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Distribution of contaminants in the seasonally 
unsaturated zone of the Chalk aquifer
The Chalk is a dual-porosity aquifer in which most of the porosity is found within a 

fine-grained matrix. Groundwater in this matrix is virtually immobile and flow takes 

place almost entirely within fissures. The small volume of fissure porosity gives a low 

unconfined storage coefficient resulting in large changes in water table elevation in 

response to seasonal recharge. The zone over which the water table fluctuates, the 

seasonally unsaturated zone (SUZ), has a major influence on the behaviour of dissolved 

contaminants, initially slowing their movement, through diffusional exchange with the 

matrix, and at later stages acting as a reservoir of long-term contamination.

Detailed profiles of contaminant distribution in matrix porewater through the SUZ have 

been constructed from cored boreholes at a study site in southern England. The physical 

and hydraulic environments of the SUZ have also been characterised. The field data 

have been used to construct a conceptual model of contaminant behaviour in the SUZ 

and from this a one-dimensional semi-analytical model has been developed to examine 

the role of matrix diffusion and fluctuating water tables in the distribution of 

contaminants in matrix porewater in the SUZ.

The results of modelling have been compared to data gathered at the field site and 

similarities found which indicate a correct understanding of the processes involved. The 

model shows that contaminant distribution in the matrix evolves towards a situation 

where concentrations are greatest towards the top of the SUZ. The SUZ can thus form a 

secondary source of contamination, which may persist long after the original source has 

dissipated. A consequence of this distribution is that contaminant concentrations in 

groundwater show a characteristic seasonal high at high water stands.

The work has examined a particular site but the processes involved are found over the 

Chalk outcrop, and in other hydrogeological environments characterised by dual

porosity and a fluctuating water table.
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1. Introduction and objectives

1.1 Introduction
Large seasonal changes in the position of the water table in response to changes in 

recharge to an aquifer are well known, and the hydrographs which illustrate this effect 

are familiar to all hydrogeologists. Observations of contaminant concentration in 

groundwater often show a correspondence to the water table hydrograph, suggesting a 

causal relationship between water table fluctuations and contaminant mobility. Yet the 

processes underlying this relationship have not previously been studied in detail. This is 

a significant omission for the Chalk aquifer in the UK in particular, where the seasonal 

water table fluctuation may be large in relation to the effective aquifer thickness. The 

processes connecting water table fluctuations to contaminant concentrations in 

groundwater may dominate the fate of contaminants in the aquifer. It was therefore the 

purpose of the work described in this thesis is to address this omission.

The relatively low specific yield of the Chalk, particularly away from river valleys, 

means that, in the unconfmed aquifer, the water table may fluctuate by several metres in 

response to seasonal changes in the rate of recharge. As a result, the Chalk matrix in the 

zone over which these seasonal fluctuations occur (the seasonally unsaturated zone or 

SUZ) moves from the saturated to unsaturated state and back again in an irregular yet 

cyclical pattern.

Detailed field data from a site on the Lower Chalk, including profiles of porewater 

chemistry through the seasonally unsaturated zone, measurements of groundwater 

chemistry, hydrographs and physical property measurements, have been used to arrive 

at a conceptual model describing the operative processes. The conceptual model 

considers the role of the fluctuating water table in creating the observed profiles of 

contaminant distribution in the SUZ. A semi-analytical model has been used to 

demonstrate that the principal mechanisms which result in the observed distribution of 

contaminant in the zone over which the water table fluctuates are diffusional exchange 

between matrix porewater and fissure water in the dual porosity Chalk aquifer and the 

fluctuation of the water table. Results from the field and laboratory observations and 

from the model have led to a mechanism being proposed by which seasonal fluctuations 

in the water table can dominate the flux and distribution of contaminants within the 

Chalk.
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Contamination from many industrial sites occurs across the outcrop of the Chalk and 

numerous instances of contamination of groundwater have been documented. At many 

of these sites the water table fluctuates in response to changes in recharge. Records from 

monitoring well often show that contaminant concentrations in groundwater also 

fluctuate in a cyclical pattern that corresponds to the water table fluctuations.

These fluctuations in contaminant concentration have two major implications. The first 

is that monitoring well data will be unreliable if only single readings are taken, giving a 

misleading impression of the contaminant concentration, particularly during extended 

drought events. The second, and more important implication, is that the bulk of 

contaminant mass may not be within the permanently saturated zone but held in matrix 

porewater in the zone over which the water table fluctuates. Consequently in any 

attempt to remediate or contain such contamination this mass must be to located and 

accounted for.

Due to their common occurrence and extreme persistence in the subsurface, chlorinated 

solvents are groundwater contaminants of great concern. Drinking water standards for 

some of these compounds have been set at very low concentrations, several orders of 

magnitude below their solubility, as they are suspected carcinogens and therefore their 

presence in aquifers is extremely undesirable. These compounds are the principal 

contaminants at the study site and the discovery of their presence in groundwater 

prompted the investigations that preceded this thesis.

The processes that lead to the accumulation of contaminant mass in the seasonally 

unsaturated zone, and the implications for contaminant distribution and transport, are 

the subjects of this thesis.

Although the investigations described here are for a specific site on the Lower Chalk 

(the Harwell Laboratory), the implications of the research apply to much of the 

unconfmed Chalk across southern and eastern England. Furthermore these same 

processes may also be operating in other aquifers and other dual-porosity materials.
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1.2 Objectives
The objectives of the research presented in this thesis are:

• to determine the distribution of contaminants in matrix porewater in the Chalk 

aquifer over the seasonally unsaturated zone (SUZ) at a contaminated site

• to determine the vertical distribution of physical, hydraulic and physio-chemical 

properties which may affect the distribution of dissolved contaminants in the SUZ

• to develop explanations for the observed contaminant porewater profiles in terms of 

the controlling mechanisms

• to apply simple models to determine the role and significance of the controlling 

mechanisms

• to assess the implications of the effect of fluctuating water tables on contaminant 

behaviour for the Chalk at other locations and for other aquifers and other dual 

porosity materials

1.3 A guide to this thesis

1.3.1 Structure

The thesis is divided into 14 chapters. These comprise relevant reviews (Chapters 2 to 

4), details of field and experimental data collection (Chapters 5, 6, 7, 8 and 9), 

development and presentation of modelling (Chapters 10, 11 and 12) and consideration 

of the conclusions and implications of the research (Chapters 13 and 14).

Reviews

Chapter 2 reviews the properties of chlorinated solvents that make them such significant 

groundwater contaminants and how these relate to the Chalk aquifer. Chapter 3 is a 

review of the hydrogeology of the Chalk, with particular reference to fluctuating water 

tables and solute transport. Chapter 4 presents details of the field site (Harwell 

Laboratory) and reviews the available information relating to this site. Also presented in 

this Chapter is an analysis of hydrograph data from wells at the site.

Field and experimental data

Chapters 5 to 8 contain details of experimental methods used during the course of this 

work and presentation of the results. Chapter 5 concentrates on the techniques used in 

the field, principally the collection, sampling and treatment of Chalk core, packer testing 

to determine field hydraulic conductivity and sampling of groundwater. In Chapter 6, 

profiles of porewater concentration of chloride and chlorinated solvents are constructed.
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The physical properties of the Lower Chalk at Harwell Laboratory, as measured in the 

laboratory, are described in Chapter 7. Chapter 8 presents an investigation into physio- 

chemical properties relevant to this study principally relating to sorption and diffusion. 

The experimental data are reviewed, discussed and interpreted in Chapter 9, where other 

relevant information from the site is also incorporated.

Modelling

The data gathered in the preceding chapters are used as the basis for the development of 

a conceptual model of the effects of fluctuating water levels on contaminant transport in 

Chapter 10. On the basis of the conceptual model, an analytical model is developed in 

Chapter 11. The analytical model is used to examine the effects of fluctuating water 

table on contaminants in matrix porewater in the seasonally unsaturated zone in Chapter

12 .

Implications and conclusions

Finally in Chapter 13 the implications of fluctuating water levels on contaminants in the 

Chalk aquifer are considered, using the results of the models developed previously. 

Other dual porosity media to which the processes may be relevant are also identified in 

Chapter 13. Conclusions from the research and recommendations for further work are 

made in Chapter 14.

1.3.2 Division of work

The work presented in this thesis is predominantly that of the author but others have 

made important contributions and these are fully acknowledged. The purpose of this 

section is to identify the role of those who have made significant contributions to this 

thesis.

Chapters 2 to 4 are largely reviews of available data in the literature and as such 

dependant upon information available in the cited sources. The hydrograph analysis in 

Chapter 4 is the work of the author. The experimental data described in Chapters 5, 6, 7 

and 8 were collected by the author. However, the core drilling (Chapter 5) was 

undertaken by contractors as was the installation of the discrete interval piezometers. 

Packer testing was performed with the assistance of Mr. Barry Watkins. The diffusion 

cell used in Chapter 8 was constructed by the BGS, but had not previously been used 

successfully. Some development work was necessary by the author to establish the 

sampling techniques. Chapter 9 uses a significant quantity of data gathered by AEA 

Technology pic, for the United Kingdom Atomic Energy Authority (UKAEA).
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The model described in Chapter 11 and utilised in Chapter 12 was constructed by 

Professor J A Barker, following discussions with the author, specifically for this work.

1.3.3 Originality

An important aspect of the research presented in this thesis is the question of originality. 

Originality exists within the work presented here at two levels. At the overall subject 

level, the research addresses a question which has not be studied in any detail 

previously, to the best of the author’s knowledge, and has certainly not been reported in 

the literature. The literature on fluctuating water tables is sparse and is restricted to 

studying the physical controls on the fluctuations and implications for water resources. 

A number of authors {e.g. Downing et al., 1978) have considered the importance of 

fluctuating water tables on contaminants, in passing, without addressing the 

mechanisms involved. Lawrence et al., (1992). explicitly considered the effect of elution 

times from the seasonally unsaturated zone, but restricted themselves to a crude 

analysis.

At a second level of originality, several of the techniques used in the research represent 

an advance or modification of existing techniques. For example: the method of 

determining diffusion coefficients: the method of packer testing in the unsaturated zone. 

Also the many measurements made concerning the a variety of aspects of the Lower 

Chalk and specific properties of contaminants are an original contribution in 

themselves.

The semi-analytical model presented in Chapter 11 was constructed specifically for this 

project by Professor J A Barker at UCL and is not the work of the author. However, as 

the model is original, so too are its use and interpretation. These are also presented for 

the first time in this thesis. A particular aspect of the model that has not been presented 

in previous models of dual-porosity media is the ability to move between the saturated 

and unsaturated zone.
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1.3.4 Sources of data

Sources of data, other than those generated by the author, are fully acknowledged 

throughout the text. Much of the relevant data for the Harwell Laboratory has been 

provided by AEA Technology and is not within the public domain. Some of this data 

has been used to support that gathered by the author.
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2. Review of the behaviour of chlorinated 
solvents in aquifers

2.1 Introduction
Chlorinated solvents are a subset of the chlorinated hydrocarbons, which are organic 

compounds in which some of the functional sites are occupied by chlorine atoms. 

Chlorinated solvents are so-called because of their principal industrial application as 

solvents. Table 2.1 lists five of the commonest chlorinated solvents, all chlorinated 

alkanes or alkenes. In this thesis the term chlorinated solvent will be used to refer to 

these five compounds alone, the term chlorinated hydrocarbons will be used to refer to 

the wider grouping of chlorinated organic compounds.

Chlorinated solvents in their pure, liquid phase are often referred to as DNAPLs (dense 

non-aqueous phase liquids) as they have a greater density than water. Where volatility is 

important chlorinated solvents are also sometimes referred to as volatile organic 

compounds (VOCs).

The chlorinated solvents are some of the most common groundwater contaminants, 

found in low concentrations in nearly all urban aquifers in the United Kingdom (Rivett 

et al., 1990a, Burston et al., 1993). Other chlorinated and halogenated hydrocarbons are 

also significant groundwater contaminants although they are more restricted in their 

usage and therefore occur less frequently in groundwater. A list of chlorinated 

hydrocarbons found in groundwater at Harwell Laboratory, the study site, is given in 

Table 2.2. The maximum concentration of these compounds found in groundwater at the 

site is also listed there.

2.1.1 Principal uses of chlorinated solvents

Chlorinated solvents were first manufactured in the late nineteenth century but only 

entered mass production during the second world war (Pankow et al., 1996). Since 1945 

their use has become widespread at many industrial locations. Three of the most 

common chlorinated solvents are classified by current application in Table 2.3. TCM 

and CTET, two of the main groundwater contaminants at the study site are no longer in 

common use and therefore not listed in Table 2.3. These two compounds have been 

withdrawn from most applications as they are suspected carcinogens. In the past, they 

have been used as solvents for a variety of organic compounds. CTET was also used in
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dry cleaning. TCE is also suspected to be a carcinogen and its use is being phased out in 

favour of TCA in most industrial applications.

From Table 2.3 it can be seen that chlorinated solvents are used in a variety of different 

applications and so they are found at most industrial sites in varying quantities. As a 

result of this wide use, accidental spillages, leaks from storage facilities and 

inappropriate disposal methods have all lead to the introduction of significant quantities 

of these compound into the subsurface environment where they have become amongst 

the commonest and most ubiquitous groundwater contaminants.

Chlorinated solvents are mass-produced and the quantity of these compounds in use is 

enormous. For instance, 220 million litres of TCA were manufactured in the USA alone 

in 1986 (Pankow et al., 1996).

2.1.2 Chlorinated solvents as groundwater contaminants 

Introduction

Chlorinated solvents possess a number of properties that combine to make them serious 

groundwater contaminants. These properties are: they have a relatively low solubility in 

water which means they dissolve only slowly, however their solubility is sufficient to 

permit significant concentrations in groundwater; they are resistance to degradation in 

the subsurface environment (they are persistent); they have a low viscosity and density 

greater than water which allow the free-phase to penetrate to depth rapidly making 

recovery of spilt chlorinated solvent, or removal from aquifers extremely difficult. 

Allowable concentration in drinking water

Table 2.4 lists drinking water limits for the chlorinated solvents. The low permitted 

concentration of TCE, PCE and CTET result from them being suspected carcinogens. 

Regulatory authorities have therefore determined that all exposure should be avoided 

and set limits close to detection limits.

2.2 Physical and chemical Properties

2.2.1 Solubility

The aqueous solubilities of the chlorinated solvents of interest are listed in Table 2.5. 

Solubilities are several orders of magnitude above the drinking water standards and 

therefore concentrations in groundwater in contact with these solvents will exceed these 

standards. However, solubilities are low in absolute terms and chlorinated solvents will 

only dissolve sparingly in water.
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There is also some discrepancy between laboratory-measured solubility and the 

concentration at which organic compounds are found in the field where DNAPL is 

known to be present (Cohen and Mercer 1993). This is believed to result from 

heterogeneous field conditions. Groundwater samples will be drawn from several 

directions around a sampling point, causing mixing of water close to the chlorinated 

solvent DNAPL with water not directly in contact with the DNAPL. As a result, 

maximum observed concentrations of chlorinated solvents in groundwater will always 

appear to be less than the solubility.

Solubility is affected by a number of factors including the presence of co-solvents, 

salinity and temperature (Cohen and Mercer 1993).

Effect o f mixtures o f organic compounds

In a mixture of organic compounds the effective solubility, S ', of each compound is 

proportional to the mole fraction according to the relationship

S’ =  X ,s: (2.1)

where Xj is the mole fraction of component i in the DNAPL mixture and S/ is the pure 

phase solubility of compound z. Mixtures of structurally related organic compounds 

show near ideal behaviour (activity equal to 1) (Banerjee 1984).

Salting out

The presence of common ionic species will decrease the aqueous solubility of non-polar 

organic compounds due to the effect known as “salting out”. At moderate salt 

concentrations (up to those found in seawater) the effect of an increase in salinity is 

usually less than a factor of two (Schwarzenbach et al., 1993).

2.2.2 Density

One of the most significant characteristics of the chlorinated solvents is that they are 

denser than water by a factor of up to 1.6 (Table 2.5). As a result they are classified as 

dense non-aqueous phase liquids, (DNAPLs). Density of chlorinated solvents increases 

with an increasing number of chlorine atoms in the molecule within a functional group. 

Density differences as low as 1% are sufficient to influence fluid flow in the subsurface 

(Mackay et al., 1985). The effects of density on the transport of DNAPLs are considered 

in Section 2.5.

31



2.2.3 Viscosity

Chlorinated solvents have a lower viscosity than water (Table 2.5). This allows them to 

move downward rapidly once in the subsurface. The effects of viscosity on transport are 

considered in Section 2.5.

2.2.4 Volatility

Partitioning into the vapour phase (volatilisation) can be described by Henry’s Law

k h = ^ t  (2-2)
w

where AT// is the Henry’s Law Constant, Pj is the partial pressure of the compound in the 

gas phase and Cw is the aqueous concentration.

Chlorinated solvents have relatively high Henry’s Law constants (Table 2.5) and 

partition readily into the vapour phase. They also possess low boiling points (less than 

80°C). The units of K}{ are dependent upon the choice of measures made, but are 

normally quoted as atm.L.mol'1 or atm.mLmol1. Vapour transport is reviewed in Section 

2.5.3.

2.3 Interactions with aquifers, groundwater and other 
contaminants

2.3.1 Wettability

Wettability is the preferential spreading of one fluid over solid surfaces in a two fluid 

system (Cohen and Mercer 1993). In a DNAPL and water system the wetting fluid is 

usually water, which tends to coat the pores of the solid and occupy the smaller 

openings. The non-wetting DNAPL is then restricted to larger aperture openings such as 

fractures. Wettability can be affected by mineralogy, water chemistry, DNAPL 

chemistry, the presence of organic matter and the presence of surfactants (Cohen and 

Mercer 1993). Most aquifer materials are strongly water-wet but examples from the 

petroleum industry have been found where dolomite and limestone may be partially or 

preferentially oil-wet (Cohen and Mercer 1993 for references).

2.3.2 Residual saturation in fractured aquifers

The saturation at which DNAPL becomes discontinuous and immobilised by capillary 

forces is the residual saturation, Sr (Mercer and Cohen 1990) and is defined as the 

volume of DNAPL over the total void volume.
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As a DNAPL passes through an aquifer it will leave behind a proportion of the pure 

phase in discontinuous ganglia (Schwille 1988). The material left behind is considered 

to represent the residual saturation, the proportion of which is influenced by the ratio of 

pore size to aperture size, wettability, fluid viscosity, interfacial tension, hydraulic 

gradients and density.

In granular aquifers residual saturation of chlorinated solvents is up to 15% (Feenstra et 

al., 1996). Schwille (1988) simulated a vertical fracture experimentally using roughed 

glass plates. For a 200 pm wide fracture the quantity of DNAPL retained as residual 

saturation was only 0.05 L/m2 which equates to 25% of the fissure porosity. As fracture 

porosity in a fractured aquifer is generally very much lower than total porosity in a 

granular aquifer, the stored volume of a DNAPL in a fractured aquifer per cubic metre 

will be very much lower.

In a fractured aquifer, such as the Chalk, where DNAPL is not believed to enter the 

matrix, on account of the small pore throat sizes, the residual saturation may be less than 

1% of the fissure porosity (Lawrence et al., 1992).

2.3.3 Co-solvency / co-solution

Chlorinated solvents are often found in the presence of other organic compounds (e.g. 

Longstaff et al., 1992). This may be the result of the compounds being from different 

sources, or may result from simultaneous disposal in the case of solvent contamination 

at landfill sites. Used chlorinated solvents may contain significant quantities of the 

greases and oils that they were used to remove. The presence of these additional organic 

compounds may affect the mobility of chlorinated solvents in groundwater.

Co-solvency and co-solute effects may be expected to exist where mixtures of organic 

compounds are found in the presence water. These effects, if apparent, can be either 

synergistic or antagonistic in that they may increase or decrease aqueous solubility 

(Brusseau 1991). In the presence of a partially miscible organic solvent, chlorinated 

solvents will be more soluble in water. However, the quantity of co-solvent required to 

significantly increase aqueous solubility and to reduce sorption is high. Nkedi-Kizza et 

al., (1987) found 5% by volume of co-solvent was necessary to significantly increase 

mobility of hydrophobic organic compounds.

Addition of PCE has been shown to decrease the aqueous solubility of a mixture of 

napthalene, p-xylene and 1,4 dichlorobenzene in the presence of aquifer material of low 

organic carbon content (Brusseau 1991). An increase in sorption of between 1.5 and 3
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times was recorded, possibly due to PCE augmenting the effective organic carbon 

content of the aquifer material (Brusseau 1991).

Sorption of dissolved chlorinated hydrocarbons in the presence of an organic co-solvent 

has been found to decrease exponentially with increasing fraction of the organic co

solvent. The effect of the co-solvent has been determined to be independent of the 

aquifer material (Nkedi-Kizza et al., 1985).

2.3.4 Sorption

Two processes distinguish the passage of non-conservative (reactive) compounds 

through aquifers compared to that of conservative, inert compounds. These processes 

are decay (or degradation) and sorption. For recalcitrant compounds such as the 

chlorinated solvents, the rate of degradation is usually considered to be slow relative to 

transport rates and therefore sorption is the more important process. Degradation is 

briefly discussed in Section 2.6.

Adsorption is defined as the accumulation or concentration of a substance at the 

interface between two phases, whilst absorption is the penetration or transfer of a 

substance from one phase into another (La Poe 1985). The term sorption is used when it 

is not required, or not possible, to distinguish between absorption and adsorption. The 

mechanisms which control sorption are poorly understood (Allen-King et al., 1996a). 

Sorption of non-ionic organic compounds such as the chlorinated solvents is most easily 

envisaged according to the hydrophobic sorption model of Chiou et al., (1983), who 

propose that sorption is an absorption partitioning between dissolved phase and the solid 

organic carbon of the sorbent. The sorbate is considered to be ‘dissolved’ in the organic 

solid, on the basis that like dissolves like.

Isotherms

Sorption parameters are reported by reference to isotherms, graphs of sorbed 

concentration against sorbate concentration at a particular temperature. Ideally, sorption 

isotherms should be reported at the groundwater temperature in the system being 

studied but many studies are performed at laboratory temperatures for practical reasons. 

Linear sorption is characterised as



Where C is the sorbate concentration (mass of sorbate per volume of water), C* is the 

sorbent concentration (mass of sorbate per mass of solid) and Krf is then in units of 

volume of water per mass of solid (usually mL/g).

Some studies of sorption (e.g. Allen-King et al., 1996b, Piwoni and Banerjee 1989) 

have found that sorption can be non-linear and therefore an alternative isotherm is 

required. A frequently used non-linear isotherm is the Freundlich isotherm described as

C* = Kf Cn (2.4)

/^indicates the magnitude of sorption and n gives the deviation from linearity. The 

Freundlich isotherm is obtained by plotting ln(C) against ln(C*). K{ is then the inverse 

log of the intercept and n is the gradient of the line (sometimes written as \/ri). A 

Freundlich isotherm occurs where specific binding sites become filled, or less attractive 

to sorbate molecules, hence at higher sorbent concentrations proportionally less sorption 

occurs (Schwarzenbach et al., 1993). Murphy et al., (1990) have suggested that non

linear sorption is most important at high concentrations when the sorption capacity of 

the solids is approached, and this effect has been demonstrated by Piwoni and Banerjee 

(1989) who found that isotherms of PCE on low f oc aquifer solids were linear up to 

concentrations of 2 mg/L, above which non-linear behaviour occurred. At low 

concentrations non-linear behaviour can be approximated by linear isotherms without 

loss of accuracy (Ball and Roberts 1991a). However, extrapolation from low 

concentrations to high concentrations can produce significant errors (Allen-King et al., 

1996a).

