

the much smaller ionic strength ( I) observed in these pore waters, giving a 

greater error in the calculation of the charge ratio. 
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Figure 4.19. pH and ionic strength ( I) for the pore water fractions extracted by Rhizon 
samplers, centrifugation and squeezing as calculated by WHAM-VI; triangles ( �S;�U) 
represent I, diamonds (    ;     ) represent pH.  

 

In Fig. 4.19 I and pH are shown for each method of extraction, comparing 

how the major elements behave between the two datasets at 5 and 15°C. In 

both cases, I decreases significantly between S4 and S7. Although the soils 

were identical prior to extraction, I appeared significantly lower at 5°C 
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compared to 15°C for centrifugation; this  difference is perhaps produced by 

the different response of the soil to temperature during extraction methods. 

Samples with a higher charge ratio (S4-S7) should be interpreted carefully 

and account taken of this imbalance, because some species may have been 

underestimated or could be missing from the calculations. 

From Fig. 4.19 it is also evident that pore water pH appears to be 

significantly different for the 3 extraction methods. This finding is also 

supported by the variations in alkalinit y, shown in Fig. 4.20 as calculated by 

WHAM-VI assuming measured  DIC as master variable (calculations include 

charges on DOC). 
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Figure 4.20. Alkalinity for the pore water fractions extracted by Rhizon samplers, 
centrifugation and squeezing as calculated by WHAM-VI. 

 

 

These pH variations can have a major impact on many other pore water 

parameters, such as trace element solubility, bicarbonate concentrations and 

DOC. The pH plays a major role in regulating DIC levels by controlling the 

solubility of dissolved CO 2 through its control of the H 2CO3 - HCO3
- - CO32- 

equilibrium. Dissolved hydroxyl (OH-), HCO 3
-, CO32-, and organic matter all 
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increase in concentration as soil pH rises (McBride, 1994). Metal cation 

adsorption at mineral and organic surfac es is favoured at higher pH. Fulvic 

and humic acids dissolve leading to incr eased complexation by these ligands 

for some of the trace metals (e.g., Pb, Cu, Cr).  

Lower pH values when using Rhizon  samplers may be due to sampler 

preparation which consisted of an acid wash followed by deionised water 

rinses prior to use. As shown in Chapter 3 (see section 3.5.1), the surface of 

Rhizon samplers appears to be modified after a few extractions. Therefore, 

one possibility is that an organic coating (e.g. HA) may have formed on the 

external surface with a significant cation exchange capacity. The acid-

washing stage of cleaning rhizon samplers would protonate such surface 

coatings. The resulting pool of exchangeable H+ ions on the Rhizon surface 

would be unaffected by subsequent washing with deionised water but 