Retardation

Values of the partition coefficient, Krf, are converted to a retardation factor, R, by the 

relationship

R = -  = \ + £ l k „ (2.5)
Vc

where v is the average linear velocity of groundwater, vc is the average linear velocity of 

the contaminant, pb is the dry density of the solids and &w is the water filled porosity. 

The retardation factor can be incorporated in contaminant transport models.

A general trend for sorption isotherms of non-ionic organic compounds is that as 

solubility decreases, Kd increases i.e., the more hydrophobic the compound the greater 

the sorption.
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Sorption to organic matter

The partitioning of organic solutes between water and rock has been found to be almost 

exclusively onto the organic carbon fraction, where it constitutes greater than 1% of the 

solid mass (Karickhoff et al., 1979). This can be expressed as

K „ = f -  (2.6)
J oc

where Koc is the organic carbon partition coefficient, Kd is the water:rock partition 

coefficient equal to the sorbed mass per mass of soil (5) divided by sorbent 

concentration (C) and f oc is the fraction of organic carbon.

The nature of the organic matter appears not to be a major factor, with the relationship 

between Koc and Kd being constant across a wide range of aquifer materials and, by 

implication, a range of organic matter types (Chiou et al., 1983)

Sorption isotherms for a range of contaminants, including chlorinated solvents, have 

been found to be linear and reversible at low concentrations (S = KC) (Karickhoff 

1981). Partition coefficients are relatively independent of solid to liquid ratios (soil 

‘concentration’) and the ionic strength of the solution.

Karickhoff (1981) has found that Kd is directly related to f oc. Kd values can be estimated 

from octanol to water partition coefficients, Kow, although linear sorption isotherms are 

not applicable in the case where f oc falls below a limiting value.

Sorption Vs intraparticle diffusion

Non-equilibrium sorption effects for hydrophobic organic compounds may be due to 

diffusion into intraparticle and intraorganic matter pore space rather than to specific 

sorbate - sorbent interactions (Brusseau et al., 1991).

Intraparticle diffusion exerts a strong control on rates of uptake of organic compounds 

by aquifer material (Ball and Roberts 1991b). Intraparticle diffusion is a slow process 

due to the effects of very small pore spaces and low porosity, therefore diffusion 

coefficients are orders of magnitude lower than those of the bulk aquifer material. 

Intragranular pore space may contain large numbers of reaction sites and contribute a 

small but significant quantity to total porosity in certain aquifers (Wood et al., 1990). 

Sorption to mineral surfaces

It is at f oc less than 0.01% that the effects of sorption of organic compounds to mineral 

surfaces may be significant (Schwarzenbach and Westall 1981). However, the soil 

organic carbon continues to exert an effect even at very low levels (Karickhoff 1984,
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Lion et al., 1990), dependent upon the hydrophobicity of the sorbate. The degree of 

partitioning of a compound to mineral surfaces increases with decreasing aqueous 

solubility (Barrett et al., 1994), indicating that adsorption at mineral surfaces is a 

significant phenomenon.

Sorption directly to mineral surfaces is possible for organic contaminants, including 

chlorinated solvents, with the affect being greatest in materials with substantial swelling 

clay content and low f oc (Perhlinger and Eisenreich 1991). Barone et al., (1992a), and 

Myrand et al., (1992) have reported Ktf greater than predicted by linear isotherms in low 

f oc materials and have invoked a mineral sorption component to explain this. Karickhoff

(1984) suggested that a ratio of between 25 and 60 for f oc to swelling clay is required 

for mineral sorption to dominate. Some authors (Rogers et al., 1981, Allen-King et al., 

1996b) have demonstrated that clay may be influential in determining the behaviour of 

sorbates. Piwoni and Banerjee (1989) found that for PCE in low f oc solids the calculated 

mineral phase contribution is between 3 and 5 times the sorption which would be 

expected for the organic carbon alone, using a linear relationship between f 0c and Kow, 

suggesting a mineral component of sorption.

Sorption can occur on other materials apart from clay. Sand from the Borden aquifer in 

Canada has been shown to have sorption greater than would be anticipated from the 

measured organic carbon content (Curtis et al., 1991) and this may be due to sorption to 

mineral surfaces. In the UK, most aquifers have low organic carbon content and 

therefore sorption is likely to be dominated by sorption to mineral surfaces (Barrett et 

al., 1994).

Co-solvency effects on sorption

The role of co-solvency on sorption was examined by Rao et al., (1990). They found 

that non-polar partially-miscible organic solvents (PMOS), for example TCE and 

toluene, with low aqueous solubility did not significantly influence the sorption of other 

hydrophobic organic compounds. PMOSs with polar attributes such as chlorobenzene 

and nitrobenzene have much higher aqueous solubilities and their presence in aqueous 

solution decreases the sorption of other hydrophobic organic compounds.

Competitive effects

Mixtures of non-polar organic compounds can sorb simultaneously according to their 

individual Kd in non-competitive sorption (Karickhoff et al., 1979, Chiou et al., 1983,
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Mouvet et al., 1993). Although non-linear sorption isotherms for mixtures of organic 

compounds may be indicative of competitive sorption (Allen-King et al., 1996a). 

Desorption and reversibility

Desorption is the reverse of sorption, leading to the release of sorbed compounds back 

to solution in groundwater. By establishing Kd as a partitioning coefficient, sorption is 

implicitly considered to be fully reversible. Karickhoff et al., (1979), Gschwend and Wu

(1985), Garbarini and Lion (1985) and Bourg et al., (1993) have demonstrated that 

sorption of chlorinated solvents in batch experiments is reversible and that the 

desorption isotherm plots along the same line as the sorption isotherm. However, Curtis 

et al., (1986) also conducted desorption experiments and found that a component of 

sorption was not entirely reversible, and Wilson et al., (1987) did not successfully fully 

desorb TCE from aquifer materials even after a period of several weeks.

In a comprehensive review of the literature on desorption, La Poe (1985) concluded that 

the desorption process is slower to reach equilibrium than sorption. La Poe (1985) also 

concluded that a portion of the sorbed compound is very difficult to remove. Sorption 

experiments conducted over short time spans and with rapid equilibration times are 

generally reversible if followed immediately by desorption (La Poe 1985). For longer 

desorption times or equilibration times the two isotherms show hysterisis with the 

sorbed chemical being more difficult to extract.

Rate limiting effects

Column studies of sorption at different flow rates by Larsen et al., (1989) have found 

that the retardation increases as flow rate was decreased suggesting that a rate limiting 

process was involved. Similar effects have been observed by Ptacek and Gillham (1992) 

and Bourg et al., (1993) in other column experiments. Bourg et al., (1993) demonstrated 

that the rate limiting effect was due to a physical partitioning between solids and 

aqueous phase, rather than being due to low rates of diffusion.

Sorption in the Chalk

Sorption of chlorinated solvents to the Chalk has been measured by Stuart (1989) in a 

series of batch experiments using PCE as the sorbate. These experiments led to a wide 

range of interpreted partition coefficients depending upon experimental methodology. 

Sorption appeared to reach equilibrium in less than 24 hours. A best estimate of Kd of 

0.1 mg/L was given, although sorption isotherms were not provided.
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No other sorption experiment specific to chlorinated solvents in the Chalk has been 

reported in the literature.

Results o f  previous studies on chlorinated solvents

Measured sorption parameters for chlorinated solvents in low organic content aquifer 

materials other than the Chalk, taken from the literature, are given in Table 2.6. The 

results show that the retardation factor for chlorinated solvents is typically less than 2.5 

and as such is likely to be of limited importance.

2.4 Degradation
Degradation of chlorinated solvents is a large subject, most of which is beyond the 

scope of the present work. It is clear from the persistence of these compounds in 

subsurface environments that degradation rates are extremely low, for instance the 

source of contamination at Harwell is at least 20 years old and yet the original 

chlorinated solvents persist at very high concentrations. Nevertheless, degradation 

products are present albeit at low concentration (Hawksley 1996). Lawrence et al., 

(1992) report contamination of the Chalk by chlorinated solvents from an aircraft 

maintenance works which had been closed for 25 years and yet still presented a serious 

contamination of groundwater, again indicating the recalcitrant nature of these 

compounds.

The long term persistence of chlorinated solvents in aquifers and their ability to form 

extensive plumes indicates that transport processes, which are the subject of this thesis, 

dominate over degradation in influencing the distribution of these compounds. 

Therefore degradation will not be considered further in this thesis.

2.5 Transport mechanisms of chlorinated solvents in the 
subsurface environment

2.5.1 Multiphase flow and dissolution

Chlorinated solvents may enter aquifers as pure phase chemical in the form of a 

DNAPL. A detailed review of multiphase flow is beyond the scope of this work but a 

brief consideration of the subject provides a useful insight into how the movement of 

pure phase compound influences the distribution of aqueous phase chlorinated solvents. 

Permeability to DNAPL in the subsurface is governed by the intrinsic permeability, kj, 

of the rock and the physical characteristics of the DNAPL and can be described by
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_ K 'P dnapiA  & dh (2 7)
fJL dL

where q is the flow rate (Darcy velocity), p is the viscosity of DNAPL, pDNApL is the 

density of DNAPL, dh/dL is the hydraulic gradient with respect to DNAPL and d  is the 

mean grain diameter.

Chlorinated solvents have a greater density and lower viscosity than water and flow 

rates will be greater than water under the same conditions. Figure 2.1 illustrates that 

these compounds are more mobile than water due to the effects of greater density and 

lower viscosity. However, most strata contain water and are water wet. To enter

saturated strata, including matrix blocks, DNAPL must displace water by overcoming

the capillary pressure, Pc , developed by the water. Capillary pressure is expressed as

Pc = 2 acose  (2.8)
d

where a  is the interface tension, 0 is the contact angle and d  is the diameter of a 

capillary tube.

Following the approach of Lawrence et al., (1996), the pressure head for a DNAPL, 

PDNAPL* arises from its mass and is dependent on the height of a column of DNAPL, 

H. This head can be expressed as

P DNATL =  H A P S  ( 2 9 )

where Ap is the density difference between DNAPL and water and g  is the acceleration 

due to gravity.

Equating the two pressures gives the height of the DNAPL column required to displace 

water as

r t = 2 c 7 C O s g  (2.10)
kpgd

The relationship between the thickness of a continuous column required for TCM

penetration of water filled fissures and fissure aperture size is shown in Figure 2.2. A

head of 10 mm of TCM is required to enter fissures of 0.1 mm aperture, whereas a head 

of TCM of around 10 m is required to enter apertures of 1 pm (TCM ~ interfacial 

tension 0.035 N/m, contact angle 20°). Typical pore throat sizes in the Chalk matrix are 

around 1 pm (Price 1987). Figure 2.2 demonstrates that, for modest accumulations of 

DNAPL a sufficient head will develop to permit downward flow in fissures under
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gravity which will continue until a barrier consisting of strata with a sufficiently small 

aperture to prevent downward flow is met. However, very large DNAPL accumulations 

are required to provide sufficient head to enter the Chalk matrix and therefore DNAPL 

is unlikely to enter and migrate through Chalk pores (Lawrence et al., 1996).

In a fissured environment, it is possible for significant column thickness of DNAPL to 

accumulate to create a driving head that can penetrate relatively small apertures, 

equivalent to narrow fissures. Therefore apertures in any barrier layer may have to show 

a significant decrease in size to be effective. It should nevertheless be noted that the 

experiments of Schwille (1988) have demonstrated that large DNAPL bodies will tend 

to break into smaller ones during migration, and significant column thickness of 

DNAPL may be very rare.

At the Harwell site a local, low permeability layer with probable small fissure apertures, 

consisting of a marly Chalk, is reported at approximately 30 m depth beneath the 

surface. It is anticipated that this layer may have arrested the downward movement of 

the DNAPL, were DNAPL present at the site.

Evidence from a site in Cambridgeshire has been used to suggest that DNAPL may be 

transported along horizontal and sub-horizontal fissures by the prevailing groundwater 

flow in the form of small droplets (Lawrence et al., 1996).

Dissolution o f DNAPLs

The aqueous concentration of a compound resulting from the dissolution of an organic 

mixture is dependent upon its activity in water and activity in the organic mixture 

(Schwarzenbach et al., 1993). Such that

X  — Y  X  Y  ( 2 1 1 )
H ' /  orgmix orgmix  /  w \  • /

where xw is the aqueous mole fraction and Yorgmix is the activity coefficient in the organic 

mixture.

For organic mixtures of similar compounds, an ideal solution can be assumed (YorgmiXi =  

1). From the Equation 2.11 it can be seen that the more soluble components, (lower 

activity coefficients in organic solvent) will be preferentially dissolved from the 

mixture. Thus the composition of the mixture will show a progressive increase in the 

fraction of low solubility compounds.
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The rate of dissolution of residual DNAPL will depend upon: the solubility of the 

solvent, the surface-area to volume ratio of the solvent body and the rate of groundwater 

flow at the surface of the solvent body (Lawrence et al., 1992).

Analytical transport models incorporating dissolution of chlorinated solvents from 

fingers and pools were used by Anderson et al., (1992) to examine the causes of the 

relatively low concentrations found in groundwater even where DNAPL is known to 

exist. These models suggest that the rate of chlorinated solvent dissolution from 

horizontal pools is controlled by vertical diffusion. For isolated droplets and small 

ganglia (fingers) trapped as residual saturation, these models estimate dissolution rates 

to be relatively rapid. Large fingers were believed to be an unlikely occurrence as 

significant accumulations of chlorinated solvents will tend to continue moving. Pools at 

the base of aquifers were considered the most likely occurrence of chlorinated solvents 

where contamination persists over many years. For large accumulations of chlorinated 

solvent and typical groundwater flow velocities dissolution could take decades or even 

centuries (Johnson and Pankow 1992).

A method for calculating the persistence of DNAPL in fissured porous media has been 

proposed by Parker et al., (1996) who found that dissolution rates are strongly 

influenced by rates of diffusion into matrix material. The theoretical analysis of Parker 

et al., (1996) shows that complete DNAPL dissolution and movement into the matrix is 

probable as the matrix of moderately porous media has a mass storage capacity for 

chlorinated solvents in their aqueous form in excess of the DNAPL storage capacity of 

the fissures.

In the analysis of Parker et al., (1996) fissures are conceptualised as smooth parallel 

plates separated by blocks of porous matrix. The matrix blocks are much larger than 

fissure apertures. Parker et al., (1996) assume that the entry pressure for DNAPL into 

matrix material is not exceeded and all DNAPL is confined within the fissure system. 

Porosity is divided into matrix porosity, <t>m, and fissure porosity, <|>f . The contribution of 

fissures to bulk hydraulic conductivity is recognised as being dominant over matrix 

contributions. The mass storage capacity of the fissure system is small due to its low 

porosity and so small releases of DNAPL will spread over a large bulk volume of the 

fissured porous medium. As DNAPL is in most cases the non-wetting fluid a thin film 

of water persists on the walls of fissures. In the typically narrow fissures expected in the
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subsurface environment this will give large contact areas between the DNAPL and 

water.

Mass transfer from DNAPL to aqueous phase will proceed by diffusion, according to 

Fick’s Law, driven by the concentration gradient. Movement from the film of water 

lining fissure surfaces to the matrix water will occur as a matter of course providing that 

no coating prevents this.

The contaminant mass storage capacity of the matrix and fissure system is assessed by 

means of the relationships

where Mm is the mass of chemical in the matrix per unit volume of aquifer material, M f 

is the mass of chemical stored in fissures as DNAPL and Sw is the aqueous solubility. 

Where Mm exceeds A/fthen the potential exists for all the DNAPL to dissolve and 

diffuse into the matrix (Parker et al., 1996).

For a simple 1-D geometry Parker et al., (1996) calculated the rate of mass transfer to 

the matrix for a single component DNAPL. Their model consisted of a single fissure 

with an aperture 2b and an infinite matrix to either side. DNAPL was assumed to fill the 

fissure leaving only a thin film of water at the fissure surfaces. Diffusive flux is 

governed by Fick’s Second Law. The analytical solution for the diffusive flux, Jq , at 

the fissure surface at any time, t, assuming that the concentration at the fissure surface (x 

= 0) is constant and equal to the aqueous solubility is

Where R is the retardation factor and Dj? is the effective diffusion coefficient.

Over time the concentration gradient decreases as more of the solute moves into the 

matrix and the analysis shows flux to be proportional to the square root of time (Parker 

et al., 1996). Integration of Equation 2.13 to provide total mass diffused over the time of 

interest gives

where Mt is the mass diffused into matrix per unit area of fissure face.

To calculate the time to diffusive disappearance, tj), of DNAPL, Equation 2.14 can be 

rearranged for t = tj), then corresponds to all the DNAPL in the fissure and

(2.12)

(2.13)
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Analysing the sensitivity to the various factors in the above compounds is difficult 

because they are interrelated, e.g., R is affected by Sw, ^influences both R and t (Parker 

et al., (1996). This analysis has been applied to the Harwell site in Chapter 10.

Relative Permeability

In a two-phase system, the two fluids occupy the pore space. The permeability of the 

medium to each fluid is reduced to the volume of pore space occupied by the other fluid. 

Relative permeability is defined as the ratio of the effective permeability at the 

saturation of interest to the intrinsic permeability and lies in the range 0 to 1. At residual 

saturation flow ceases for that fluid.

2.5.2 Aqueous transport

Once in solution, chlorinated solvents will behave-much as other solutes, described by 

the general transport equations given in standard hydrogeology texts (e.g., Freeze and 

Cherry 1979, Fetter 1993) although retardation may become significant in high f oc 

environments.

In a natural gradient tracer test conducted in the sand aquifer at Borden in Canada 

(MacKay et al., 1986) both chlorinated solvents and conservative tracers were released. 

The data collected showed that even in this low f oc environment retardation of PCE and 

CTET ranged from a factor of 1.7 to 9.0. In a similar experiment in the sand and gravel 

aquifer at Cape Cod, USA, Barber et al., (1988) found that PCE exhibited no 

measurable retardation. Factors of retardation of this order are relatively low compared 

to other organic compounds (Allen-King et al., 1996a). Migration of solutes through 

dual-porosity media such as the Chalk is reviewed in Chapter 3.

2.5.3 Vapour transport

Movement of organic vapours in the unsaturated zone is by convection, advection and 

diffusion. Convection is driven by the gradient of total gas pressure, whilst diffusion is 

driven by the partial pressure gradient of each component in the mixture. Advection is 

generally thought to be dominated by the effects of diffusion (Mendoza et al., 1996). 

Diffusion is generally thought to be the dominant mechanism of transport, with 

convection only having an effect at shallow depths (Roy and Griffin 1990). Gaseous 

diffusion is described by Fick’s (first) Law.



F = D —  (2.16)
OX

where F  is the mass flux of solute per unit area per unit time, D is the diffusion 

coefficient, and C is the vapour concentration. Gaseous diffusion coefficients are higher 

than equivalent aqueous diffusion coefficients, for example the free air diffusion 

coefficient for TCE is 10'5 m2/s whilst the free water diffusion coefficient is 10‘9 m2/s. 

The effective vapour diffusion coefficient in a porous medium will be less than in free 

air due to the volume taken up by the solid and water and also the effects of tortuosity. 

At equilibrium, chlorinated solvents will partition to the vapour phase according to 

Henry’s Law (Equation 2.2). In the source zone this will lead to partitioning into the 

vapour phase. Vapours transported away from the source will no longer be in 

equilibrium with the matrix porewater and partitioning will be from vapour to matrix 

porewater.

Advection can be promoted by density gradients in vapour. Chlorinated solvent vapours 

are denser than air and therefore density gradients may develop near a source where the 

vapour approaches saturation. These density gradients may cause rapid downward 

advection (Mendoza and Frind 1990).

Vapour diffusion in a fractured porous medium, such as the Chalk, will involve either 

vertical or lateral transport of vapours through fissures (Lawrence et al., 1992). Fissures 

have high gas permeabilities and partitioning between vapour and aqueous phase in air 

filled fissures will be rapid. Solvent vapour transport will depend upon gaseous 

permeability which is directly proportional to volumetric water content. It will also be 

influenced by effective rainfall, as infiltrating recharge will reduce gaseous 

permeability. Concentration gradients in the vapour phase can exist due to changes in 

temperature, changes in groundwater solvent concentration, water table fluctuations or 

barometric pressure changes. Flux of vapours is anticipated to be highest in the autumn 

(low surface moisture content, low water table, relatively low surface temperature). 

Lawrence et al., (1992) estimated the flux of chlorinated solvents using the equation of 

Hirata and Cleary (1990) and found that it gave very small mass transfers for a 

hypothetical plume 10 m below the surface.

Chlorinated solvent vapour concentrations have been found to decrease logarithmically 

from the water table to the surface suggesting that the vapour is not in local equilibrium 

with groundwater (Baehr 1987).
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Effects o f  fluctuating water tables on vapour movement

The important influence of fluctuating water levels on vapour transport has been 

recognised by Mendoza et al., (1996). The seasonal fall of the water table draws vapour 

deep into the SUZ. Contaminants then enter the aqueous phase of the matrix from the 

vapour phase by diffusion. The rise of the water table in response to recharge leads to 

the contaminant that has entered the matrix by diffusion becoming available to enter 

mobile groundwater in fissures, thus creating a plume of contamination.

Weeks et al., (1982) described a case where a long-term decline of the water table has 

drawn contaminants downwards to a greater depth than would be possible by diffusion 

alone.

2.6 History of the study of chlorinated solvents in UK aquifers
The study of chlorinated solvents in UK aquifers has lagged behind developments in the 

USA. Much of the published information on these compounds in the UK is of an 

observational, rather than an analytical nature. The findings of the significant published 

works are reviewed here.

A major factor in promoting the study of chlorinated solvents was the introduction in 

1989 of drinking water standards for three solvents ~ TCE, PCE and CTET (Table 2.4). 

This required that drinking water was tested regularly for these compounds. Regular 

monitoring for chlorinated solvents only began in the mid 1980s (Lawrence et al.,

1992).

The first published work to quantify the problem was that of Rivett et al., (1990a, 

1990b). The authors conducted a survey of organic compounds in the Triassic 

Sandstone aquifer beneath Birmingham, the purpose of which was to identify the 

location of organic contaminants in groundwater and identify possible sources. The 

work found that the most prevalent contaminants were chlorinated solvents and that 

contamination was widespread beneath the industrialised area of Birmingham. Much of 

the contamination was associated with industrial use of the chlorinated solvents near the 

sampling point. However, hydrogeology was shown to have an important influence in 

controlling penetration of solvents into the aquifer. The most abundant chlorinated 

solvent found was TCE which was present in 78% of the boreholes sampled.
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The aquifer beneath Coventry was investigated by Burston et al., (1993) in a similar 

survey to that of Rivett et al., (1990b). Again, chlorinated solvents were found to be 

widespread in groundwater throughout the urbanised part of the study area.

Amongst the first to recognise the risk to groundwater in the Chalk posed by chlorinated 

solvents were Chilton et al., (1990) who followed on from the work of Lawrence and 

Chilton (1988). They realised that the chlorinated solvents are long term contaminants 

partly due to their recalcitrant properties but also because of the diffusive release of 

contaminants into matrix porewater. A simple model was used to demonstrate that 

diffusion into matrix porewater in the saturated zone can cause long-term contamination 

of the Chalk, persisting long after the original source has been removed by dissolution.

A study of the Luton and Dunstable area of the Chalk by Longstaff et al., (1992) found 

that chlorinated solvent contamination was widespread at low concentrations beneath 

this urban area with localised ‘hot spots’ associated with sources of solvents.

A review of the available information on chlorinated solvents and their likely effect on 

the Chalk and Triassic sandstone aquifers was conducted by Lawrence et al., (1992). 

These authors also presented methodologies for the investigation of chlorinated solvent 

contamination and reviewed a number of case histories of solvent contamination of the 

Chalk. One of these case studies was that of solvent contamination of the Lower and 

Middle Chalk at Sawston in Eastern England. This is presented in detail by Lawrence et 

al., (1996) and revisited by Misstear et al., (1998). Here the water table is at shallow 

depth, 2 to 3 m below the ground surface. The water table and seasonally unsaturated 

zone occur within overlying gravel beds so that the Chalk is fully saturated over its 

entire thickness - it has no unsaturated zone. Lawrence et al., (1996) detail an extensive 

investigation which included porewater sampling from cored boreholes, measurement of 

physical properties of Chalk core, geophysical logging and hydraulic testing of the 

boreholes, water sampling and a soil gas survey. The results of the investigation showed 

that chlorinated solvents were concentrated in a narrow but deep plume one kilometre 

long and 50 m deep. Porewater profiles demonstrated the downward passage of DNAPL 

through the aquifer against a prevailing upward vertical hydraulic gradient. The Chalk 

Marl was found to form the effective base of the contamination. It was also found that 

peak concentrations of PCE were downgradient of the source zone and it was suggested 

that this was due to cascading of DNAPL as droplets promoted by the orientation and 

arrangement of the predominant fissures.
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A second case study presented by Lawrence et al., (1992) study, at an unnamed site in 

southern England, examined the effect of contamination form an aircraft maintenance 

facility on the Chalk. Contamination had entered the Chalk via a soakaway through 

overlying clay. Concentrations of the chlorinated solvents in groundwater fluctuated 

with seasonal variations in the position of the water table. The zone over which the 

water table fluctuates was identified as the source of contamination. Contamination by 

chlorinated solvents dated from activities at a workshop that had been closed for more 

than 25 years at the time of the investigation.

Many other investigations into chlorinated solvent pontamination in the Chalk have 

been undertaken by hydrogeological consultants, but these are nearly all confidential in 

nature and not available for inspection. It is unlikely that these investigations contribute 

further to the understanding of chlorinated solvent contamination of the Chalk reached 

in the case studies described in this section, due to the constraints on time and money 

entailed in such investigations.
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Table 2.1 Principal chlorinated solvents

Chlorinated solvent Synonym Abbreviation
Trichloroethene T richloroethy lene TCE
1,1,1 Trichloroethane - TCA
T etrachloroethene Perchloroethene PCE
T richloromethane Chloroform TCM
T etrachloromethane Carbon CTET

Tetrachloride

Table 2.2 Additional chlorinated hydrocarbons found 
Laboratory (from Brewer et al., 1995a)

in groundwater at Harwell

Compound Abbreviation Maximum concentration 
in groundwater 

(Pg/L)
Chloroethene 650
Dichloromethane DCM 211
1,1 Dichloroethane DCA 150

1,1 Dichloroethene 1,1 DCE 521
1,2 Dichloroethene 1,2 DCE 880
Chlorobenzene 880
Dichlorobenzene 610
PCB 29
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Table 2.3 Principal current uses o f  three chlorinated solvents (after Pankow et al, 
1996)
Application Percentage Use

1,1,1 TCA PCE TCE
Adhesives 9 1
Aerosols 11 -

Dry cleaning and 56 -

Textile production -

Electronics 6 -

Degreasing / metal cleaning 44 11 85
Cold cleaning 20 -

Chemical intermediate 29 -

Paint removal - 1
Miscellaneous 3 4 6
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Table 2.4 Current drinking water standards for the chlorinated solvents

Drinking water standards
Chlorinated solvent USEPA UK* EC+

(MCL)*
(Pg/l) O  g/l) (Pg/l)

TCA 200 - 1
CTET 5 - 1
TCM - 3 1
PCE 5 10 1
TCE 5 30 1

' maximum concentration limit 
# Water Supply (Water Quality) Regulations (1989) 
+ EC Directive 80/778/EEC

Table 2.5 Principal properties o f the chlorinated solvents at 25°C (after Pankow and 
Cherry 1996)

Chlorinated Solubility Absolute Viscosity Density K f f K0c
Solvent (Pa.m3

(mg/L) (Pa.s) (kg/m3) /mol) (mL/g)
TCM 8200 0.00056 1490 362 44
TCA 720 0.00084 1350 1691 152
TCE 1100 0.00057 1460 949 126
CTET 785 0.00097 1590 3018 439
PCE 200 0.0009 1630 1762 364

* K f j =  Henry’s Law Constant 
HK oc = organic partition coefficient
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Table 2.6 Published studies o f  sorption in organic carbon aquifer materials

Study Method Sorbate Sorbent foe
(%)

Kd R Isotherm

Wilson et column PCE sandy 0.02 2.5
al., (1981) TCE soil - 1.5

0.22
Larsen et column PCE sandy 0.01 2.23
al., (1989) TCE aquifer 1.54

CTET 1.46
TCA 1.23

Chiou et al batch TCA silty 1.60 1.64 - linear
(1979) PCE loam 3.50 -

Ptacek and column CTET Borden 0.02 1.1- linear
Gillham column PCE aquifer 1.6
(1992) batch PCE fine sand 0.20 1.3-

batch PCE 0.21 1.9

Bourg et al., column TCE Coventry 0.70 1.5-3
(1993) TCA Sandstone - 1.0-

PCE 0.80 1.9
3.0-
5.0

Curtis and batch CTET Borden 0.02 0.15 linear
Roberts PCE Aquifer 0.45
(1985) fine sand
Mouvet et batch TCE Sandstone 0.19 0.11 linear
al., (1993) PCE 0.30
Allen-king batch TCE Clay 0.18 319 Freund-
et al., PCE fraction of 4 (Kf) lich
(1996b) Borden 77

GW
Piwoni and batch PCE low foe 0.02 0.28- linear
Banerjee TCE aquifer - 1.53
(1989) material 1.33

52



D
en

si
ty

 
(g

/c
m

3)

0.1

A bsolute v iscosity  (cP) at 25  cleg. C 

1 10
1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Increasing mobility

TCM

TCA

w ater

CTET

-O

Figure 2.1 Relative mobility o f chlorinated solvents (after Feenstra and 
Cherry, 1996)



LO CO 
CO

o o 
o o

o

E
E
sz

0)
3tl<u
CL
<

o
o

oo
O o 

o O T—  V -

o

( lu )  u u jn io o  }U0 A |o s  p 0 }eu L iO |ip  j o  } i |6 !0 |-|

54



3. Review of solute transport processes in the 
seasonally unsaturated zone and of the 
hydrogeology of the Chalk

3.1 The seasonally unsaturated zone

3.1.1 Definition

No previous definition of the term seasonally unsaturated zone (SUZ), also known as 

the zone of water table fluctuation, exists in the literature, although these terms, or 

variations are often used. The term ‘the seasonally unsaturated zone’ is introduced here 

and is broadly defined as 6 that part o f  an aquifer that lies between the highest and 

lowest water stands'. Therefore the SUZ has a magnitude equal to the difference 

between the highest and lowest water levels. It is defined with reference to the 

maximum and minimum water table elevation.

Due to the low specific yield of the Chalk, typically 0.001 to 0.02, the seasonal water 

table fluctuations in the unconfined aquifer are usually large, the SUZ in areas remote 

from discharge zones can exceed 30 m (Price et al., 1993). Figure 3.1 shows a 

hydrograph from a well in the Chalk, illustrating the SUZ. The hydrograph tends 

towards both an upper and lower limit indicating some form of controlling mechanism 

on the magnitude of the SUZ.

3.1.2 Magnitude of the seasonally unsaturated zone

The overall magnitude of the SUZ is related to the prevailing recharge, the specific yield 

and transmissivity. The contribution of the recharge component can be illustrated by a 

simple example. A typical specific yield of 0.01 gives a groundwater storage capacity of 

0.01 m3/m3 for the Chalk. For recharge in the range 0.2 to 0.3 m/year, typical for south

east England, the SUZ will then have a magnitude of 20 to 30 m. These figures 

represent an upper limit for the magnitude for the SUZ as they do not take into account 

advective flow within the Chalk and the temporal distribution of recharge.

The magnitude of the water table fluctuation was found to be inversely proportional to 

the degree of fissuring in the Chalk of Northern France (Crampon et al., 1993). These 

authors also found that the amplitude of the long-term range of variations was large in 

upland areas, particularly where the water table was at depth and the permeability was 

low. Seasonal variations in valleys were found to be much lower, at around one metre in
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dry valleys and less than a metre under artesian conditions. Crampon et al., (1993) also 

found that long-term minima did not vary significantly from year to year for many of 

the well hydrographs they examined.

For a catchment study in Hampshire, Giles and Lowing (1990) found that lower 

fluctuations of less than one metre occur in river valleys and attribute this to the higher 

transmissivities found there. The magnitude of fluctuations was found to increase away 

from these river valleys, presumed to be due to transmissivities declining with distance 

from rivers. Giles and Lowing (1990) present an isopachyte map showing the variations 

in the thickness of the SUZ over a catchment. This is reproduced as Figure 3.2 to 

illustrate the variability of the occurrence of the SUZ. From this figure, it is apparent 

that there is not a clear pattern to the distribution of SUZ thickness, with large variations 

occurring within relatively short distances.

At many wells the maxima of the hydrograph may not be recorded as water table 

elevations are generally measured at infrequent intervals and maxima may be of short 

duration. Measures of hydrograph minima are more reliable as they occur in response to 

prolonged periods without recharge, although many wells dry up under particularly dry 

conditions.

3.1.3 Occurrence of the seasonally unsaturated zone

A SUZ of greater than one metre thickness is anticipated to occur across much of the 

outcrop of the Chalk, the exception being river valleys where the water table lies close 

to the surface at all times. The SUZ will have the greatest thickness in low permeability 

Chalk distant from discharge points and will become thinner towards river valleys and 

discharge points. It will also become thinner where the specific yield is greater, for 

example in Chalk where fissures have been enhanced by solution.

3.2 The Chalk

3.2.1 Definition

The Chalk is a Cretaceous, bioclastic limestone whose distinguishing features are 

whiteness, chemical purity, friability and wide extent. It has been defmed as “A 

sediment composed mainly o f skeletal calcite o f phylum Haptophyta with minor 

amounts o f other biogenic fragments forming less than 10% o f the rock? (Hancock 

1993).
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3.2.2 Composition of Chalk

The Chalk is composed of a very pure (98%) low magnesium calcite, with less than 

5 mole percentage magnesium (Hancock 1975). This form of calcite is stable at surface 

temperature and pressure and therefore has undergone only limited alteration during 

diagenesis. It is unusual in that many low magnesium limestones found today originally 

started out as high magnesium limestones composed of aragonite that underwent 

alteration to low magnesium limestone during diagenesis, losing much of their fine 

structure in the process.

The Chalk contains only minor quantities of impurities and generally clay is present at 

less than 1% by weight. However, bands of argillaceous material a few centimetres in 

thickness occur at one metre intervals throughout the Chalk. The lowest part of the 

Chalk is developed as the Chalk Marl facies composed of rhythmical alterations 

between Chalk and Chalk Marl with up to 29% clay (Hancock 1975).

The Chalk is typically composed of 80 to 90% ring shaped Haptophyta coccoliths and 

individual laths of calcite, formed by the break up of the coccoliths. Coccoliths are 3 to 

4 pm in diameter and the laths range down to 0.5 pm across. As a result pore sizes and 

pore throat sizes are 0.1 to 1.0 pm across. A larger, biogenic fraction composed of the 

skeletons of foramanifera and shells also occurs.

3.2.3 Formation of the Chalk

The Chalk is believed to have formed at a time of particularly high sea levels during 

which most of the present day land masses were submerged beneath hundreds of metres 

of water (Hancock 1975). The remaining, adjacent land masses contributed little 

sediment and are believed to have been experiencing hot arid conditions (Hancock 

1975). The Chalk formed by the accumulation of pelagic skeletons of Haptophyta. The 

original porosity is estimated to have been as high as 80 to 90%, (Hancock 1993). This 

reduced rapidly with depth during the early stages of diagenesis falling to 30 to 40% at 

burial depths of greater than 300 m. Hardgrounds characteristic of the Chalk formed at 

the time of deposition during breaks in accumulation associated with falls in sea level or 

rejuvenation and uplift (Hancock 1993).

3.2.4 Chalk stratigraphy

The Chalk lies within the Upper Cretaceous. The Lower Chalk, found at the Harwell 

site, lies in the Cenomanian subdivision.
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3.2.5 Occurrence

The outcrop of the Chalk in the United Kingdom is shown on Figure 3.3. It can be seen 

that the main body of Chalk outcrop lies in south-east England, but there is also a 

substantial outcrop in East Yorkshire.

The Chalk is also found across large areas of north-west Europe, notably in northern 

France, eastern Belgium, the Netherlands, Denmark, southern Sweden and northern 

Germany.

Typically the Chalk has a thickness of 200 to 400 m in the United Kingdom (Lloyd

1993).

3.3 Groundwater movement in the seasonally unsaturated zone

3.3.1 Definition of the saturated and unsaturated zone

From the definition of the SUZ it is apparent that the groundwater flow processes active 

in this zone constitute both those of the saturated zone (advection, fissure flow) and 

those of the unsaturated zone (drainage, capillary rise).

The water table is defined as the surface on which the fluid pressure in the pores of a 

porous media is exactly atmospheric (Freeze and Cherry 1979). It follows that below the 

water table lies the saturated zone where the pore fluid pressure is greater than 

atmospheric and above the water table, in the unsaturated zone, pore fluid pressure is 

less than atmospheric. Freeze and Cherry (1979) distinguish between the unsaturated 

zone and the tension saturated zone, the latter term indicating that part of the zone 

above the water table where water is at, or close to, saturation, held in place by capillary 

forces under tension at a pressure less than atmospheric. This distinction has some merit 

as the practice of referring to the zone above the water table as the unsaturated zone 

when parts of this zone are in fact saturated can clearly lead to confusion. In practice, 

the distinctions of Freeze and Cherry (1979) are difficult to apply as the top of the 

tension-saturated zone is not well defined. The term unsaturated zone will be used 

throughout this text for that part of the aquifer above the water table.

3.3.2 Chalk hydrogeology

The Chalk can be considered as a dual (or double) porosity aquifer, consisting of a 

porous matrix divided into blocks by a well-developed orthogonal, fracture set (Price et 

al., 1993). The matrix provides storage, whereas the fissures provide pathways for flow.
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The matrix has a high intergranular porosity in the range 20 to 45%. Porosity generally 

decreases from Upper to Lower Chalk (Price 1987, Bloomfield et al., 1995). The matrix 

has isotropic hydraulic conductivity in the range 10‘7 to 10'9 m/s (intrinsic permeabilities 

of 0.14 to 5.20 millidarcies) at a laboratory scale, and shows a remarkable uniformity 

across its occurrence (Price 1987). Pore throat sizes in the matrix (as determined by 

mercury injection porosimetry) are small and lie within a narrow range of 0.1 to 1.0 pm. 

Only a very small percentage of the total porosity consists of large pores and no pore 

throats less than 0.01 pm in diameter have been found (Price et al., 1976).

The properties of the Chalk matrix are measurable at a laboratory scale and as a result 

are well documented in the literature (for instance, Bloomfield et al., 1995, Bloomfield 

and Williams 1995, Price et al., 1976, Ashley 1987, Low et al., 1997). In contrast, field 

scale properties are largely determined by the nature of discontinuities in the Chalk. A 

notable feature of the Chalk is that typically only the upper 50 to 60 m of the saturated 

Chalk forms the aquifer. Permeability, fissure density and fissure aperture all decrease 

with depth (Price et al., 1993).

Discontin uities

No clear distinction is made between the various types of discontinuity in the Chalk in 

much of the hydrogeological literature and the terms fissures and fractures are often 

used interchangeably. Bloomfield (1996) suggested that fractures are partings in rock 

which have not been significantly enhanced by solution, whereas fissures have been 

widened. This definition implies that fissures are hydrogeologically significant features. 

The view that is taken in this thesis is that whilst there may be some merit in 

distinguishing between different types of discontinuity in the Chalk, in practice it is 

difficult to do so. However, the term fissure is preferred for a hydrogeologically 

significant feature, whereas fracture merely indicates a discontinuity, which may or may 

not be hydrogeologically significant.

Fissure porosity is estimated to be in the range 0.01 to 0.02 (Price 1987). Fractures are 

generally found in three orthogonal sets, one set parallel to the bedding and the other 

two sets at 90 degrees. Ward et al., (1968) described fracture spacing of 0.2 m in 

unweathered Chalk decreasing to 0.1 m in weathered Chalk for a site at Mundford in 

Norfolk. Priest and Hudson (1976) found a mean fracture spacing of 0.13 m in the 

Lower Chalk at Chinnor. Bloomfield (1996) found a mean fracture spacing of only 

0.02 m in the Upper Chalk near Reading.
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The fissures can be divided into two components, a primary component composed of 

tight fissures, and a secondary component created by solution enlargement of the 

primary fissures (Price 1987). Permeability of the primary component is estimated to be 

in the range 30 to 3000 millidarcies. At depth, this primary fissure component is thought 

to decrease in importance as fissures become tighter (Price 1987). Secondary fissures 

have been enlarged by solution and can have a major contribution to transmissivity. 

Price (1987) estimated the transmissivity of Chalk without secondary Assuring to be 

approximately 20 m2/day. However, values of transmissivity of up to 2000 m2/day have 

been reported at some localities in the Chalk (Price 1987) and individual fissures have 

been recorded with transmissivities of 700m2/day (Price et al., 1982). Such high 

transmissivity values require large fissure apertures, suggesting that fissures have been 

enlarged considerably by solution weathering. Price et al., (1993) recognised that there 

is a more or less continuous range from tight fractures to enlarged, and even karstic 

fissures. Foster and Milton (1974) noted very high values of transmissivity associated 

with the SUZ in the Chalk of East Yorkshire. The secondary fissure component 

described by Price (1987) consists of enlarged fissures with very high transmissivities. 

These enlarged fissures appear to be concentrated at discrete horizons (Price et al., 1993, 

Headworth et al., 1982).

Hard grounds within the Chalk such as the Chilton Stone and Totternhoe Stone 

probably fracture more easily than softer chalks and therefore are likely to possess a 

more well-developed fracture set giving increased fracture permeability. However, due 

to their more crystalline nature their intergranular permeability is likely to be lower than 

surrounding, softer Chalk (Price 1987).

In a detailed study of a quarry face in the Upper Chalk near Reading the purpose of 

which was to determine the hydrogeologically important features, Bloomfield (1996) 

found that fracture spacing could be described by a normal or log-normal distribution. 

The interconnectivity index of Rouleau and Gale (1985) was used to demonstrate that 

the horizontal, or bedding plane, fractures had a higher interconnectivity, suggesting that 

they had a greater potential for conducting water. The interconnectivity index of two 

fracture sets, i and j ,  Iij9 is defined as



where is the mean trace length of fracture set z, St is the mean spacing of fracture set I  

and Yjj is the average angle between sets i and j.

As fissures have larger apertures than the matrix they will maintain only minimal 

capillary fringes. For instance, a fissure aperture of 0.1 mm will give a capillary fringe 

of 0.3 m and a one millimetre aperture a capillary fringe of just 0.03 m. A consequence 

of this is that in the unsaturated zone fissures drain whilst the matrix remains saturated 

to a considerable height above the water table.

3.3.3 Groundwater flow in the saturated zone

Flow in the saturated zone of the Chalk is dominantly within the fissures as the 

hydraulic conductivity of the Chalk matrix (10'7 to 1 O'9 m/s) is several orders of 

magnitude lower than the bulk Chalk and therefore makes a negligible contribution to 

the transmissivity (Price et al., 1993). This can be demonstrated using a simple example. 

Taking a typical bulk hydraulic conductivity for the Lower Chalk of 10‘6m/s, a fissure 

porosity of 0.01 and a typical hydraulic gradient of 0.001 gives a flow rate of around 

1 x 10'7 m/s. In the matrix with a typical hydraulic conductivity of 1 O'9 m/s and a 

porosity of 0.30 the flow rate is less than 3 x 10*" m/s under the same hydraulic 

gradient. This analysis demonstrates that the matrix contributes a negligible proportion 

of groundwater flow in the Chalk aquifer.

Within the limits of validity of Darcy’s Law (Reynolds numbers less than about 2300), 

fissure flow in a single fissure with an aperture, b, can be approximated as the flow 

between two parallel plates. The fissure hydraulic conductivity, Kf, is then obtained 

from
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Kf = T Z -  (3-2)
g f
12/i

where g  is the acceleration due to gravity and p is the dynamic viscosity. This 

expression indicates that the hydraulic conductivity of the fissure, K f  is sensitive to the 

aperture width (Barker 1993).

Substitution into Darcy’s Law gives the flow in the fissure, Qfas

gbla dh 
12 fj. dl

where a is the breadth of the fissure and dh/dl is the hydraulic gradient.

Natural fissures are not smooth, parallel sided plates and possess both surface roughness 

and varying aperture width. The aperture of a single fissure in the Chalk was logged by 

Bloomfield (1996) and the aperture width found to have a negative exponential

distribution with a maximum width of 20 mm. The aperture was also observed to have

sinusoidal channels developed within it, showing that aperture varies with location 

within a single fissure.

The importance of flow in individual fissures will depend upon the scale at which an 

aquifer is studied. There is a significant distinction to be made between sparsely and 

densely fissured aquifers. Barker (1985b) suggested that densely fissured medium is one 

in which any distance of practical interest is large in comparison with the mean fissure 

separation. The Chalk at shallow depth falls into this category.

3.3.4 Groundwater movement in the unsaturated zone

The unsaturated zone extends from the water table to the land surface. It’s 

distinguishing feature is that the pressure potential is everywhere below atmospheric 

pressure (1 atmosphere, 760 mm Hg, etc.). The potential energy of water in the 

unsaturated zone, IT'can be defined as (Wellings and Bell 1982) as

V = ¥„ + ¥ g + ¥n, (3-4)

where is the osmotic potential, *Fg is gravitational potential and *Fm ls the matric 

potential. In temperate humid environments, such as Britain, which have an excess of 

rainfall over evaporation, the osmotic potential can be ignored (Wellings and Bell 

1982). Gravitational potential is the potential of water due to its position, if the zero
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datum is taken as ground surface then the all points below this have negative 

gravitational potential.

The matric potential results from the surface tension acting on the water menisci in soil 

pores (Wellings and Bell 1980). Matrix potential is related to pore size by

r = —  (3.5)
Vm

where cris the surface tension of water (0.074 N/m, or 74 g/s2, at 10°C), r is the radius of 

the soil pore. Matric potential is always negative in the unsaturated phase and positive in 

the saturated phase.

Unsaturated hydraulic conductivity K(Q) is related to matric potential and volumetric 

water content in a manner described by a characteristic soil water curve (Fetter 1993). 

Under saturated conditions, volumetric water content 0S is equivalent to porosity. In the 

unsaturated zone pores remain saturated until matric potential drops to the point where 

drainage of pore water occurs; this is known as the bubbling pressure, h}j. At lower 

matric potentials soil continues to drain until it reaches an irreducible moisture content, 

0r. The shape of the soil moisture characteristic curve is directly related to pore size 

distribution.

A characteristic curve for the Upper Chalk is shown on Figure 3.4. This demonstrates 

that for this sample, the Upper Chalk remains saturated until a suction of 230 kPa (the 

bubbling pressure) is applied, at which pressure a large proportion of the pore space 

drains.

Due to the narrow pore throat diameters in the matrix, the Chalk is capable of 

supporting a thick capillary zone. The thickness of this zone can be estimated using the 

relationship

, 2crcos#h = ----------  (3.6)
rcPS

for the height of rise of water in capillary tubes, h, the height of water in metres. Where 

a  is the surface tension of water (0.074 N/m, or 74 g/s2, at 10°C), 0 is the contact angle 

between liquid and solid measured through the liquid (taken as 0 for pure water against 

clean glass), p is the density of water and rc is the radius of the capillary tube 

representing the interconnected porespace.

This expression is applied to natural materials with the assumption that the material is 

equivalent to bundles of capillary tubes. The height of the rise in the capillary tube then
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depends upon the widest part of the pore where the surface attraction is the least (Fetter 

1994). However, under drainage the pores will not drain until the pore pressure falls 

below a limiting value, the bubbling pressure. It is the size of the pore throats that 

determines the bubbling pressure (Price et al., 1993).

The characteristic soil-moisture retention curve of a soil shows hysterisis depending 

upon whether it lies on the drying or wetting cycle. Causes of hysterisis are

1. Geometric effects due to pore shapes, the ‘Ink bottle effect’, explained above

2. Contact angles are greater when the water front advances and less when it 

retreats and therefore the advancing water front has greater radius of curvature 

and lower matric potential.

3. Air trapped during wetting reduces the volumetric moisture content 

The unsaturated zone o f the Chalk

Pore throat sizes of 0.22 pm have been reported for the Lower Chalk (found at Harwell 

Laboratory, the study site) by Price et al., (1976). Using Equation 3.6, pore throats of 

this diameter can maintain a capillary fringe of 135 m. It is generally accepted (Price 

1987) that a capillary fringe in excess of 30 m is present in much of the unsaturated 

Chalk. A consequence of the matrix remaining saturated throughout the profile is that 

unsaturated matrix hydraulic conductivity is very close to the saturated hydraulic 

conductivity.

Prior to the work of Smith et al., (1970) the matrix of the unsaturated zone of the Chalk 

was given little consideration and recharge was considered to be entirely through the 

fissure network. Smith et al., (1970) were the first to report profiles of tritium in the 

porewater of the unsaturated zone of the Chalk. The tritium profile was believed to 

demonstrate that intergranular seepage dominates the downward movement of water, 

although it was recognised that the presence of tritium in groundwater at depth 

demonstrated some bypass flow was occurring. A downward velocity of matrix 

porewater of 0.88 m/year was calculated to be sufficient to account for available 

recharge at the study site on the Upper Chalk.

Following the publication of the study of tritium movement, a consensus developed that 

the Chalk was recharged by ‘piston flow’ through the unsaturated zone. Piston flow 

consists of adding recharge at the top of a column of matrix, forcing water downwards
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and resulting in older water being released to mobile (fissure) groundwater at the base of 

the unsaturated zone.

By monitoring matric potential at the Bridgets farm site in Hampshire, located on the 

Upper Chalk, Wellings and Bell (1980) and Wellings (1984a) found that potentials 

remained below -0.50 m water over a five year period with the exception of one rainfall 

event. Wellings (1984a) suggested that matric potentials above -0.50 m water are 

required to permit flow in small fissures of 30 pm width and concluded that as matric 

potential does not rise above this level fissure flow did not occur during the monitoring 

period. These results suggest that piston flow was indeed occurring. Additional support 

for the idea of piston flow recharge came from infiltration experiments at the Bridgets 

Farm site (Wellings 1984b). Application of steady state infiltration allowed the 

unsaturated hydraulic conductivity values to be calculated for several depths. The plots 

of unsaturated hydraulic conductivity (Kuns) against matric potential show a 

characteristic shape, with a large change in Kuns for a small change in matric potential 

from 0 to -0.50 m water. This was interpreted as indicating conductivity in fissures with 

apertures as small as 30 pm. There was then a very small change in conductivity for 

changes in matric potential of down to -10.00 m water, beyond this a further rapid 

decrease in Kuns indicated the onset of drainage of water from the matrix pores. At 

matric potentials o f -2.00 to -4.00 m water (typical winter conditions at Bridgets Farm) 

KUns was between 2 to 6 mm/day (0.73 to 2.19 m/year), whilst average drainage rates 

were estimated at 1.4 mm/day (0.51 m/year) indicating that drainage through the matrix 

was capable of accommodating recharge to the water table at this site.

Evidence from a study of drainage from a lysimeter in the Chalk, situated in the Middle 

Chalk in Cambridgeshire, suggests that the passage of recharge through the unsaturated 

Chalk is more complex than suggested by Wellings (1984a and 1984b). By analysing 

the isotopic composition of rainfall, pore water, water draining to a lysimeter and 

groundwater for a Chalk profile in the Middle Chalk, Darling and Bath (1987) found 

that the isotopic composition of groundwater and lysimeter drainage water were very 

similar and that these were close to the long term average rainwater isotopic 

composition. In contrast, pore water was found to vary in composition, with an 

isotopically depleted zone in the upper few metres and enriched zone at depth. Isotopic 

minima (depleted) are associated with winter rainfall, and therefore should penetrate 

further into the profile than summer isotopic maxima. Darling and Bath (1987) suggest
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that the lysimeter drainage samples a range of possible pathways representing a 

continuum from pores to micro and macro fissures and therefore represents bulk 

drainage. The isotopic composition of the lysimeter drainage water differed from pore 

water in nearby cores at the same depth suggesting that drainage takes a number of 

different pathways and that bulk drainage is a mix of these. Darling and Bath (1987) 

concluded that recharge occurs across a range of pathways representing a continuum of 

possible routes. Compared with the Bridgets Farm site investigated by Wellings 

(1984a), they found that the saturated hydraulic conductivity of the Cambridgeshire 

Chalk site was much lower (by a factor of 5) and so could not accommodate all the 

recharge.

Profiles of tritium and stable isotopes beneath four geographically distinct sites were 

examined by Foster and Smith-Carrington (1980) and Geake and Foster (1989). They 

concluded that unsaturated flow in the Chalk is complex, with differing flow 

mechanisms taking place according to the porosity and permeability of the matrix and 

also depending upon recharge rates. Where matrix permeability was high, peaks of 

tritium concentration were well preserved in porewater and showed little dispersion, 

indicating that matrix flow was the dominant flow mechanism. Increasing dispersion in 

porewater occurred as the proportion of flow taking place in fissures increased, and in 

these cases tritium concentration peaks in porewater became considerably more 

dispersed and tended to be poorly defined at depth.

It is easy to demonstrate that the porosity and hydraulic conductivity of the Chalk 

matrix will strongly influence its ability to accommodate and conduct recharge. In the 

Upper Chalk where the matrix hydraulic conductivity, Km, has typical values of up to 

10'8 m/s and matrix porosity is around 45 percent then the annual vertical movement 

under a gradient of unity can be calculated using Darcy’s Law as 0.8 m/year. In the 

Lower Chalk Km is lower at around 10'9 m/s and porosity is typically 30 percent; the 

calculated vertical movement is only 0.08 m/year. If recharge is in the range 0.2 to 

0.3 m per year then it is clear that matrix of the Lower Chalk cannot conduct this 

volume of water, whereas the matrix of the Upper Chalk may be able to, depending 

upon recharge rates.
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3.4 Solute transport in the Chalk

3.4.1 Introduction

Solute transport in the Chalk is dominated by two processes; advection in fissures and 

diffusional exchange of solute between fissures and matrix porewater. At larger scales 

the effects of dispersion across the network of fissures may become important.

3.4.2 Solute transport in the saturated zone

For a dual-porosity medium, such as the Chalk, solute transport can be considered at a 

number of different size and time scales ranging from a single fissure to an aquifer 

system and from short term to long term. At the fissure scale and in the short term, the 

effects of diffusion into the matrix are important whereas at the aquifer scale and for 

longer terms the system may act in a similar manner to an equivalent porous medium 

(Berkowitz et al., 1988).

As discussed in Section 3.3.3, groundwater flow in the Chalk is dominantly within 

fissures, described by Equation 3.3. Solute transport in the fissures is controlled by 

advection. Dispersion in individual fissures is likely to be small and dependant upon the 

fissure aperture, roughness and the presence of bridging materials (Grisak and Pickens 

1980). At a larger scale dispersion depends upon the interconnectivity of fractures 

(Grisak and Pickens 1980). The governing equation for solute transport in a single 

fissure, ignoring dispersion is (Grisak and Pickens 1981)

f  6Ct dC '
1 +V f

= D * ^  (3 -7)ox\  a  d x )

where b is the fissure aperture, C f is the concentration in the fissure, Cm is the 

concentration in the matrix, V is the velocity (constant) and is the apparent diffusion 

coefficient. is related to the free water tracer diffusion coefficient, Do, and the 

effective diffusion coefficient, Dg, by (Barker et al., 1995)

d f.  = V'Aj = a D A (3-8)

and

(3.9)
x

where \\r is the diffusibility, 8 is the constrictivity, nD is the through diffusion porosity, a  

is nR the ‘rock capacity factor’ or ‘fictitious’ porosity, R is the retardation coefficient 

and t  is the tortuosity.
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For the purposes of solute transport the matrix porewater in the Chalk may be 

considered immobile (Barker 1993).

Solutes are exchanged between fissure water and matrix porewater by diffusion. The 

diffusional exchange of solute between fissures and matrix porewater has been termed 

matrix diffusion or rock matrix diffusion (RMD). The effect of matrix diffusion is to 

provide storage for solutes (Grisak and Pickens 1980). Movement of solutes within the 

matrix is described by Fick’s second law, which in one dimension is

^ L  = DA^ f -  (3.10)
a  A ac2

The effect of RMD is to delay the arrival of solute when measured at any point along a 

flow line (Grisak and Pickens 1980). From Equation 3.10 it can be seen that the 

diffusive flux is proportional to the concentration gradient. Many authors have proposed 

contaminant transport solutions for solute transport in fissured porous media that 

incorporate Equations 3.7 and 3.10 for a variety of boundary conditions and fracture 

geometries. These include solutions for a single fracture (Grisak and Pickens 1980), for 

a lens of high permeability material sandwiched between low permeability materials 

(Sudicky et al., 1985) and for three dimensional fracture networks (Rowe et al., 1989, 

Germain and Frind 1989).

A tracer test conducted by McKay et al., (1993b) in fractured clay used colloids that 

were too large to enter the clay matrix and NaBr as a conservative tracer. They found 

that the colloid transport could be described by the cubic law (Equation 3.3) whilst the 

bromide was considerably retarded by the process of RMD. Colloid transport is 

assumed to be equivalent to the transport of microbes and is relatively rapid, whereas 

solute transport is much slower.

Grisak and Pickens (1980) found that the relative importance of matrix diffusion is 

diminished by the presence of large fissure apertures or increased flow velocity as the 

proportion of solute transported in the fissures increases. Closer spacing of fissures or 

very low matrix porosity will also effectively increase the proportion of solute 

transported by the fissures.

The effects of dispersion are difficult to separate from those of RMD in a dual porosity 

material, particularly as the hydrodynamic dispersion coefficient incorporates the 

diffusion coefficient. Molz et al., (1983) suggest physical dispersion is principally the
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result of differing advection rates at different elevations within the aquifer. In a 

fractured aquifer, varying advection rates in different fissures may have a similar effect.

3.4.3 Solute transport in the unsaturated zone

Profiles of solute concentration in matrix porewater for the unsaturated Chalk have been 

established at number of sites (e.g. Smith et al., 1970, Geake and Foster 1989). To 

investigate the effects of diffusional exchange between fissures and matrix in the 

unsaturated zone, Barker and Foster (1981) developed a simple model. In the model, 

fissures were considered as semi-infinite vertical, planar openings and the matrix as 

uniform blocks. Solute movement between matrix and fissures was held to be governed 

by Fick’s Second Law (Equation 3.10). The matrix was assumed to be saturated 

throughout.

Solute transport through the model was examined for a solute input with an initially 

Gaussian concentration distribution. With an infinite value for D, the diffusion 

coefficient, the solute profile moved down without distortion. With lower (finite) D a 

‘forward’ tailing developed, i.e., there was a spreading of the downward front of the 

concentration profile. This effect became more pronounced as vertical flow velocity was 

increased. Comparison of the model results with tritium profiles from the Chalk 

revealed that no forward tailing had been observed in the field. The field situation was 

believed to be complicated by upward movement of matrix porewater in summer, 

seasonal changes in matric potential and uneven rates of recharge and solute 

concentration inputs.

The movement of conservative and non-conservative tracers through the Upper Chalk in 

the Berkshire Downs was investigated by Barraclough et al., (1994). They found that the 

tracers deuterium, nitrate and chloride occupied different percentages of the available 

porosity and concluded that only the larger pore spaces were being used for transport of 

solutes. They also found evidence of bypass (fissure) flow in moving the solute profiles 

to greater depth than would be expected by vertical movement within the matrix. 

Wellings (1983b) found that applications of nitrate, deuterium enriched water and 

chloride gave pulses of higher concentrations whose movement downwards over time 

could be traced over a number of years. He concluded that little dispersion and 

attenuation was taking place. He also found that nitrate and chloride show little 

retardation when compared to the velocity of water (0.85 m/year).
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3.4.4 Vapour transport

Vapour transport is important in controlling the spread of volatile organic compounds. 

Rivett (1995) has demonstrated that small volumes of chlorinated solvents in the 

unsaturated zone can lead to significant plumes of contaminated groundwater when 

moving as a vapour phase. Diffusion is the principal method of movement for the 

vapour phase (Lawrence et al., 1992). Gaseous diffusion rates are much higher than 

aqueous phase diffusion rates. Diffusion will occur from the water table and from 

saturated surfaces of matrix blocks into fissure space. The rate of mass transport in the 

vapour phase will depend upon a number of factors (Lawrence et al., 1992). These 

include gaseous permeability and also infiltration / recharge which will act reduce 

gaseous permeability by reducing the air filled volume of fissures. If a vapour phase 

contaminant moves upwards from a plume it will eventually reach a part of an aquifer 

where the concentration in the vapour phase is higher than the partitioning (Henry’s 

Law) value and there will be mass transfer to the aqueous phase. High surface 

temperatures may reverse concentration gradients. Lawrence et al., (1992) anticipated 

that the flux of vapour phase solvents would show a seasonal influence, with a 

maximum in autumn when water content in the unsaturated zone is low and surface 

temperatures are moderate.

3.4.5 Previous studies in the Chalk 

Saturated zone

A numerical model for chloride contamination of the Chalk in Kent was constructed by 

Bibby (1981). The model uses the Galerkin method to solve the solute transport 

equations. The model was used to simulate the chloride contamination emanating from 

lagoons for drainage water from the Tilmanstone and Snowdown collieries in East Kent. 

To function the model used unusual and unrealistically large values for fissure aperture 

size and lateral and transverse dispersivities (120 m and 60 m respectively) for 

calibration. The model also required a large number of calibration parameters, several of 

which could only be derived by matching with real data.

A tracer experiment to investigate solute transport in the unsaturated zone of the Chalk 

at Harwell was conducted by Black and Kipp (1983). To simulate solute transport, 

tracer was added to water used to irrigate an area of Chalk stripped of topsoil at a 

controlled, constant rate. A constant vertical flow regime was thus established. A 

radioactive tracer (82Br) was introduced and tracked by means of a probe measuring
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gamma radiation. The results showed that a small proportion of the tracer moved 

quickly to considerable depth (9 mbgl) and a large pulse containing the bulk of the 

contamination moved slowly, remaining within the top 2 m. Analysis of pore water 

beneath the irrigated plots demonstrated that it had not penetrated far into matrix blocks. 

A one-dimensional model was constructed for an idealised Chalk profile. The model 

assumed a constant uniform downward flow with mobile fissure water and immobile 

porewater. Exchange of solute between the two was by diffusion, with rates governed 

by concentration gradients.

Diffusion of chloride, nitrate (conservative) and sulphate (reactive) under unsaturated 

flow conditions in Chalk cores was studied by Hill (1984). Hill concluded that the rate 

of movement of solutes depends upon the porosity and extent of fracturing. Hill (1984) 

also found that diffusion coefficients varied by a factor of five in cores from a single 

borehole. For conservative tracers Hill (1984) also concluded that diffusion coefficients 

can be calculated from their free water coefficient and the water filled porosity. The 

values of diffusion coefficients found for this work are different from those of Oakes

(1977) but show good agreement with Gooddy et al., (1996).

The seasonally unsaturated zone

The literature describing solute concentrations varying in a seasonal manner is sparse 

and scattered through various sources. The SUZ is believed to lead to seasonal changes 

in groundwater concentrations (see Chapter 4) however, other causes of seasonal 

changes in contaminant concentration can also be found. These causes include seasonal 

variations in seasonal recharge through a contaminated zone; the seasonal availability of 

a contaminant, which could result from an effect such as the seasonal application of 

fertiliser, or result from irrigation practice. These causes are reviewed in more detail in 

Chapter 13. A central theme of the work presented here is that solute concentrations in 

groundwater in the unconfmed Chalk are profoundly influenced, and perhaps controlled 

by, the seasonal change in the position of the water table through the SUZ. Figure 3.5 

illustrates that contaminant concentrations at the study site show a strong seasonality 

that is closely associated with fluctuating water levels. Others have noted this effect at 

other sites. Information from a site on the Chalk of East Kent (Dames and Moore 1998) 

is presented in Figure 3.6 to illustrate that contaminant concentrations in groundwater at 

other sites also show strong seasonal variations.
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Tritium concentration in groundwater from wells near Brighton has been observed to 

rise sharply after recharge events by up to 900 percent (Downing et al., 1978), far in 

excess of the concentration in rainwater. Tritium in the groundwater was believed to be 

derived from diffusional exchange between infiltrating recharge within the Chalk 

fissures in the unsaturated zone and matrix porewater that contained high concentrations 

of tritium. Crucially for this hypothesis Downing et al., (1978) note that tritium 

concentrations did not rise after every rainfall event and that active fissure flow in the 

unsaturated zone occurred only after heavy and prolonged rainfall. Other chemical 

indicators also showed similar patterns of peaks and troughs in recorded concentrations 

to that of tritium. Downing et al., (1978) go on to suggest that rising groundwater may 

‘wash out’ tritium from the unsaturated zone but in a highly speculative discussion do 

not pursue this hypothesis.

A study of chloride contamination of the Chalk of East Kent by Headworth et al., (1980) 

found that concentrations in groundwater showed a general rise in winter, but the 

mechanism by which this occurs is not discussed.

Lawrence et al., (1992) were the first, and only, previous authors to connect porewater 

profiles of contaminant concentration with seasonal changes in concentration of those 

contaminants in groundwater sampled at monitoring and pumping wells. They 

recognised that storage of contaminants in the SUZ is an important mechanism in 

contaminant migration through an unconfined dual-porosity aquifer. They constructed a 

simple model to examine the effects of the SUZ using the approach of Barker (1982). 

Chalk matrix was assigned a porosity, <|>, and was envisaged as being formed of planar 

slabs of width 2b, separated by parallel fissures of aperture 2a. Exchange of dissolved 

contaminant between matrix and fissures was by diffusion, as given by Fick’s second 

law (Equation 3.10). Initial matrix porosity was assigned a concentration, c0, and the 

initial fissure concentration was set to zero. The model assumes that the fissure water, 

once the fissure has filled, remains immobile. Thus solute moves from matrix to fissure 

water by diffusion and tends towards an equilibrium concentration, c^, of

(3.11)

and

(3.12)
a
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where p is a measure of matrix to fissure porosity for the system. Contaminant 

concentrations for intermediate times were found by numerical inversion of Laplace 

transforms, following Barker (1982), giving fissure concentration cj(t) and average 

matrix concentration cm(t) as a function of time.

The model was used to investigate a variety of matrix to fissure porosity ratios, with 

infinite fissure porosity as one extreme and p = 100 as another. Periodic elution by 

rising groundwater was examined assuming that the matrix concentration had reached 

equilibrium at the start of each rise such that matrix concentrations were uniform. From 

this it follows that after n periods of elution porewater concentration will be reduced by 

a factor equal to

/  = K ,('„)]" (3.13)

Lawrence et al., (1992) gave as an example a block of 0.20 m width, fissure aperture 

0.5 mm and matrix porosity of 30%. Concentration after each rise and fall of the water 

table (elution period) reduced to cM = 0.99 (or by 1%) and after 20 elution periods the 

total concentration reduction in the matrix was less than 15%.

In a second example, with the same geometry but assuming the system to be well 

flushed, (by setting p to 0, equivalent to a fissure of infinite aperture) a concentration 

reduction from 1.00 to 0.87 was achieved after one elution period and a 50% reduction 

after 5 elution periods. The authors concluded that where fissure water remains 

relatively immobile, then matrix concentrations will be maintained at the same order of 

magnitude over many tens of elution periods. They also noted that the time spent 

beneath the water table for each elution period will increase with depth in the SUZ, 

allowing greater time for mass transfer of contaminants with depth. From this they 

suggested that an initially uniform distribution of porewater concentrations in the matrix 

will move towards one which decreases with depth.

The importance of the SUZ in controlling chlorinated solvent concentrations was 

recognised by Longstaff et al., (1992) who found that peak concentrations of chlorinated 

solvents were located within the SUZ. However, they attributed this to the presence of 

extensive fracturing and marl bands rather than the processes considered in this thesis.
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4. The Harwell Laboratory research site

4.1 Site description

4.1.1 Site layout

The Harwell Laboratory occupies the site of a former RAF airfield covering 

approximately 3.5 km2 of southern Oxfordshire (Figure 4.1) and consists of a large 

number of offices, laboratories, warehousing and workshops. The site has been 

controlled by what is now the United Kingdom Atomic Energy Authority (UKAEA) 

since 1946. Two parts of the site are of particular interest to the present study: the 

Western Storage Area and the Southern Storage Area (Figure 4.2). The Western Storage 

Area is discussed in more detail in this chapter.

4.1.2 Topography of the Harwell Area

Harwell Laboratory occupies part of an east to west trending plateau elevated above the 

flood plain of the River Thames. The river lies to the north. The plateau has an elevation 

of approximately 120 m above Ordnance Datum (AOD). Ground level falls at shallow 

gradients from the north of Harwell Laboratory towards the flood plain of the River 

Thames and more steeply to the east. Immediately to the south, the ground surface rises 

sharply to the main ridge of the Berkshire Downs. These have an elevation of 

approximately 200 m in the vicinity of Harwell Laboratory. The edge of the plateau 

swings southwards just to the north-east of Harwell Laboratory before resuming its east 

west course. To the west, the plateau terminates in the valley formed by the Ginge 

Brook some two kilometres distant. The main topographic features are shown on Figure 

4.3.

4.1.3 Drainage of the Harwell Area

No permanent surface drainage of the Harwell site is visible or shown on the relevant 

Ordnance Survey maps of the area (Figure 4.3). Surface drainage is also absent from the 

Chalk downland to the south. A spring line occurs at the northern edge of the plateau on 

which Harwell is situated and a number of streams issue from these springs. The closest 

of the streams / springs to the site, the Lydebank Brook, starts immediately to the north 

of the main site and lies within an incised valley. A second surface stream starts in the 

village of Chilton 1.5 km to the south-east. To the west the nearest stream is the Ginge
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Brook, 2.5 km distant. The lack of surface drainage is typical of exposed Chalk uplands, 

although the Berkshire Downs to the south are cut by numerous dry valleys.

4.2 Geology of the Harwell Area
Harwell Laboratory lies on the outcrop of the Lower Chalk close to its northern feather 

edge (Figure 4.4). The Chalk succession here dips to the south at a shallow gradient of 

approximately 0.69° (Jackson et al., 1990).

The Lower Chalk is 65 to 75 m thick within the Thames Valley region (Sumbler 1996). 

At the base of the Lower Chalk lies a distinctive, thin bed, the Glauconitic Marl, a sandy 

marl rich in glauconite. This overlies the Upper Greensand formation. The Glauconitic 

Marl passes upwards into the Chalk Marl comprising a sequence of silty chalks arranged 

in well developed rhythmic bedding. The rhythm consists of a dark grey marl base 

passing up into a paler, less argillaceous chalk and finishing in a spongiferous limestone 

(Sumbler 1996). Above the Chalk Marl is found the Tottemhoe Stone, a brownish grey, 

bioclastic calcarenite that varies in thickness from not present up to 6.5 m. Above this is 

the Grey Chalk which is less argillaceous and more massive than the Chalk Marl.

The geology beneath the site encountered in seven boreholes (HW1 to HW7) drilled 

close together some 200 m south of the Western Storage Area (Figure 4.5) has been 

described by Gallois and Worssam (1983). These boreholes were drilled as part of an 

investigation of sites suitable for the disposal of low and intermediate level radioactive 

waste. One of these boreholes (HW7), (NGR 4680 8640), was cored through much of 

the Cretaceous sequence and is the basis for the lithological descriptions of those units. 

A geological succession based on the findings of this investigation is given in Figure 

4.6.

Beneath the thin topsoil found at the surface the investigation of Gallois and Worssam 

(1983) encountered Lower Chalk (rhotomagense zone). A total thickness of 66.40 m of 

Chalk was found above the Lower Greensand. The Chalk comprises relatively uniform, 

slightly argillaceous chalks that pass down in their lowest part to muddy, highly 

glauconitic Marl (the Glauconitic Marl).

The base of the Chalk is marked by an erosional surface giving a sharp divide with the 

underlying Upper Greensand (Gallois and Worssam 1983). The Greensand is 22 m thick 

and overlies the Gault Clay which forms a regional aquitard.
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In the upper part of the sequence the Chilton Stone occurs as a band of hard, grey gritty 

chalk containing silt grade quartz and small phosphatic pebbles. The Chilton Stone 

forms the only obvious lithological marker band in this area (Poole et al., 1971). The 

upper part of the Chalk (ground level to 6.9 m below ground level) was not cored in the 

investigation described by Gallois and Worssam (1983).

Other investigations (Jackson et al., 1990, Brewer et al., 1992) have demonstrated the 

presence of a laterally discontinuous 5 metre thick marl band at 30 to 35 m below 

ground level (mbgl).

4.3 Hydrogeology of Harwell Laboratory

4.3.1 Regional hydrogeology of the Chalk

The regional context of the groundwater regime at Harwell has been reviewed by 

Alexander (1983) and is shown on the regional hydrogeological map (Southwest 

Chiltems and Berkshire Downs, NERC 1978). Figure 4.7 shows the regional 

hydrogeological setting. Groundwater flow in the Chalk is controlled by the topographic 

and geological structure (Alexander 1983). The regional groundwater divide, in the 

vicinity of Harwell Laboratory, is located beneath the highest part of the Berkshire 

Downs south of the site. Hydraulic gradients north of the divide are to the north and 

east. West of Harwell Laboratory hydraulic gradients fall to the north, whilst to the east 

groundwater gradients are to the east. The interpretation of Alexander (1983) and NERC

(1978) places the Harwell site on a line of divergent groundwater flow trending south

west to north-east, to the north of this divide flow is to the north, whilst to the south 

flow is to the east and south-east. A seasonal fluctuation of up to 25 m is attributed to 

the Chalk at the regional scale (Alexander 1983). Figure 4.8 shows a generalised cross 

section from south to north across the site.

A regional groundwater model with the Harwell site at its centre was constructed by 

Tindal (1995) using the USGS MODFLOW code (MacDonald and Harbaugh 1988). 

Boundaries were set at the edge of the Chalk to the north and the Thames to the east. 

Southern and western boundaries were determined as no flow boundaries, at the 

groundwater divide and along a north-south flow line respectively. The model was used 

to obtain a value of specific yield of 0.01 for the Chalk at a regional scale. The model 

was able to simulate the groundwater flow patterns, on a regional scale, indicating that 

the general understanding of the regional hydrogeology is adequate.
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4.3.2 Hydrogeology of the Lower Chalk beneath Harwell Laboratory

The groundwater conditions at Harwell Laboratory from surface to the Oxford Clay 

(260 mbgl) were described by Alexander and Holmes (1983) in a parallel study to that 

of Gallois and Worssam (1983). Included in their work are results of packer testing 

undertaken in the Chalk at depths ranging from 25 to 66 mbgl. Piezometric levels in the 

Upper Greensand were found to be up to 20 m lower than in the Chalk, indicating that 

this aquifer is poorly connected to the Lower Chalk and that vertical hydraulic gradients 

are downwards. Alexander and Holmes (1983) found that the Lower Chalk hydraulic 

conductivity (measured by packer tests with a test interval of approximately 2 m) 

averaged 6 x 10-6 m/s and was uniform from 22 to 50 mbgl, with a significant decrease 

towards the base at 66 mbgl.

A more detailed account of the shallow hydrogeology of the site can be found in the 

reports from investigations which followed the discovery of contamination in 

groundwater beneath Harwell Laboratory (Jackson et al., 1990, Brewer et al., 1992, 

Brewer et al., 1993, Brewer et al., 1995a, Brewer et al., 1995c, Baker et al., 1996a, 

Baker and Jefferies 1996, Baker et al., 1996b).

The Chalk beneath Harwell has been into divided into four hydrogeological units by 

Jackson et al., (1990). This division has subsequently been adopted for other work at the 

site and will be used in this thesis. According to this division, shown on Figure 4.6, the 

Chalk consists of an upper, unconfined aquifer unit, HI, which extends to 

approximately 35 mbgl, although the depth of the base varies according to location. This 

unit is underlain by a chalk marl which is 3 to 5 m thick and forms an aquitard, the LI 

unit. A second, confined, aquifer unit, H2, extends from the base of the LI unit to 

45 mbgl and terminates in a second aquitard, the L2 unit, also a chalk marl. The L2 unit 

extends to the base of the Chalk. The LI aquitard supports a head difference between 

the HI and H2 units of 1.5 to 6.5 m, depending on prevailing groundwater conditions 

within the HI and H2 aquifers. The potentiometric surface in the H2 aquifer shows a 

similar response to the HI unit suggesting that it is only locally confined. The LI 

aquitard is laterally discontinuous, although well developed beneath the Western 

Storage Area. At other locations across the site this unit is not found and the upper 45 m 

of the Chalk act as a single unconfined aquifer (Brewer et al., 1993).
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A spring line 100 m north of the Western Storage Area has been attributed to the 

outcrop of the Chilton Stone by Jackson et al., (1990) who suggest that this feature is 

indicative of the lower permeability of this horizon.

Hydraulic gradients and groundwater flow

Horizontal hydraulic gradients across the site are generally low and have been 

determined by Jackson et al., (1990) as 0.0025 (March 1990), by Brewer et al., (1992) 

as 0.0008 (summer 1991) and by Tindal (1995) as 0.003 (summer 1995). The regional 

hydrogeology map (NERC 1978) shows that gradients increase significantly to both the 

north and east of the Harwell site to a maximum of approximately 0.01, in a subdued 

reflection of the change in slope of the surface topography. The vertical gradient 

measured by Alexander and Holmes (1983) is very slight and downwards.

Groundwater flow direction at the site is dependent upon water table elevation (Baker et 

al., 1996b). At low water table elevation groundwater flow in the HI horizon is towards 

the south-east. When water levels rise the direction of flow rotates rapidly anti

clockwise to the east-north-east. The reason for this marked change in flow direction 

can be seen from a map of water level contours (Figure 4.7) . The site lies across a line 

of divergent flow, to the west of the site flow is to the north, whilst to the east flow is to 

the east. Changes in the water table elevation cause the line of divergence to move to the 

west and therefore flow at the site moves from an eastward direction to the north. The 

H2 horizon is unaffected by this process and maintains a northwards flow direction 

throughout the year (Tindal 1995).

The groundwater contours in the HI unit are shown for a high water table (January 

1993) and a low water table (February 1992) on Figure 4.9. From this figure it can be 

seen that under high water table conditions hydraulic gradients are steeper and towards 

the north whilst at lower water table the gradients are less steep and to the south-east. 

Hydraulic Properties o f the Chalk at Harwell Laboratory

The hydraulic properties of the Lower Chalk beneath Harwell have been investigated by 

a several hydrogeological techniques. Many short interval packer tests have been 

performed across the Harwell site. In addition, a number of single well pumping tests 

have also been undertaken and therefore the bulk hydraulic properties of the Chalk are 

known in some detail (Brewer et al., 1995c). To complement these tests and further the 

understanding of solute movement at the site a number of tracer tests have also been 

performed (Tindal 1995).
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From packer test results, Jackson et al., (1990) derived an average hydraulic 

conductivity for both the HI and H2 units of 9 x 1 O'5 m/s, whilst for the LI unit 

hydraulic conductivity had a mean value of 1 x 10'8 m/s. Brewer et al., (1995c) gave 

values of hydraulic conductivity of 3.2 x lO'4 m/s for the HI and 1.3 x 10'4 m/s for the 

H2 horizon, based on additional packer testing and single well pump tests. The L2 

horizon has not been investigated in any detail. A plot of hydraulic conductivity with 

depth for a well in the vicinity of the Western Storage Area, Figure 4.10, shows typical 

results.

The results of short interval packer tests and single well tests at Harwell have been 

classified into three types according to their hydraulic responses by Tindal (1995). The 

type ‘A’ behaviour of Tindal (1995), shown on Figure 4.11, is characterised by 

transmissivity being proportional to saturated thickness, indicating a well-fractured 

aquifer appearing homogeneous at the scale of measurement. Type ‘B’ behaviour is 

characterised by a distinct difference in transmissivity values under different conditions 

of water table elevation. These differences were interpreted by Tindal (1995) as 

indicating the presence of hydraulically significant fractures, resulting in heterogeneity 

at the scale of measurement. The Type ‘O’ classification groups those boreholes that 

showed no obvious trend in transmissivity with depth. Tindal (1995) found that those 

wells with significant, discrete fractures (the Type ‘B’ wells) gave similar overall values 

of transmissivity to the Type ‘A’ and Type ‘C’ wells.

Hydraulic conductivity trends across the site, derived from packer tests, were examined 

by Tindal (1995) who found that values in the upper HI horizon fell in the range 

6 x 10'5 to 3 x 10"4 m/s (5 to 30 m/d) with no discernible variation across the site, the 

exception being an area around the MH series monitoring wells (Figure 4.12) where 

transmissivity is somewhat higher. The lower H2 aquifer showed a marked increase in 

hydraulic conductivity towards the east from 3 x 10'5 to 8 x 10‘5m/s in the Western 

Storage Area to 4 x 10^ m/s at HWS9A, 450 m to the east-north-east.

The results of six tracer tests performed in the HI and H2 aquifers in the Western 

Storage Area and the Southern Storage Area were analysed by Tindal (1995) using the 

RADIAL TALBOT model developed by AEA Technology. Results from the tracer tests 

were used to give estimates of kinematic porosity, radial dispersion length and effective 

fracture spacing. The values obtained for the HI aquifer were: kinematic porosity 0.04
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to 0.2 %, radial dispersion length 1.5 to 4.7 m over distances of 35 to 55 m and effective 

fracture spacing 0.13 to 0.24 m.

4.3.3 Analysis of the seasonal fluctuations of the hydrograph

The effect of fluctuating water levels on the flux of contaminants is the focus of this 

project and therefore a knowledge of location of the water table over time is essential to 

determine the time spent beneath the water table for the Chalk profile and to evaluate 

the characteristics of the hydrograph.

Available records 

Harwell Laboratory

The elevation of the piezometric surface has been monitored by AEA Technology in 

wells HWS9 and HWS9A since March 1991. Readings were initially taken at monthly 

intervals from March 1991 until September 1993, since when they have been recorded 

weekly. This pair of monitoring wells (HWS9 and HWS9A) lies approximately 450 m 

east-north-east of the Western Storage Area, (Figure 4.12). HWS9 is screened through 

the SUZ and the saturated zone of the HI aquifer (screen interval 10 to 33.58 mbgl) 

whilst HWS9A is screened only in the lower H2 aquifer (screen interval 35.1 to

47.2 mbgl). Hydrographs from both aquifer units (Figure 4.14) exhibit a typical pattern 

for unconfined wells located on the Chalk outcrop where the water table fluctuates in 

response to seasonal changes in recharge. The fluctuations in the H2 aquifer indicate 

that it is behaving not as a truly confined aquifer, but as a partially confined aquifer. The 

two hydrographs are compared on Figure 4.15. They show a linear relationship in which 

the difference in elevation between the two piezometric levels is proportional to the 

elevation of the water table.

Other wells completed in the HI aquifer in the western part of the site and in the 

Western Storage Area (BH1, BH6, BH7 BH8, HWS1, HWS3, HWS7, HWS7, HWS8 

and HWS10) have been monitored on a more irregular and less frequent basis. Their 

locations are shown on Figure 4.12 and Figure 4.13. Water table elevations from these 

wells are shown on Figure 4.16. These are useful as a comparison with HWS9 and 

HWS9A but the data are not sufficiently detailed to permit construction of hydrographs 

and further interpretation. The data from these wells show no appreciable difference to 

HWS9. HWS9 is downgradient of the Western Storage Area but as groundwater 

gradients are small (0.0008 to 0.0025) the difference in water levels is also small 

(around 0.036 to 0.45 m), and insignificant in the context of this study. Exact

86



quantification of the difference is not possible as it varies with time and water level 

measurements in wells in the Western Storage Area and the HWS9 well have not 

generally been made at the same time. Consequently, the hydrograph for HWS9 is taken 

to be representative of the groundwater regime beneath the Western Storage Area and 

the western part of the Harwell Laboratory. Additionally, since the installation of the 

hydraulic containment scheme in 1993 (Section 4.4) the Western Storage Area may be 

hydraulically separated from HWS9 by a line of pumping wells.

Off-site records

The closest Environment Agency monitoring well lies 865 m north of HWS9 at Aldfield 

Farm (NGR SU 4708 8758). Aldfield Farm can be seen on Figure 4.2. The water table 

elevation in this well has been measured by dip-meter at monthly intervals since 

February 1971. The hydrograph is shown on Figure 4.17. The record from this 

monitoring well contains a number of short breaks and a protracted break from January 

1987 to April 1989. The base of this well lies at 95.09 mAOD and in particularly dry 

years (1976, 1991 and 1997) the water level has fallen beneath this elevation and the 

well has dried up.

Other monitoring wells in the Harwell area are found at Hagboume Hill (NGR SU 4972 

8703)m, Chilton Village Well (NGR SU 4905 8582) and Skeats Bush (SU 4603 8740). 

The Aldfield Farm monitoring well, in addition to being the closest of these, also has 

the best record available. The other well records are very similar to that at Aldfield 

Farm.

Range o f water table elevation

The annual fluctuation in the HI aquifer recorded at HWS9 ranges from less than 0.5 m 

in 1996/1997 to 13.80 m in 1992. Over the seven years of recorded data the mean 

seasonal range is 7.79 m. The absolute range between the maximum and minimum 

water levels recorded 15.71 m. The maximum and minimum recorded water levels 

define the limits of the SUZ, for HWS9 this is the zone between 97.40 (22.77 mbgl) and

113.11 mAOD (7.06 mbgl).

Evaluation o f water table fluctuations at Harwell Laboratory

The characteristics of the HWS9 hydrograph have been evaluated and the record 

extended back to 1971 by comparison with the Environment Agency monitoring well at 

Aldfield Farm. The records from this off-site well predate most of the waste disposal 

operations in the Western Storage Area at Harwell Laboratory (Section 4.4).
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Comparison o f the well hydrographs

A comparison of the hydrographs from Aldfield Farm and HWS9 over the period March 

1991 to March 1997 is given in Figure 4.18. The two hydrographs clearly show similar 

patterns of water level fluctuation over time. In detail, the fluctuation of the water table 

at Aldfield Farm has a lower amplitude than at HWS9 and is at lower elevation, 

reflecting the downgradient position of Aldfield Farm. Timing of major events, 

particularly reversals in trend (turning points) in the hydrograph record appear to 

coincide, although accuracy is poor due to the low frequency of readings at the Aldfield 

Farm monitoring well.

Construction o f a synthetic hydrograph

The data from HWS9 and Aldfield Farm wells have been plotted against each other for 

the period March 1991 to December 1996 (Figure 4.19). Data for the Aldfield Farm well 

have been interpolated linearly between measured points, where necessary. The two sets 

of data show a strong correlation. One linear relationship is apparent at water levels 

above 102 m in HWS9. A second non-linear relationship is apparent for water levels 

below 102 mAOD in HWS9, which can be approximated as two straight lines. A best fit 

line has been applied to these data sets using a linear least-squared regression and a 

relationship found between the Aldfield Farm monitoring well and HWS9. The 

relationship can be defined as

HWS9 water level (mAOD)= 1.1417* + 10.263 (below 98 mAOD)

=0.2492x + 76.431(98 - 102 mAOD)

= 1.3653* - 37.109 (above 102 mAOD)

where * is the elevation of the water table in the Aldfield Farm well 

The Aldfield Farm well hydrograph shows a marked gradient change at 102 mAOD, 

possibly reflecting the presence of a major fissure (the type ‘B’ behaviour discussed by 

Tindal (1995).

This analysis has been used to develop a synthetic hydrograph for HWS9 by applying 

the conversion to the Aldfield Farm monitoring well data set. This synthetic hydrograph 

is compared with the actual hydrograph for the period 1991 to 1997 in Figure 4.20. It 

can be seen that the synthetic hydrograph provides an excellent fit to the HWS9 

hydrograph. The full synthetic hydrograph is given on Figure 4.21.
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Time beneath the water table

The proportion of time spent beneath the water table is an important factor in 

determining the quantity of mass transferred by diffusion between immobile matrix 

porewater and mobile fissure water. The percentage of time spent beneath water table 

for positions within the SUZ has been estimated from both the HWS9 and the synthetic 

hydrograph and is shown in Figure 4.22. There appears to be an almost linear 

relationship between elevation and time spent beneath the water table, particularly if 

only the record from HWS9 is examined. The long term record from the synthetic 

hydrograph shows two slight changes in gradient one at 102 mAOD and a second at 

108 mAOD showing that the water table spends proportionally less time below 

102 mAOD and above 108 mAOD and proportionally greater time in the zone between 

these two elevations. From the HWS9 record the water table from 1991 to 1998 has 

spent more time at the extremes of the SUZ than over the longer term as represented by 

the synthetic hydrograph.

Rate o f movement o f the water table

The data from HWS9 have also been used to examine the rate of movement of the water 

table and the duration of the events that constitute the seasonal fluctuation. These events 

have been divided into periods of rising water level (recharge), falling water level 

(recession) and static water level. Values for HWS9 are tabulated in Table 4.1a. The 

synthetic hydrograph has been used for the period prior to 1991 to give a greater range 

for the data, although, this hydrograph has only a very small number of data points per 

event and therefore is not as accurate as the HWS9 hydrograph. There is considerable 

variation in the time duration of the various events reflecting the wide range in recharge 

patterns.

The duration of recharge events has been taken as the number of days from the first rise 

in the water level after a period of falling or stable water levels until the seasonal 

maximum water level is reached. Minor periods of stable or declining water levels on a 

rising limb have been included in the rising limb data set. Similarly the duration of 

recession is the time from the seasonal maximum to the seasonal minimum.

For the more reliable HWS9 data set water table rise occurs over anything from 28 to 

314 days (mean 123 days). There is also considerable variation in the rate of water table 

rise with a range of 0.02 to 0.11 m/day. In addition, the range of water levels gives 

considerable variation, with the average seasonal range for both rising and falling
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hydrographs being 7.79 m. The average rate of water table rise conceals some details of 

the actual pattern. Figure 4.23 shows the water table rise events from 1991 to 1997 for 

the HWS9 hydrograph. Some similarity between them is apparent, however, combining 

all these events on the same time frame, as shown in Figure 4.23, shows considerable 

variation. The comparison has been made by working backwards from the time of peak 

water table as this is more easily defined than the time of the start of annual water table 

rise, particularly for years in which the preceding year showed limited or negligible 

water table rise (cf. 1993 and 1998). It can be seen that the individual years contain 

periods in which the water table rises at both relatively low rates and relatively high 

rates. The elevation at which these changes of rate take place varies from year to year, 

reflecting the difference in recharge patterns rather than hydraulic characteristics. 

Nonetheless, a pattern does emerge, albeit with considerable scatter, this is plotted on 

Figure 4.23 and a linear fit obtained. The linear fit equates to a rate of 0.08 m/day giving 

an average annual water table rise of 9.6 m for a typical period of 120 days. The 

synthetic hydrograph could not be used in this analysis because the readings are too 

widely spaced.

Hydrograph recession continues for between 239 to 351 days (Table 4.1), longer periods 

of recession being associated with years in which no recharge occurs. The rate of 

recession of the water table is in general about half the rate of the rise.

The position of the water table with time

The water table in HWS9 shows considerable variation in the elevation of its seasonal 

maximum and minimum with an absolute maximum range, from the minimum recorded 

elevation (November 1997) of 97.40 to a maximum recorded elevation of

113.11 mAOD (March 1995). It should be noted that the synthetic hydrograph has an 

imposed minimum of 98.30 as the Aldfield Farm monitoring well, from which it is 

derived, runs dry. It is probable that the true minimum range is below 97.40 mAOD, 

although this elevation is only reached in particularly dry years after winters with almost 

no recharge.

The period 1991 to 1997 shows some variance with the long-term record, again 

reflecting the climatic differences of the past six years relative to the long-term pattern. 

The water table reached unusually high elevations in the three years 1992 to 1994 giving 

a relatively high mean for the maximum range determined for the HWS9 well. The
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longer term mean range in water levels, taken from the synthetic hydrograph, is smaller, 

with generally lower winter highs.

4.4 The history of groundwater contamination at Harwell 
Laboratory

4.4.1 Introduction

The history of the disposal of chlorinated solvents at Harwell Laboratory has been 

summarised by Jackson et al., (1990). The Harwell Laboratory research site dates back 

to 1946, prior to which the site was an RAF airfield. Information regarding the site prior 

to 1946 is held by the Ministry of Defence who were unwilling to disclose details of 

activities at site (Jackson et al., 1990). However, solvents are known to have been in use 

at many RAF sites prior to this date and Harwell is unlikely to have been an exception. 

The history of solvent disposal from 1946 onwards can be divided into four phases.

4.4.2 Phase 1 (1948 to 1970)

Small quantities of waste solvents and chemicals were disposed of on-site from the 

inception of the research site. Waste from a laboratory at Wantage was also brought to 

the site for disposal. Disposal was to three shallow pits in the Southern Storage Area 

(SSA) and to two shallow pits in the Western Storage Area (WSA). Pits were 

approximately 4 to 5 m square and 3 m deep. Chlorinated solvents were among the 

wastes disposed of although off-site recovery was also used. Detailed records of wastes 

disposed of were not kept, but Jackson et al., (1990) estimate that ‘a few tonnes’ of 

chlorinated solvents were disposed to the Southern Storage Area in this period. The 

predominant solvent in use at this time was CTET (carbon tetrachloride) (Jackson et al., 

1990), in contrast to those solvents used later.

4.4.3 Phase 2 (1970 to 1972)

Harwell began accepting waste from off-site sources in 1970 although waste was still 

dominated by arisings from the Harwell site. During this period almost all waste was 

disposed of in the WSA and only very little to the SSA.

4.4.4 Phase 3 (1972 to 1977)

By 1972 a large proportion of waste disposed to the WSA was imported to the site, now 

operating as a licensed, commercial waste disposal facility. The volume of waste being 

disposed of showed a significant increase, A record of waste shipments to Western 

Storage Area from 1970 to 1977 was kept by the Hazardous Materials Service (HMS)
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although the quality of the records is variable and unreliable. Jackson et al., (1990) used 

this information to estimate the quantity of chlorinated solvents disposed of during that 

period as between 10 and 20 tonnes. The records show that all four of the main 

degreasing solvents found in groundwater (carbon tetrachloride, 1,1,1, trichloroethane, 

trichloroethene and tetrachloroethene) were disposed at the site. The records do not 

indicate significant quantities of chloroform being disposed to the pits although this 

compound is a major groundwater contaminant at the site (Jackson et al., 1990).

4.4.5 Phase 4 (1977 to the present day)

Disposal of solvents effectively ceased in 1977 when laboratory wastes were directed to 

an incineration facility off site. The pits were covered with a plastic membrane in the 

early 1990’s.

The base of the disposal pits in the Western Storage Area is at approximately 3 m below 

ground surface, at the depth of the top of the Chilton Stone. This hardground was too 

strong to permit excavation by the mechanical excavators used to create the pits. The 

locations of the three pits that are believed to have received the bulk of solvent waste are 

shown on Figure 4.24.

4.4.6 Previous investigations of groundwater contamination at Harwell 
Laboratory

The United Kingdom Atomic Energy Authority have commissioned a number of studies 

of the groundwater contamination at the Harwell site. These investigations have nearly 

all been undertaken by AEA Technology together with the British Geological Survey. 

The investigations have been undertaken in phases.

Phase I investigation (1990): Jackson et al., (1990)

This investigation consisted of a compilation of existing information about the site, 

including determining the history of solvent disposal. In addition, six boreholes were 

drilled, four immediately downgradient of the Western Storage Area and two 

downgradient of the Southern Storage Area. The boreholes were geophysically logged 

and were also hydraulically tested using a double packer arrangement to give profiles of 

environmental pressure and hydraulic conductivity. Groundwater was sampled for 

chlorinated solvents from open holes and from packered-off intervals. A simple model 

of the site was developed to determine the future movement of contamination.
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Phase II investigation (1992-1993): Brewer et al., (1993)

During this phase of investigation 38 new boreholes were drilled, and most were then 

equipped as monitoring wells. The groundwater monitoring well network thus 

established includes several paired boreholes in which one is screened in the HI unit 

and the other in the H2 unit. A sampling methodology was developed and used to 

monitor groundwater quality on a regular basis. Hydraulic testing of many of the 

boreholes was undertaken, including single well pump tests and short interval packer 

tests. Porewater samples were taken from three cored boreholes close to the Western 

Storage Area (HWS11, HWS3A and HWS8A). Trials were conducted for both 

abstraction and injection boreholes for a hydraulic containment scheme. Many of the 

monitoring wells shown on Figure 4.12 and Figure 4.13 were constructed during this 

phase of investigation.

Phase III Porewater sampling (1994-1995 and 1996): Brewer et al., (1995), Baker et 

al., (1996a, 1996b)

Cored boreholes were drilled in both the WSA and SSA and were sampled to give 

profiles of porewater contamination with depth. The location of these boreholes in the 

WSA is shown on Figure 4.25.

Phase IV Hydraulic containment (1995-present) Baker et al., (1996a, 1996b)

A hydraulic containment scheme was installed in 1995 this initially consisted of five 

abstraction wells installed in an arc downgradient of the WSA. Contaminated 

groundwater is abstracted, passed through a treatment plant and then re-injected 

upgradient. Additional abstraction boreholes were added in 1997 when it became 

apparent that some of the contaminated groundwater could pass through the arc of 

abstraction boreholes at high water table elevations. The location of the abstraction 

boreholes and the re-injection boreholes is given in Figure 4.26.

4.4.7 Summary of groundwater contamination at Harwell

Groundwater from a number of wells at the site are sampled and analysed on a regular 

basis for both organic and inorganic species. Sampling began in 1991 and continues to 

the present day at approximately quarterly intervals. Samples of groundwater from the 

abstraction wells are also taken at the inlet to the groundwater treatment plant on a 

weekly basis for analysis for chlorinated solvents.
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Inorganic chemistry

A selection of groundwater sample records taken across the site in July 1996 (Hawksley 

1996) is given in Table 4.2 and plotted on a piper diagram (Figure 4.27) These data 

illustrate that the groundwater is basically a calcium bicarbonate type, as might be 

expected for the Chalk, although groundwater in the lower H2 aquifer contains 

appreciable concentrations of sodium, possibly indicating an ion-exchange mechanism. 

The presence of chloride, nitrate and sulphate at elevated concentrations in the shallow 

HI aquifer beneath the Western Storage Area are indicators of contamination by these 

species. Hawksley (1996) found that the groundwater was depleted in dissolved oxygen 

across the site, with particularly low concentrations (lowest reading 3 % oxygen) in the 

vicinity of the Western Storage Area.

Figure 4.28 illustrates the behaviour of inorganic species over time in a single well 

downgradient of the WSA (BH6). It can be seen that there is a strong correlation with 

the elevation of the water table and the concentrations of chloride, alkalinity and 

calcium, with a weaker relationship to concentrations of sodium and sulphate. 

Concentrations of inorganic species are plotted against water table elevation on Figure 

4.31 where a positive, although variable, relationship emerges between elevation and 

concentration.

The areal variation in chloride concentration over time is illustrated on Figure 4.32, 

showing that the pattern of chloride concentration in groundwater is complex. Although 

this figure does demonstrate that the centre of the chloride plume is located close to the 

pits used for disposal of chlorinated solvents.

Chlorinated solvents

Chlorinated solvents are present in groundwater beneath the WSA and across much of 

the Harwell site at elevated concentrations. Figure 4.29 and Figure 4.30 show 

chlorinated solvent concentrations against time in BH6 and in the pumping wells 

(HWS17 series wells) of the abstraction scheme respectively. From these it is clear that 

these compounds are present at elevated concentrations in groundwater. Chlorinated 

solvent concentrations show a strong correlation with groundwater elevation and this is 

further illustrated on Figure 4.31 where concentrations are plotted against water table 

elevation. Figure 4.33 shows that elevated concentrations in groundwater are found 

across the WSA and in the area downgradient. A plume of contaminated groundwater 

extends more than 600 m downgradient of the WSA towards the east.
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4.4.8 Porewater contamination by chlorinated solvents

During the various investigations of the Western Storage Area, a number of boreholes 

have been examined to determine the distribution of chlorinated solvents in porewater. 

Boreholes HWS11, HWS3A and HWS8A were drilled and sampled during Phase II. 

Boreholes WSA1 to WSA6 were drilled in April and May 1994 and boreholes WSA7 to 

WSA13 were drilled in November 1995, as part of Phase IV. The borehole locations are 

shown on Figure 4.25. Details of the results were given by Baker et al., (1996). 

Porewater concentrations were measured for five chlorinated solvents (TCM, 1,1,1 

TCA, CTET, TCE and PCE) and these have been used to construct vertical profiles. 

Profiles are given in Figure 4.34 for the sum of the five measured chlorinated solvents 

only. The profiles show that chlorinated solvents are present at elevated concentrations 

across much of the Western Storage Area. The principle contaminant is TCM although 

there are high concentrations of TCA and TCE. CTET and PCE are generally less 

abundant. The ratio of the various chlorinated solvents varies within different boreholes, 

for instance in WSA1, WSA6 and WSA12, TCM is present at far greater concentrations 

than other chlorinated solvent whereas in most of the other boreholes TCA is present at 

similar concentrations. Concentrations generally decline away from the disposal pits. In 

addition, the part of the profiles lying above the highest recorded water table 

(approximately 7 mbgl) have generally lower concentrations than those below this 

elevation. These profiles are discussed in more detail in Chapter 9.

In an early investigation (Baker et al., 1996a) three cored boreholes in the western part 

of the site (HWS3A, HWS8A and HWS11) were also subject to porewater analysis for 

chlorinated solvents, the location of these boreholes is shown on Figure 4.12 and Figure 

4.13. A profile from HWS3A is shown on Figure 4.35. This profile penetrates the HI 

and H2 aquifers and the intermediate LI aquitard and shows that the chlorinated solvent 

contamination is predominantly in a zone from 15 to 32 mbgl. The LI aquitard from 32 

to 38 mbgl (see Figure 4.10 for vertical divisions) appears to be uncontaminated but the 

lower H2 aquifer contains appreciable concentrations of chlorinated solvents in 

porewater.
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4.5 Statement of the problem
From the preceding work, both in this chapter and preceding chapters, an interesting 

problem emerges. This problem can be summarised as being ‘what are the mechanisms 

that control the flux and distribution of contaminants in a groundwater regime 

dominated by a fluctuating water table?’

The problem that this thesis addresses is the effect of fluctuating water levels on the 

distribution of aqueous phase contaminants within porewater and groundwater of the 

Chalk. Soluble contaminants in groundwater within the Chalk are carried from the 

source of contamination by advection. In the Chalk, advection takes place within the 

mobile fissure water. Diffusional exchange with immobile matrix water can lead to 

accumulation of mass within the matrix porewater. The fluctuating water table carries 

contaminated fissure water across a significant thickness of the seasonally unsaturated 

Chalk. The mass of contaminant that accumulates in the matrix will depend upon 

several factors, principally: the density of fissures, the duration of saturated conditions, 

the concentration gradient and the magnitude of the diffusion coefficient. The result will 

be an accumulation of mass within the matrix of the SUZ, distinct from the mass 

accumulation in the permanently saturated zone, because of the seasonal nature of the 

exchange.

The factor that distinguishes the SUZ of the Chalk from the saturated zone is the limited 

time available for inward and outward diffusion. For inward diffusion this may result in 

less mass entering the matrix, but for outward diffusion it will result in less mass 

leaving the matrix. A presumed result of this is that the SUZ retains mass for longer 

periods of time than the saturated aquifer and at long time periods may actually become 

the source of contaminants to mobile fissure water. Comparison of the hydrograph for 

HWS9 and chlorinated solvent concentrations in groundwater pumped from wells BH6 

and in the HWS17 group (Figure 4.29 and Figure 4.30) shows an effect that is believed 

to be a direct result of this process, that contaminant concentrations in mobile fissure 

water fluctuate in response to changing water levels.

The implications of the work presented here stretch to a much wider area that the 

Harwell site or the Lower Chalk. Most of the outcrop of the Chalk may be affected in 

some way by fluctuating water levels and where the water table fluctuates the processes
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discussed in this thesis may be important in controlling the flux of contaminants. In 

addition, other aquifers, particularly dual-porosity, fissured aquifers may experience a 

similar effect.
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Table 4.1a Analysis o f  the HWS9 and synthetic hydrographs: HWS9

HWS9

S easo n a l maximum and minimum Time R ate of change

elevation of w ater table (WT)

Date Max. Min. Range Rising Falling Rising Falling

WT WT WT WT

(m AOD) (m AOD) (m) (days) (days) (m/day) (m/day)

15/02/91 98.04

16/05/91 101.22 3.18 90 0.04

18/03/92 97.9 3.32 307 0.01

26/01/93 112.99 15.09 314 0.05

04/10/93 103.4 9.59 251 0.04

15/02/94 112.54 9.14 134 0.07

05/12/94 102.69 9.85 293 0.03

13/03/95 113.11 10.42 98 0.11

17/11/95 101.95 11.16 249 0.04

03/03/96 109.53 . 7.58 107 0.07

17/02/97 98.94 10.59 351 0.03

17/03/97 99.52 0.58 28 0.02

11/11/97 97.40 2.12 239 0.01

09/02/98 106.07 8.67 90 0.10
Mean 107.85 100.05 7.79 123 282 0.06 0.03
Std. Dev. 5.71 2.54 4.23 90 43 0.03 0.01
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Table 4.1b Analysis o f  the HWS9 and synthetic hydrographs: 
Synthetic data

Seasonal maximum and minimum 

elevation of w ater table (WT)

Time R ate of change

Date Max.

(m AOD)

Min.

(m AOD)

Range

(m)

Rising

WT

(days)

Falling

WT

(days)

Rising

WT

(m/day)

Falling

WT

(m/day)

09/02/71 111.46

03/06/71 107.52 3.94 114 0.03

02/07/71 111.01 3.49 29 0.12

12/01/72 102.44 8.57 194 0.04

09/03/72 .109.4 6.96 57 0.12

19/03/73 101.83 7.57 375 0.02

06/04/73 103.03 1.20 18 0.07

06/12/73 98.12 11.28 244 0.02

23/02/74 110.08 11.96 79 0.15

18/09/74 101.40 8.68 207 0.04

12/03/75 111.63 10.23 175 0.06

09/11/76 98.3 13.33 608 0.02

10/03/77 111.65 13.35 121 0.11

15/11/77 102.97 8.68 250 0.03

17/01/78 108.92 5.95 184 0.03

01/12/78 99.65 12.00 197 0.05

04/05/79 111.3 11.65 154 0.08

03/12/79 101.75 9.55 213 0.04

01/04/80 107.65 5.90 120 0.05

12/12/80 101.37 6.28 255 0.02

28/07/81 107.23 5.86 228 0.03

03/11/81 106.26 0.97 326 0.00

19/02/82 110.74 4.48 108 0.04

14/09/82 103.23 7.51 207 0.04

18/05/83 110.6 9.23 246 0.03

17/01/84 101.37 9.37 244 0.04

09/04/84 106.78 5.41 61 0.09

04/10/84 100.11 10.49 178 0.04

17/06/85 108.01 7.90 256 0.03

13/12/85 102.37 5.64 179 0.03

12/02/86 109.59 7.22 61 0.12

13/11/86 101.81 7.78 274 0.03

gap

04/05/89 106.53 4.72

27/10/89 98.76 7.77 176 0.04

20/03/90 110.83 12.07 144 0.08

06/12/90 98.54 12.29 261 0.05
Mean 

Std. Dev.

109.25

2.32

101.54

2.54

7.98

3.22

128

75

250

107

0.08

0.04

0.03

0.01
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ŝ
3
<3

-s:

3̂Q

&0
•S
s:
»5

°o
Os
Os

05

(QOV w) uo|iBA0|0 ©oepns ou^ ujoz©!,̂
<15
aBo

£

114



Pi
ez

om
et

ri
c 

su
rf

ac
e 

el
ev

at
io

n 
in 

H
W

S9
A 

(m 
A

O
D

) 
H

ea
d 

di
ff

er
en

ce
 

(m
)

05/05/9706/05/9506/05/9307/05/91
7 -----

6

5

4

3

2

1

0

W ater table elevation in HW S9 (m AOD)

90 95  100 105 110 115

115

110

105

100

Figure 4.15 Differences in water table elevation between HWS9 and HWS9A 
representing the HI and H2 aquifer units respectively

115



08
/12

/90
 

08
/1

2/
91

 
07

/12
/92

 
07

/12
/93

 
07

/12
/94

 
07

/1
2/

95
 

06
/1

2/
96

 
06

/1
2/

97
 

06
/1

2/
98

o

o oin
CD

(aov lu) uoiiBAaia aiqej jajBM
a.&o

116



11
/0

6/
68

 
10

/0
6/

72
 

09
/0

6/
76

 
08

/0
6/

80
 

07
/06

/84
 

06
/0

6/
88

 
05

/06
/92

 
04

/0
6/

96

o\

o
oin

oo

(QOV lu) uo^BA9|0 aiqej jb}bm

117



CD
CD

I D
CD

CM
CM

M"
CD

C O
CD

C M
CD

C M
C M

CD L i -

CD

C O
CM

O
CD

OOIDOOC O  U O  
CM

V.
(aOV w ) uoijba0|9 0|qei J0jB/\/\ §>

£

118



W
at

er
 t

ab
le 

el
ev

at
io

n 
Al

df
iel

d 
Fa

rm
 

(m 
A

O
D

)

lO

in
o

o
o

in
CD

O)
o

I"- CDn s
' CD

X dCOm II
CD CMco t y

co
C D
CM

C5 CD 
t -  CD

1 £  
X  0 0  

O

Oin o

O s
O s

CD

(QOV uj) 6SM H  uj uoiiBAaia 8 |qej j0JB/\a

119



21/ 11/9622/ 11/9422 / 11/9223/ 11/90
115 ------

110

o  105

100
—  synthetic hydrograph  

x  HW S9

95

W ater table elevation in HW S9 (m AOD)

110 11510510095

115

R = 0 .9 8 9 8{§- no
CT>

105

95

Figure 4.20 Comparison o f  HWS9 and synthetic hydrographs 
from  1991 to 1997

120



11
/0

6/
68

 
10

/0
6/

72
 

09
/0

6/
76

 
08

/0
6/

80
 

07
/0

6/
84

 
06

/0
6/

88
 

05
/0

6/
92

 
04

/0
6/

96

in
05

ooinoo

O s
O s

On

O
On

s*.

-5:
&
o

-s:

3̂
3̂SC

•*«*»

t3
(QOV ui) uojjBA0|0 0|qei J0}b/\/\

<i5

A
£

121



Pr
op

or
tio

n 
of 

tim
e 

be
ne

at
h 

el
ev

at
io

n 
(%

)
oo

o
CD CD

CD

CD

CD CL 
CD CD_— t_
„  CD

Ooo

■O
CD
CD

O

O
CO

O
ID

o

ooo

o
CM

O

O
OID LO O

05

(QOV lu) uojjeAaig

£
<N<N
<45
3fee
£

122



Ti
m

e 
to 

pe
ak

 
w

at
er

 
ta

bl
e 

(d
ay

s)
o
CO

CO
CD
Oi

cn

oin
CN CO N" 

CD CD 
CD CD

in  cd oo
CD CD CD
CD CD CD

Oo
CN

Oin

oo X

o
in

9 ^
o

o in o m

.o■Ci
>

-i*a
•5;o1

CD

(aov w) uoi;eA0|0 0|qej J0}e/v\

123



Perimeter of 
the Western 
Storage 
Area

Om 20m 40m 60m 80m

Figure 4.24 Location ofpits used for the disposal o f  chlorinated solvents in the 
Western Storage Area
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Storage Area

126



Cations Anions

Key
• shallow (H1) aquifer 
e deep (H2) aquifer

Figure 4.27 A piper diagram illustrating the inorganic water chemistry, as 
milliequivalents, o f groundwater beneath the Harwell site 
(data from Hawks ley, 1996)
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5. Field sampling, observations and 
measurements

5.1 Core and porewater sampling

5.1.1 Introduction

Core for chemical and physical analysis was obtained from the Harwell site during a site 

investigation in November 1995. Boreholes WSA7 to WSA13 were drilled in the 

Western Storage Area at the locations shown on Figure 5.1 as part of an investigation 

conducted by AEA Technology. A previous investigation in 1994 had involved drilling 

cored boreholes WSA1 to WSA6. Two of the 1995 boreholes (WSA12 and WSA13) 

were selected for more detailed sampling by the author.

Borehole WSA12 was drilled to 20 m below ground level (mbgl) and WSA13 to 

32 mbgl. Samples were taken from ground level to 20 mbgl in both boreholes by the 

author.

5.1.2 Drilling method

Boreholes were drilled using two methods. The upper three metres were drilled using a 

hollow stem auger; below this rotary coring was used. Each technique is described 

separately.

Hollow stem auger drilling

Using this method coring is achieved by means of a continuous flight auger with a 

hollow central stem. The hollow stem auger cores the central section which is then 

brought to the surface within a “Mylar” plastic core liner.

Hollow stem auger drilling has the advantage of not requiring a flushing medium and 

therefore not introducing contamination. In addition, the flights of the auger can be 

easily cleaned between boreholes, either by washing with detergent and heated water, or 

by heating the auger with a naked flame, thus preventing cross-contamination.

Hollow stem augering could not be used below three metres at the Harwell site as it was 

unable to penetrate the Chilton Stone hard band without excessive core disturbance and 

frictional heating. The core produced by the auger was also more disturbed than that 

produced by rotary coring and contained many fractures induced by drilling and so 

caused a loss of both lithological and discontinuity information.
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Rotary core drilling

Below three metres rotary core drilling with a water flush was used to obtain core. 

Rotary coring requires the use of a flushing medium to cool the drill bit and lift cuttings 

to the surface. The use of a flushing medium inevitably causes some loss of contaminant 

from the Chalk matrix at the edges of the core and from fracture surfaces.

Several flushing media are available including drilling mud, foam, water and air. When 

investigating contaminated rock the use of mud or foam introduces additional sources of 

contamination and may change the water chemistry around the borehole. Consequently, 

the preferred choice of flush was either water or air. Each of these has its advantages 

and disadvantages making the choice of the appropriate technique difficult.

Air requires high operating pressures to lift cuttings even a few metres and this may 

cause air to invade pore spaces and travel significant distances. Where the contaminant 

is volatile, air may remove significant quantities. Furthermore, when using air flush the 

drill bit experiences heating and some of this heat can be transmitted to the core 

promoting further loss of volatiles.

Water flush can be used at much lower pressures making invasion of pore spaces less 

likely. Water is also more effective in cooling the drill bit. However, soluble 

contaminants will partition into the water and some loss of contaminants at free surfaces 

is inevitable. Contaminant loss can be minimised by limiting the time of exposure of the 

core to the flush. Water flush was chosen for the rotary coring at the Harwell site.

The drill bit was a diamond-impregnated triple barrel device that can drill core in runs 

of up to three metres. Core was collected within an inner “Mylar” plastic liner. At the 

end of each core run the entire drill string was brought to the surface and the core barrel 

was removed to allow the core in its plastic liner to be extracted. End caps were placed 

on the core liner and the core taken to the sampling area. Core was taken in 1.5 metre 

lengths.

5.1.3 Core sampling

Invasions of matrix pore space may occur by two processes. Potentially, the more 

important of these is as a result of the large hydraulic gradient around of the core bit 

imposed by drilling flush. At a minimum this head will be slightly in excess of the 

hydrostatic head, but is likely to be higher to return cuttings to surface. Much of the 

drilling in the WSA took place within the unsaturated zone and therefore drilling flush 

initially imposed a large hydraulic gradient. However, packer testing in the unsaturated
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zone of the Lower Chalk at Harwell (Section 5.3) has demonstrated that saturated 

conditions are rapidly established when water is added under pressure and therefore 

saturated conditions will apply in the vicinity of the drill bit. Drilling flush may impose 

a gradient at the base of the hall of up to 20. A simple analysis of the distance moved by 

drilling flush can be made assuming piston displacement of matrix porewater and 

Darcian flow over a unit area. The distance moved into the matrix is then a function of 

the velocity of groundwater movement and the time available. The matrix at Harwell 

has a measured hydraulic conductivity of approximately 1 x 1 O'9 m/s and a matrix 

porosity of approximately 30% (Chapter 7). By Darcy’s Law the groundwater velocity 

is then calculated to be 7 x 1 O'8 m/s. Drilling flush is unlikely to be in intimate contact 

with core for longer than 15 minutes as the core barrel continually advances, removing 

drilled core and exposing fresh rock. The invasion of the matrix by drilling fluid is 

therefore likely to reach less than 1 mm into the core and a much larger hydraulic 

gradient would be required to achieve significant invasion in the time available.

An estimation of the distance the water flush by may penetrate by diffusion into the core 

can be made by considering a simple example. The characteristic distance, x, travelled 

by a solute across a matrix block against time is given by the expression

x = -Jtc2DA (5.1)

where tc is the characteristic time, is the apparent diffusion coefficient and x  is 

actually the root mean square distance of diffusion in time tc.

Taking Da  as 3 x  10'10 m2/s (see Chapter 8) the characteristic distance can be calculated 

for the times given in Table 5.1.

The typical rotary core drilling rate was approximately one metre per hour and a typical 

core length 1.5 m, therefore a core spent a maximum of approximately 1.5 hours in 

contact with the water flush. Sampling started within one hour of the arrival of the core 

at surface, so the typical distance of penetration of water flush by diffusion is estimated 

to be less than 3 mm. The large diameter of the core (100 mm) therefore allowed 

adequate sampling of unaffected core material from the centre.

Logging and sampling o f Chalk core

Core in its liner was placed on a bench over fresh aluminium foil and discontinuities and 

other features were rapidly logged through the transparent liner. The liner was then cut 

away and the core was sampled.
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Samples for chemical analysis of pore water were taken from the centre of the core 

avoiding the outer edges. The Lower Chalk at Harwell is generally moderately strong to 

strong as defined in BS 5930 (1981) requiring the use of hammer and chisel to break the 

core down to provide sufficiently small samples for analysis by the headspace method 

for which the maximum sample diameter that could be used was 12 mm, the diameter of 

the headspace vials. Headspace samples were taken with tweezers and placed in pre

weighed 22 mL headspace vials (Chromacol). A fixed volume of water (approximately 

13 mL) was then added and the vial was sealed with a crimped aluminium seal holding 

a PTFE-lined septa in place. Samples of core for measurement of physical properties 

were wrapped in three layers of aluminium foil and then placed in re-sealable plastic 

bags.

Details of the headspace testing methodology and other pore water analyses are given in 

Chapter 6.

Samples for headspace analysis were taken at approximately 0.1m  intervals through the 

upper 20 m of core from WSA12 and WSA13. Samples or core for measurement of 

physical properties were taken at approximately one metre intervals where the Chalk 

was in sufficiently large blocks. Moisture content was determined from samples of core 

taken at 0.5 metre intervals. These were placed on pre-weighed dishes, weighed and 

immediately placed in an oven at 105°C for 24 hours to permit moisture content 

determination in accordance with BS 1377 (1990) Method for soils.

5.2 Lithological description

5.2.1 Core logging

Borehole logs are given for WSA12 and WSA13 as Figure 5.2 and Figure 5.3 

respectively. Core logging had to be undertaken rapidly to minimise loss of volatile 

organic compounds before sampling. The description of the cores is therefore limited to 

fracture location and identification of major lithological changes. Descriptions are based 

on the methods described in BS 5930 (1981).

5.2.2 Lithology

The Lower Chalk was encountered as a massive, white, slightly weathered, fine grained 

limestone. The only major lithological feature encountered was the Chilton Stone. This 

band was found at 3.70 to 4.40 mbgl in WSA13 and 3.60 to 4.30 mbgl in WSA12. The 

true thickness may be slightly greater than that recorded as the Chilton Stone lies at the
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change-over in drilling technique from hollow stem auger to rotary drilling and some 

loss of core occurred at this depth. The Chilton stone was distinguished as being 

stronger and more crystalline than surrounding rock, although it was only recovered in 

fragments, indicating a highly fractured nature. A feature of the core was the presence of 

black staining along some fracture faces throughout the full thickness of the core. This 

staining almost certainly represents manganese oxide, commonly observed as dendritic 

growths on fracture surfaces in the Chalk (Shand and Bloomfield 1995). This style of 

mineralisation is taken to be evidence of unsaturated or saturated flow under oxidising 

conditions (Edmunds et al., 1992).

5.2.3 Discontinuity logging

The fracture log given in Figure 5.2 and Figure 5.3 is a pictorial representation of the 

observed discontinuities. Fractures that were clearly drilling-induced have not been 

included. Fracture spacing has also been characterised by the index of fracturing, {Ip, 

defined as the average length of solid core pieces between natural fractures taken over 

an appropriate arbitrary length, usually 1 metre (Norbury et al., 1986). Solid core was 

measured as core with at least one full diameter (but not necessarily a full 

circumference) along the core axis between two natural fractures (Norbury et al., 1986). 

This definition avoids confusion regarding the role of steeply inclined and vertical 

fractures. Only solid pieces of core can be measured in this analysis and those parts of 

the core recovered as non-intact are ignored. The I f  is therefore an exaggeration of the 

true, average fracture spacing and should be examined together with the solid core 

recovery (SCR) to indicate the proportion of core to which it refers.

Figure 5.2 and Figure 5.3 also include measures of the total core recovery (TCR) and 

the solid core recovery (SCR). The TCR is defined as the percentage ratio of core 

recovered (both solid and non-intact) to the total length of core run. SCR is the 

percentage ratio of solid core recovered to the total length of core run. The rock quality 

designation (RQD) is the total length of solid core pieces each greater than 0.1 m 

between natural fractures expressed as a percentage of the total length of core run. RQD 

was originally defined by Deere (1967) as a method of characterising rock for 

engineering excavations but has become more widely used as an indicator of rock 

quality in boreholes.
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5.2.4 Discontinuity analysis

Discontinuities can be analysed in terms of distribution, orientation, length and 

persistence. The data gathered in this study are of relatively low quality, with no 

information regarding orientation, length or persistence. In addition, the spacing of 

vertical fractures can not be measured by a vertical borehole. Nevertheless some 

information regarding the distribution of fractures has been obtained from the data 

collected. The data have been grouped in Table 5.2 and are displayed in the form of a 

histogram in Figure 5.4. From this it can be seen that the data give a distinctive 

distribution pattern approximating to a negative exponential distribution. A mean 

fracture spacing, I f  of 0.12 m has been observed, with a standard deviation of 0.100. 

This is equivalent to a mean of 8.3 fractures per metre.

Discontinuities in the Lower Chalk at Chinnor, Oxfordshire (30 km north-east of 

Harwell) have been investigated by Priest and Hudson (1976) during trial tunnelling 

operations. Using scan-line techniques, some seven thousand discontinuities over 750 m 

of Chalk exposure in two shafts and a tunnel were logged. Priest and Hudson (1976) 

found that the discontinuities fitted a negative exponential distribution expressed as

/(* )  = Ae-* p '2)

where X is the average number of discontinuities and x is the discontinuity spacing.

The mean discontinuity spacing, for all discontinuities, found by Priest and Hudson 

(1976) was 0.105 to 0.114 m with a standard deviation of 0.107 to 0.113 m and X equal 

to 8.75 to 9.49 discontinuities per metre. Comparison with the data obtained in the 

present study of 0.12 m mean spacing (A, = 8.3) and standard deviation of 0.100 m show 

that there are only small differences. A characteristic of the negative exponential 

distribution is that the mean is equal to the standard deviation. It can be seen that the 

values obtained by Priest and Hudson (1976) are close to meeting this condition, 

whereas the data from the present study shows a greater difference between the mean 

and the standard deviation. Figure 5.5 shows a comparison of the data collected in this 

work and that from Priest and Hudson (1976).

Comparison of the data obtained here with the distribution function of Priest and 

Hudson (1976) gives a Kolmogorov-Smimov value of 0.08, less than the critical value 

of 0.09 at 5% significance. It should be noted that the data presented here were taken 

from vertical measurements only which can contain significant bias compared to scan-
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line data corrected to remove sampling bias such as that presented by Priest and Hudson 

(1976). The data from the present study show a reasonable fit to the negative 

exponential distribution for fracture spacing above 0.05 m but a poor fit below this. 

There are a number or reasons why this may be so. Logging was rapid and therefore 

smaller fractures were the most likely to be overlooked. Also core drilling is likely to 

have caused disturbance of highly fractured areas where closely spaced fractures would 

have occurred, these are the parts of the core most susceptible to core loss.

Joint surveys in the Tottemhoe Stone and Melbourne Rock, in the vicinity of Royston, 

Cambridgeshire, were undertaken by Little et al., (1996). These two layers both 

represent relatively strong bands within the Chalk. The Tottemhoe Stone is similar to 

the Chilton Stone and is a crystalline hard band. Little et al., (1996) examined 

discontinuity frequency against orientation and were able demonstrate that horizontal 

discontinuities are significantly more frequent than other sets. They also found that the 

observed distributions of fracture frequency corresponded to a negative exponential 

distribution. From this distribution they presented an expression for the average block 

size

r  3.672b = -------
A (5 -3)

where b is the length of the side of a cube and X is the mean fracture spacing and also 

the variance (equal for a negative exponential distribution).

Applying this analysis to the data gathered from WSA12 and WSA13 at Harwell, (mean 

of 7.9 fractures per metre) gives an average block size of 0.46 m. This agrees 

remarkably well with the average block size reported by Black and Kipp (1981) for the 

Harwell site of 0.45 m.

The expression proposed by Little et al., (1996) is based on the work of Muller (1987) 

which is overly complicated and contains a mathematical error and therefore Equation

5.3 is incorrect.

Bloomfield (1996) investigated fracture spacing in the Upper Chalk at Play Hatch 

Quarry near Reading, some 20 km east of Harwell. He also found that the discontinuity 

spacing approximated to a negative exponential distribution with a mean spacing of just

0.02 m. The Play Hatch quarry site has two dominant fractures sets, one associated with 

bedding and a second set at a high angle to bedding. These two distinct sets had mean 

spacings of 0.10 and 0.12 m respectively and a log normal distribution. By examining
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fracture interconnectivity, Bloomfield (1996) concluded that the bedding plane fracture 

set was likely to have a greater hydraulic importance that the high angle set.

5.3 Hydraulic testing using packers

5.3.1 Introduction

Double packer injection testing was undertaken in borehole WSA13 to profile the bulk 

hydraulic conductivity of the Chalk through the SUZ.

In the double packer arrangement two inflatable jackets are placed either side of a test 

section and the equipment is lowered into an unlined borehole. At the required test 

depth the jackets are inflated against the side of the borehole to isolate the section of 

borehole located between them. This section is then tested using either pumping or 

injection tests.

5.3.2 Purpose of packer testing

The information obtainable from packer testing and the purposes for obtaining that 

information vary. At their simplest, packer tests can be used to obtain qualitative 

information on the location of permeable zones within a borehole. More typically the 

purpose is to obtain a measure of bulk hydraulic conductivity for discrete sections of the 

borehole to assess quantitatively the contributions of each section to the overall 

transmissivity. This is the reason for employing packer testing in this research.

5.3.3 Review of packer testing

The precise mechanisms operating during a packer test are complex and not fully 

understood (Bliss and Rushton 1984). The usual approach is to assume steady-state 

conditions have been attained during each stage of the test. The Hvorslev (1951) method 

is then used to obtain the hydraulic conductivity, K, using the formula

where Q is the volumetric flow rate, H  is the change in head, / is the length of test 

section and r is the radius of the borehole at the test interval. K  is an average hydraulic 

conductivity over the test section and is dominated by the material closest to the test 

section. Errors will be introduced if flow is non-Darcian (Price et al., 1982).

(5.4)

The term
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is often referred to as the shape factor, F, of the test interval. Hvorslev (1951) presented 

a number of pre-determined shape factors for a variety of possible piezometer and 

packer configurations. In the case where the ratio l/r exceeds 10 (or / >5r, Price et al., 

1982) then the Hvorslev formula can be simplified to

K  =  - 0 —  Inf— 
lid H (5.6)

In deriving the above formulae Hvorslev (1951) made a number of assumptions, in 

particular that the test zone consists of isotropic, homogeneous material. In many 

situations the formation under test is known to have anisotropic hydraulic conductivity. 

Anisotropy is typically of the form where radial, or horizontal, hydraulic conductivity, 

Kr, is much higher than vertical hydraulic conductivity, Kz. This can be incorporated in 

the Hvorslev formula by using a factor m such that

r  \ m  K.
m -

(5.7)

then

K = Q
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(5.8)

However, even large ratios of hydraulic conductivity will only modify the result by a 

relatively small amount because the correction takes the natural logarithm of the ratio. 

The Hvorslev approach was derived on the basis of equipotential surfaces consisting of 

semi-ellipsoids. They are identical to the equation for radial flow through a confined 

aquifer of constant depth, /, with an outer fixed boundary at a distance / (ml in 

anisotropic material) (Bliss and Rushton 1984). The equations described are based on 

idealised situations and ignore much of the complexity involved such as limited length 

of fissures, time variant effects and the proximity of boundaries (Bliss and Rushton 

1984). For small tests zones it may be the case that individual fractures make up much 

of the transmissivity of the test interval. Barker (1981) derived a formula for the case 

where a single fissure is encountered within the test section, assuming (i) a fissure of 

horizontal extent and uniform width, (ii) no vertical hydraulic gradient in the fissure,
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(iii) the matrix extends to infinity in all directions, (iv) the matrix is homogeneous with 

principal components of hydraulic conductivity in the vertical and horizontal directions, 

(v) groundwater flow is Darcian, (vi) water injection approximates to a vertical line 

source, (vii) steady state conditions are achieved, (viii) piezometric head changes tend to 

zero in all directions away from the injection point. Under these assumptions

Tf

where Kmr, and Kmz are background (matrix) hydraulic conductivity (in a radial and 

vertical direction respectively) and Tf is the transmissivity of an infinite fracture 

intersecting the test section. The solution of this equation requires an iterative approach 

as ^appears on both sides of the equation.

5.3.4 Packer testing in the unsaturated zone

Packer testing is generally considered an appropriate technique for saturated conditions. 

However, due to the seasonal fluctuations in the water table at the test site and the 

timing of the packer testing it was not possible to assess the complete vertical 

distribution of hydraulic conductivity by packer tests under saturated conditions and a 

number of tests were undertaken in the unsaturated zone. While testing in the 

unsaturated zone of a fractured aquifer, an implicit assumption is made that the material 

within the test zone is, in fact, saturated. Price and Allen (1979) conducted steady-state 

injection piezometer tests in the SUZ of the Chalk in Norfolk, using a similar geometry 

to that of a packer test. At a number of sites they performed tests in the SUZ under 

unsaturated and saturated conditions (low and high water table respectively). Results 

from these tests showed consistently higher apparent hydraulic conductivity under 

saturated conditions than under unsaturated conditions, but the magnitude of the 

differences was small. Price and Allen (1979) concluded that they were measuring 

saturated hydraulic conductivity even above the water table and that the injection of 

water rapidly led to saturated conditions. The difference between the two sets of 

readings (under saturated and unsaturated conditions) was attributed to the presence of 

air entrapped during the rapid influx of water in the unsaturated zone tests. During 

testing below the water table sufficient time was presumed to have elapsed since the rise 

of the water table to allow complete saturation of void spaces without air entrapment.

Q
2kH

In is
m z rnr

M l -0.5772
(5.9)
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Use of the Hvorslev formula requires a datum from which head can be determined. In 

saturated zone tests this is generally taken to be the depth to the water table at the time 

of the test. Establishing an equivalent datum in the unsaturated zone is problematic. 

Price and Allen (1979) chose an arbitrary datum at the mid point of the test section.

5.3.5 Packer test procedure at the Harwell site 

Constant Head Injection Tests

Water was injected into the test section via an access tube. The injection rate was 

controlled to give either a constant rate, Q, or a constant pressure, P, until an 

approximate steady state was achieved. For each test section it was usual to perform 

injections tests at three different flows / pressures steps by stepping up the pressure 3 

times and then stepping it down 3 times to check for hysterisis in the analysis. Hysterisis 

indicates a non-ideality such as unsaturated conditions or leaking packers. If hysterisis 

was encountered, the packers were deflated, then reset and the test repeated. A pressure 

transmitter was set within the test section. The equipment and procedure used are given 

in detail in Appendix 5.1. Figure 5.6 shows the packer test arrangement used for the 

tests described in this thesis.

As part of the process of conducting a constant head packer test a falling head ‘slug’ test 

is undertaken by default once the source of water is turned off. The results of this test 

can be analysed to give values of hydraulic conductivity. The falling head tests serves as 

a check on the values obtained in the constant head tests.

Slug tests have been developed as a simple borehole test of the hydraulic conditions 

within a specific depth interval. Classically a slug test is conducted by instantaneously 

injecting or withdrawing a volume of water. A number of methods of analysis exist.

The Cooper-Papadopulos (Cooper et al., 1967 and Papadopoulos 1973) is suitable for 

analysis of both withdrawal and injection tests in confined aquifers under transient 

conditions.

The Bouwer and Rice method (Bouwer and Rice 1976) for unconfined aquifers, is based 

on Thiem’s equation and can be used for both injection and withdrawal slug tests. 

Crucially the static water table before the test must be above the test section and 

therefore this method is not suitable for the analysis of the tests described below.

The Hvorslev method (Hvorslev 1951) assumes a homogeneous, isotropic, infinite 

medium in which both soil and water are incompressible. The test was developed for 

use in piezometers and therefore refers to typical piezometer geometry.
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All methods assume that testing is within the saturated zone, below the standing water 

table. A number of tests described in this thesis were performed above the water table 

and it is therefore necessary to determine a value of starting head for each test section. 

This has been taken as the head above the pressure transmitter at the start of the test. 

The falling head test procedure is given in detail in Appendix 5.1.

Packer test set up

It is usual to perform a caliper log of the borehole prior to packer testing to identify 

sections of the borehole which have suffered washout or where sharp surfaces are 

present such that seating of the packer would not be possible. However, a caliper log 

was not available for the borehole WSA13.

As a general rule packer inflation pressure (in kPa) should not exceed 12 to 17 times the 

depth in m of the test section and the head in the test section should not exceed 75% of 

effective stress or 0.8 times the overburden pressure (Price et al., 1982) to avoid 

hydraulic fracturing. An inflation pressure of 400 kPa was selected equivalent to a 

hydraulic head of 40.8 m or a lithostatic pressure of 20.4 m (assuming a bulk density of 

2000 kg/m3).

5.3.6 Analysis of results

Hydraulic conductivity determined from constant rate injection tests

The tests have been analysed using the conventional Hvorslev method given in Section

5.3.3 previously, with the simplification of assuming that l/r was greater than 10. For 

the tests described here with a length, I of 1.45 m and a radius r of 0.15, the ratio l/r was 

9.7. Whether the test zones exhibit anisotropic hydraulic conductivity is not known. An 

analysis assuming an anisotropy of Kr = 10 Kz gave consistently higher values of 

hydraulic conductivity. Much of the relevant literature suggests that hydraulic 

conductivity exhibits anisotropy of this magnitude.

The values of recorded pressure used for each constant rate flow period were averaged 

over the final three minutes of the constant rate period and a steady-state flow regime 

was assumed. The head difference, H, required in the Hvorslev formula was taken to be 

the difference between the water table and the applied head where tests were performed 

below the water table.

Above the water table the head difference was taken as that measured at the pressure 

transmitter located towards the base of the test section.

Results o f constant rate injection tests
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The results are shown on Figure 5.7 and tabulated in Table 5.3. They give hydraulic 

conductivity variations ranging over almost two orders of magnitude. In the lower 

section of the borehole (15 to 24 mbgl) the variation in hydraulic conductivity is low 

ranging from 2.0 x 1C6 to 1.0 x 1 O'5 m/s. The upper section of the borehole (7.5 to

14 mbgl) shows a higher hydraulic conductivity (7.0 x 10'6 to 6.0 x 10'5 m/s) and greater 

variability. There is a marked increase in permeability at a depth of between 14 and

15 mbgl and a second, smaller, increase at around 9 mbgl.

The transmissivity of the tested section of the well can be established by summing the 

results of the packer tests, taking an average value for overlapping sections. A total 

transmissivity of 11.3 m2/d was found for the tested section from 8 to 24 mbgl. A plot of 

transmissivity against depth for the individual test sections (Figure 5.8) shows the Type 

A behaviour noted by Tindal (1995), which is characterised by a constant increase in 

cumulative transmissivity with depth.

Hydraulic conductivity determinedfrom falling head tests

The test results have also been analysed using the method of Hvorslev (1951) and using 

the falling head data as described by Freeze and Cherry (1979). Hvorslev assumed that 

the rate of inflow (or outflow) at the piezometer tip (packer test section) at any time, t, is 

proportional to the hydraulic conductivity, K, of the soil and the unrecovered head 

difference, (H-h), such that

dh
q = n r — = F K ( H - h )

dt (5.10)

where F  is a shape factor that depends upon the dimensions of the piezometer intake.

Hvorslev (1951) defined the basic time lag, T o , as

T = "l 0
FK (5.11)

The value of To is determined graphically from a chart of In(H/Ho) against time as the 

point at which H/Ho is 0.37 (\n(H/Ho)= \). For a ratio of screen length, /, to radius, r, of 

(l/r)>8. Hvorslev (1951) evaluated the shape factor to give

r2 ln(L / R)

2170 (5.12)

where r is the radius of the well casing (downpipe).
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In the unsaturated zone the unrecovered head difference was taken as the difference 

between the measured head and zero head at the pressure transmitter.

Results o f falling head tests

The results are shown plotted with depth on Figure 5.9 and listed in Table 5.4. For test 

interval 1, there was little decline in pressure with time, indicating a possible blockage 

in the test section as the value of hydraulic conductivity derived is unusually low when 

compared to adjacent test sections and the constant rate injection test result for this 

interval.

Test intervals 10 and 13 showed very rapid decline in measured head, such that the rate 

of measurement was insufficient to provide more than three data points, therefore the 

values of hydraulic conductivity derived from these tests should be treated with caution, 

as their rapid decline is indicative of elevated hydraulic conductivity. The remaining 

tests show good agreement with the theoretical, linear response.

Comparison o f constant head and falling head test results

The results from the two tests are plotted against each other on Figure 5.10. The results 

show an approximate linearity, with the more reliable constant rate injection tests giving 

an overall higher hydraulic conductivity. The constant rate test results will be used in 

preference in the remainder of this thesis.

5.3.7 Sources of error for constant rate injection tests

A number of potential sources of error exist and are listed below

1. Poor sealing of packers and short-circuiting. A check for linearity using stepped 

injection rates was made to demonstrate that packer seals were effective. This 

involved stepping up the injection rate in three stages, establishing equilibrium at 

each stage and then stepping down the injection rate via the same stages. Under ideal 

conditions the pressure recorded on the upward and downward steps should be 

identical. On a number of tests the first set of step tests returned to a pressure reading 

different to original starting reading at that rate, possibly due to unsaturated 

conditions prevailing or leakage around the packer. However, a second set of step 

tests at all these locations showed a linear relationship.

2. Non-saturation of the test zone. This is a potentially major source of error when 

testing the unsaturated zone, as the value of unsaturated hydraulic conductivity can
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be highly variable depending upon the degree of saturation. The packer step test 

described above was also a test of the saturation of the test zone as an unsaturated test 

zone might be expected to show hysteritic behaviour under the step test regime.

3. Promotion of fractures by use of excessive values of injection pressure head. This 

effect would lead to higher values of hydraulic conductivity for higher pressures. The 

system used was not capable of delivering pressures in excess of the hydrostatic head 

which amounted to a maximum pressure of 24 m of water at the base of the borehole. 

At this pressure hydraulic fracturing was not expected.

4. Fracturing due to packer inflation. The packer inflation pressure used (400 kPa) 

represents a minimum to ensure a seal; lower pressures led to problems with leakage 

around the packer. The relatively low values of hydraulic conductivity recorded, and 

the consistency of the results suggests that fracturing was not induced around the 

packers.

5. Analysis of non-steady state conditions. The results recorded appear to indicate that a 

steady state was approached rapidly during the tests. However, no individual test was 

run for longer than 15 minutes and therefore the values recorded do not represent the 

long-term condition. The results consistently show that a steady-state was 

approached rapidly, with a somewhat longer period of time required for steady-state 

during the first flow period than for subsequent flow periods. The rapid approach to 

this condition suggests that significant change over longer periods of time is unlikely, 

although a small decline in measured head might be anticipated from a slight 

downward trend of measured head with time. Consequently the reported results may 

overestimate the calculated hydraulic conductivity.

5.3.8 Sources of error for falling head packer tests

The potential sources of error are listed below:

1. The test methods were derived for saturated conditions and an assumption was made 

in the analysis that such conditions have been achieved. However, it is possible that 

the falling head test was measuring an unsaturated hydraulic conductivity, as there 

was no check similar to that provided by the step tests in the constant rate tests.

2. The test analysis method used assumes the test zone to be below the standing water 

table so it is not strictly valid for tests in the unsaturated zone.

3. For two of the test sections the rate of measurement was not sufficiently rapid to 

provide an appropriate number of data points.
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5.3.9 Discussion of packer testing

Comparison with AEA Technology short interval testing results

AEA Technology have conducted a series of short-interval, pumped packer tests in the 

Lower Chalk at Harwell and these are summarised in Brewer et al., (1995a), Most of 

these borehole tests were conducted in the deeper boreholes present at the site and the 

data are for depths of greater than 20 m. Of particular interest are those test boreholes 

located close to WSA13 and boreholes tested in the upper HI aquifer in the Western 

Storage Area. The double packer test set up used by Brewer et al., (1995a) isolated a test 

zone of approximately 2.7 m. Results of the AEA packer tests are shown on Figure 5.11. 

These tests use an approach based on the Theim equation and assume a zero head 

boundary at 50 m.

AEA Technology have also calculated the transmissivity of several wells as a function 

of depth to water from the surface in the well by conducting short duration pumping 

tests in the entire saturated section of the well. These have been converted to hydraulic 

conductivity to allow comparison with the results reported here and are shown on Figure 

5.12. The locations of the wells used for hydraulic testing are shown on Figure 4.12 and 

Figure 4.13.

Figure 5.11 shows the results of packer testing in the vicinity of the Western Storage 

Area. These results show that there is a consistent trend where relatively high values of 

hydraulic conductivity are found above 30 m. The reduction in conductivity below this 

marks the top of the LI aquitard unit (described in Chapter 4).

Above 30 m the results from the 6 wells presented in Figure 5.11 show a range of values 

for hydraulic conductivity from 1 x 10'5 to 1 x 10*3m/s. Below 30 m hydraulic 

conductivity falls to lower values, as the LI unit is encountered.

No previous packer test data are available for the upper part of the HI aquifer, which 

includes most of the SUZ. Single well pumping tests shown in Figure 5.12 indicate that 

hydraulic conductivity in the western part of Harwell Laboratory is not generally a 

function of depth in the upper 20 m of the HI aquifer or, put another way, that 

transmissivity increases uniformly with saturated thickness. Although single well pump 

tests are less reliable than other forms of test, due to the problems associated with well 

bore storage, these results are included as they cover the full thickness of the HI aquifer 

up to the maximum recorded elevation of the water table at 7 mbgl.
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The results of both the packer tests and single well tests conducted by AEA Technology 

give consistently higher values of hydraulic conductivity for the upper HI horizon in the 

WSA than those derived from the packer tests carried out in WSA13, and this is shown 

on Figure 5.13. The reason for this difference is not known. WSA13 may have suffered 

clogging during drilling effectively closing major fissures and the well was not 

developed prior to testing. The tests conducted by Brewer et al., (1995a) were generally 

for much longer periods of time and therefore might be expected to produce values 

closer to the aquifer conditions. However, the analysis used by Brewer et al., (1995a) 

was based on the Theim equation and includes a number of uncertainties and requires 

assumptions to be made, in particular the radius of influence could only be conjectured. 

Brewer et al., (1995a) assumed that steady state was reached during the test and no 

account was made of well losses in calculating head. Price and Allen (1979) noted that 

tests performed under saturated conditions gave consistently higher results than those 

under unsaturated conditions due to problems with air entrapment and this could be a 

cause of the low hydraulic conductivity in WSA13. However, several of the tests in 

WSA 13 were performed under saturated conditions and these show no appreciable 

differences to those tests performed under unsaturated conditions. Alternatively, the 

error could lie with the AEA results and be due to the assumptions regarding the zero 

head boundary used and the problems of well bore storage.

Comparison with other packer test results from the Chalk

In the Upper Chalk of Hampshire, Price et al., (1977) conducted- injection tests at two 

boreholes. Analysis of the results gave values of hydraulic conductivity of 0.1 to 

1 m/day (1 x 1 O'6 to 1 x 10‘5 m/s). For a number of tests sections a value of hydraulic 

conductivity could not be measured as insufficient water was available. These sections 

were identified, by use of CCTV, as containing major fissures. They concluded that the 

fissures accounted for much of the transmissivity of the borehole and that the lower 

(measured) value of hydraulic conductivity, although significantly higher that the matrix 

hydraulic conductivity contributed little to overall transmissivity.

Price (1987) described the Chalk permeability in terms of matrix permeability, primary 

fissure component and secondary fissure component. The primary fissure component is 

derived from the fissures found in the chalk where they have not been enlarged by 

solution. He suggests that the primary fissure component contributes values of hydraulic
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conductivity of around O.lm/day (1 x 10*6 m/s ). He also reports values from the Lower 

Chalk as low as 10-4 m/day.

Packer tests in the Chalk at Totford, Hampshire, found values of hydraulic conductivity 

ranging from 0.01 m/day to 102 m/day with the bulk of results lying in the range 0.1 to 

1 m/day (Price et al., 1982). Differences in hydraulic conductivity between core samples 

tested in the laboratory and field results were attributed to Assuring. A very large part of 

the total transmissivity for the borehole was derived from a single test section in which a 

major fissure occurred, demonstrating the importance of secondary, solution enhanced, 

fissures.

5.3.10 Conclusions from packer testing

A number of conclusions can be drawn from the hydraulic testing programme described 

above.

1. Packer testing in the unsaturated zone was successful and saturated conditions were 

achieved within a relatively short period of time using constant rate injection tests as 

shown by the pressure step tests.

2. Values of hydraulic conductivity vary over a restricted range from 2 x 10"6 to 

3 x 10'5 m/s and there is a general trend of increasing hydraulic conductivity upwards 

with a more significant jump at around 14 mbgl.

3. The values of hydraulic conductivity derived are relatively low compared to other 

tests from the site which were generally performed at deeper locations. Values are 

also low compared to those quoted in literature (e.g. Price et al., 1977, Price et al., 

1982) but are well within the cited range of values for the Chalk.

4. No major Assuring is present within the section tested. Major fissures would exhibit 

values of hydraulic conductivity considerably higher than those found in this 

investigation. The rapid approach to equilibrium conditions found during the tests 

indicates that only a small volume of water is required to saturate the Chalk and 

suggests that the fracture porosity is low.

5 A Groundwater sampling during water tabie fiuctuations

5.4.1 Objective

An objective of this project was to determine the variation of groundwater quality with 

both water table elevation and with time. This was to be achieved by installing depth 

specific sampling points and sampling during water table rise events. Unfortunately, a
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lack of recharge over the period of this research has restricted the achievement of this 

objective.

5.4.2 Hydrograph behaviour during the sampling period

Piezometer installation was completed in December 1996 in time for the 1996 / 1997 

winter recharge event but no significant recharge occurred until December 1997. The 

relationship of the water table (in HWS9) to the monitoring points is shown on Figure 

5.14. The water table began to rise in late 1997 and reached a peak at 106 mAOD in 

January 1998. It then began to decline, although very slowly. At the peak water table 

elevation, both piezometers A and B were submerged, although the sampling interval at 

B was not completely beneath the water table. Following heavy rain in April 1998, the 

water table again rose to reach a new peak elevation at 108 mAOD, just reaching the 

base of sampling point C before starting to decline.

5.4.3 Installation of discrete interval piezometers

Following packer testing, borehole WSA 13 was completed as a well with four depth 

specific sampling points in December 1996. The details of the installation are given on 

Figure 5.15. The installation was designed by the author and undertaken by Harrison 

and Company. The four sampling points consist of standard Casagrande type ceramic 

piezometers of 0.3 m length set in a sand-filled interval 1 metre in length. Sampling 

intervals were isolated by cement-bentonite seals of at least 1 metre thickness at each 

end. Piezometers were connected to surface by uPVC tubing of 0.19 m internal 

diameter. Sampling was by a “Waterra” hand operated pump consisting of a stainless 

steel foot-valve connected to surface by 0.1 m internal diameter HDPE tubing. 

Oscillation of the tubing at the surface forces water past the foot valve. A dedicated 

pump and tubing was installed in each piezometer to avoid cross-contamination. The 

depth intervals at which the piezometers were installed (see Figure 5.15) were designed 

to span the typical range of the SUZ.

5.4.4 Sampling and analysis of groundwater from discrete interval piezometers

Samples of groundwater were taken at the site at intervals of approximately two weeks 

in January, February and March 1998. Additional samples were taken in May and June 

1998 following a recovery of water levels in April (see Figure 5.14). Where possible the 

sampling point was purged by removing approximately 3 volumes of the water from the 

piezometer and surrounding sand pack before taking a sample. This volume of water
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amounted to approximately 20 litres (taking porosity of the sand to be 20%). Extracted 

water was measured on site for temperature, electrical conductivity (EC), pH, dissolved 

oxygen content (‘wellhead parameters’) and bicarbonate concentration. Details of the 

sampling techniques are given in Appendix 5.2.

Where the depth of water in the piezometer was insufficient to allow pumping, samples 

were obtained by ‘bailing’ the well by withdrawing the pump system and emptying the 

contents of the sampling tube into the appropriate sampling containers.

Separate samples were taken for analysis of chlorinated solvents, cations and anions. 

Samples for analysis of chlorinated solvents were taken but not analysed due to 

problems with analytical equipment. For chlorinated solvents a trip blank accompanied 

each sampling trip, for cations and anions blanks were made up in the field.

Method

Inorganic species were analysed using the methods described in Chapter 6.

5.4.5 Results of field measurements

Samples were obtained for piezometer A (18.5 mbgl) on seven separate occasions. 

Samples were taken from piezometer B (15.70 mbgl) on only two sampling trips and 

were obtained by ‘bailing’. Piezometer B appears to have become clogged as no water 

could be pumped from it. Results are shown on Figure 5.16 and Figure 5.17 

respectively.

Wellhead parameters

The aggressive groundwater conditions at the site meant that the dissolved oxygen 

(D 02) meter did not function adequately on several of the sampling trips; nevertheless it 

can be seen that the groundwater is depleted in oxygen in both piezometer A (lowest) 

and B (lower intermediate) indicative of reducing conditions. Dissolved oxygen was 

highest in the earliest readings soon after the principal rise in the water table and fell 

thereafter. Electrical conductivity in piezometer A fell through period of sampling. EC 

for B was significantly higher reflecting the increased concentration of dissolved solids. 

The pH in both piezometers was very similar and remained reasonably constant 

throughout the sampling.

Results o f laboratory analysis o f groundwater samples

Results are tabulated on Table 5.5. The major ions in the groundwater at the site are 

chloride, calcium and bicarbonate. For piezometer A (Figure 5.16), chloride shows an 

initial high concentration which falls slightly at the subsequent sampling trip and then
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remains constant, the other major ions show little change over the period of sampling. In 

piezometer B (Figure 5.17), the concentrations of dissolved ions are significantly higher 

and the concentrations of anions and cations broadly similar from the two samples. 

Groundwater in both piezometers is essentially a calcium bicarbonate type water, but 

with a significant sodium chloride concentration.

5.4.6 Conclusions of discrete interval sampling

Significant changes in groundwater chemistry appear to be restricted to the period of 

rapidly rising groundwater characterised by the first sampling trip where the 

concentration of dissolved species (in A) are higher than on subsequent trips. This 

suggests that changes in groundwater chemistry are restricted to relatively short periods 

of time following the rise in groundwater table and that the system moves rapidly 

towards equilibrium. With only a single seasonal cycle for analysis further interpretation 

is difficult.

Data quality

The presence of high concentrations of organic compounds in groundwater has an effect 

on the quality of the inorganic analysis. Licha (1998) has analysed samples from the last 

sampling trip on 10 June 1998 for organic compounds which might interfere in the 

determination of inorganic ions. A number of organic acids (salicylic, malic and maleic 

acid) were detected at low concentrations. These are capable of interfering with the 

determination of fluoride and sulphate with the analytical method used. In addition, 

Licha (1998) also found acetate to be present, this compound will affect the bicarbonate 

determination by titration, giving results which are apparently higher in bicarbonate 

than the true value. As a result of the presence of organic compounds the ionic balances 

for the samples taken (Table 5.5) are poor and have too great a positive charge. The 

results presented in this section, particularly for fluoride and sulphate, should therefore 

be treated with some caution. In addition, the fluoride concentrations reported are 

generally in excess of the solubility product of fluorite.

5.4.7 Results from AEA discrete interval sampling

No previous discrete interval testing has been undertaken over time at Harwell 

Laboratory. However, a number of wells have been sampled for chlorinated solvents at 

discrete intervals using packer testing to give some indication of the location of 

contaminants. These results are shown on Figure 5.18. The location of the wells is given
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on Figure 4.12 and Figure 4.13. Unfortunately, samples were taken at a time of low 

water table elevation and therefore only apply to the lower part of the HI aquifer, the LI 

aquitard and the H2 aquifer and are not directly comparable to the results reported in 

this thesis. Only those results which relate to the HI aquifer are shown on Figure 5.18. 

These results show some variability, but most of the wells show a decline in chlorinated 

solvent concentration with depth below 30 mbgl, with the exception of HWS9, the well 

furthest from the WSA.

5.4.8 Discussion of water sampling results

The results of water sampling indicate that the groundwater at a particular depth 

maintains a reasonably constant chemical constitution, outside periods of rapidly 

changing water tables. This suggests that the groundwater sample (fissure water) is in 

local equilibrium with the matrix porewater. The results from the sampling by AEA 

suggest that there is vertical stratification of the water chemistry, as does the limited 

data set obtained here for two piezometers. The relationship between porewater 

chemistry and groundwater is discussed in Chapter 9.
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Table 5.1. Distance penetrated by water drilling flush

Time Distance
(millimetres)

1 minute 0.2
1 hour 1.5
10 hours 2.7
1 day 7.2
1 week 31.1
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Table 5.2 Fracture spacing data from WSA 12 and WSA 13
Vertical

interval

Distance along centre of core betw een natural fractures 

(descending depth order)*

Index of 

fracturing

(m bgl) dr)
From To (m) (m)

WSA13

0 1 0:00 0.00

1 2 0.00 0.00

2 3 0.10 0.07 0.08 0.07 0.02 0.03 0.05 0.04 0.04 0.04 0.19 0.07

3 4 0.19 0.21 0.12 0.08 0.09 0.14

4 5 0.10 0.08 0.11 0.08 0.02 0.20 0.20 0.07 0.11

5 6 0.07 0.02 0.01 0.12 0.05 0.01 0.25 0.07 0.04 0.01 0.15 0.20 0.08

6 7 0.25 0.18 0.01 0.01 0.11 0.18 0.12

7 8 0.06 0.04 0.08 0.27 0.14 0.25 0.14

8 9 0.04 0.05 0.17 0.14 0.07 0.21 0.09 0.03 0.07 0.10

9 10 0.40 0.05 0.01 0.14 0.24 0.12 0.16

10 11 0.07 0.05 0.06 0.20 0.21 0.12

11 12 0.44 0.05 0.03 0.21 0.13 0.06 0.15

12 13 0.10 0.15 0.10 0.20 0.10 0.10 0.13

13 14 0.30 0.22 0.17 0.20 0.22

14 15 0.21 0.11 0.04 0.40 0.03 0.16

15 16 0.03 0.04 0.08 0.32 0.28 0.13 0.06 0.13

16 17 0.06 0.31 0.14 0.05 0.04 0.16 0.06 0.10 0.12

17 18 0.10 0.05 0.10 0.13 0.12 0.18 0.22 0.07 0.04 0.11

18 19 0.37 0.18 0.16 0.06 0.06 0.09 0.15

19 20 0.15 0.05 0.26 0.35 0.09 0.05 0.16

Average index of fracturing (m) 0.12

M ean fracture spacing 0.12, standard deviation 0.100 0.03

WSA12

0 1 0.00 0.00

1 2 0.00 0.00

2 3 0.21 0.06 0.25 0.17

3 4 0.10 0.06 0.07 0.10 0.30 0.20 0.01 0.12

4 5 0.12 0.04 0.26 0.14

5 6 0.15 0.05 0.13 0.15 0.02 0.10

6 7 0.10 0.11 0.05 0.13 0.03 0.05 0.25 0.10 0.09 0.10

7 8 0.15 0.28 0.09 0.04 0.14

8 9 0.14 0.07 0.07 0.08 0.02 0.10 0.08 0.02 0.04 0.29 0.02 0.02 0.08

9 10 0.12 0.04 0.18 0.10 0.10 0.13 0.22 0.13

10 11 0.11 0.05 0.16 0.05 0.22 0.15 0.04 0.12 0.11

11 12 0.06 0.06 0.29 0.04 0.08 0.11 0.22 0.12

12 13 0.11 0.11 0.05 0.15 0.10 0.20 0.24 0.14

13 14 0.13 0.27 0.04 0.02 0.08 0.35 0.03 0.13

14 15 0.02 0.08 0.24 0.14 0.02 0.10

15 16 0.69 0.16 0.16 0.36 0.34

16 17 0.10 0.04 0.02 0.02 0.06 0.08 0.02 0.25 0.10 0.29 0.10

17 18 0.30 0.07 0.18 0.18

18 19 0.03 0.11 0.23 0.08 0.09 0.32 0.14

19 20 0.09 0.14 0.33 0.05 0.09 0.14

A verage index of fracturing (m) 0.12

M ean fracture spacing 0.12, standard  deviation 0.100
"only d istances that could be m easured  are  included. Heavily fractured zo n es are  omitted 
for practical purposes and therefore averag es will be b iased
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Table 5.3 Constant rate injection packer test results in WSA 13
Test

Section
T ransducer Pre test 

Head
Flow Period 

S teady S ta te  
Reading

Press. Head Head
Difference

H

Flow
Rate

Q

Hydr.
Cond.

K

Hydr. 
Cond. 

K (corr.)
Depth Pre-test

Reading

(m bgl) (mA) (m) (mA) (bar) (m) (m) (m3/s) (m/s) (m/s)
1 23.91 6.36 4.25 9.1 0.94 9.57 5.32 1.50E-04 7.02E-06 1 06E-05
1 23.91 6.36 4.25 10.99 1.29 13.13 8.88 3.00E-04 8.41 E-06 1.27E-05
1 23.91 6.36 4.25 13.18 1.69 17.25 13.00 4.50E-04 8.62E-06 1.30E-05
1 23.91 6.36 4.25 10.96 1.28 13.07 8.82 3.00E-04 8.47E-06 1 28E-05
1 23.91 6.36 4.25 9.23 0.96 9.82 5.57 1.50E-04 6.71 E-06 1.01E-05

Mean 7.84E-06 1.1828E-05
2 22.65 5.63 2.93 13.59 1.77 18.02 15.09 1.50E-04 2.47E-06 3.73E-06
2 22.65 5.63 2.93 15.59 2.14 21.78 18.86 3.00E-04 3.96E-06 5.97E-06
2 22.65 5.63 2.93 12.54 1.57 16.05 13.12 1.50E-04 2.85E-06 4.29E-06

Mean 3.09E-06 4.67E-06
3 21.2 4.85 1.52 13.9 1.82 18.60 17.09 1 50E-04 2.19E-06 3.30E-06
3 21.2 4.85 1.52 16.28 2.26 23.08 21.57 3.00E-04 3.46E-06 5.22E-06
3 21.2 4.85 1.52 12.43 1.55 15.84 14.32 1.50E-04 2.61 E-06 3.93E-06
3 21.2 4.85 1.52 16 2.21 22.56 21.04 3.00E-04 3.55E-06 5.35E-06
3 21.2 4.85 1.52 12.33 1.53 15.65 14.13 1.50E-04 2.64E-06 3.98E-06

Mean 2.89E-06 4.36E-06
4 19.91 4.13 0.21 6.45 0.45 4.59 4.37 7.5.0E-05 4.27E-06 6.44 E-06
4 19.91 4.13 0.21 15.75 2.17 22.09 21.87 1.50E-04 1.71 E-06 2.58E-06
4 19.91 4.13 0.21 6.36 0.43 4.42 4.20 7.50E-05 4.44E-06 6.70E-06

Mean 3.47E-06 5.24E-06
5 18.51 -0.02 11.51 1.38 14.11 14.13 7.50E-05 1.32E-06 1.99E-06
5 18.51 -0.02 12.73 1.61 16.40 16.43 1.50E-04 2.27E-06 3.43E-06
5 18.51 -0.02 11.68 1.41 14.43 14.45 7.50E-05 1.29E-06 1 95E-06

Mean 3.36E-06 5.06E-06
6 18.16 -0.02 11.18 1.32 13.51 13.53 1.50E-04 2.76E-06 4.16E-06
6 18.16 -0.02 14.07 1.85 18.88 18.90 3.00E-04 3.95E-06 5.96E-06
6 18.16 -0.02 11.1 1.31 13.36 13.38 1.50E-04 2.79E-06 4.21 E-06

Mean 3.17E-06 4.78E-06
16.73 -0.02 13.43 1.73 17.69 17.71 7.50E-05 1.05E-06 1.59E-06
16.73 -0.02 14.52 1.93 19.71 19.74 1.50E-04 1.89E-06 2.85E-06
16.73 -0.02 14.35 1.90 19.40 19.42 3.00E-04 3.85E-06 5.80E-06
16.73 -0.02 13.81 1.80 18.39 18.42 1.50E-04 2.03E-06 3.06E-06
16.73 -0.02 13.21 1.69 17.28 17.30 7.50E-05 1.08E-06 1.63E-06
16.73 -0.02 14.04 1.85 18.82 18.84 1.50E-04 1.98E-06 2.99E-06
16.73 -0.02 13.19 1.69 17.24 17.26 7.50E-05 1.08E-06 1.63E-06

Mean 1.85E-06 2.79E-06
8 15.47 -0.02 10.86 1.27 12.91 12.93 7.50E-05 1.44E-06 2.18E-06
8 15.47 -0.02 11.97 1.47 14.97 15.00 1.50E-04 2.49E-06 3.76E-06
8 15.47 -0.02 10.65 1.23 12.52 12.54 7.50E-05 1.49E-06 2.25E-06

Mean 1.81 E-06 2.73E-06
9 14.06 -0.02 6.32 0.44 4.47 4.50 1.50E-04 8.31 E-06 1 25E-05
9 14.06 -0.02 7.34 0.62 6.37 6.39 3.00E-04 1.17E-05 1 76E-05
9 14.06 -0.02 8.67 0.87 8.84 8.86 4.50E-04 1.26E-05 1.91E-05
9 14.06 -0.02 7.35 0.63 6.39 6.41 3.00E-04 1.17E-05 1.76E-05
9 14.06 -0.02 6.33 0.44 4.49 4.52 1.50E-04 8.27E-06 1.25E-05

Mean 1.05E-05 1.58E-05
10 12.84 -0.02 5.39 0.27 2.75 2.77 1.50E-04 1.35E-05 2.03E-05
10 12.84 -0.02 6.17 0.41 4.20 4.22 3.00E-04 1.77E-05 2.67E-05
10 12.84 -0.02 7.42 0.64 6.52 6.54 4.50E-04 1.71E-05 2.58E-05
10 12.84 -0.02 6.4 0.45 4.62 4.65 3.00E-04 1.61E-05 2.42E-05
10 12.84 -0.02 5.53 0.29 3.01 3.03 1.50E-04 1.23E-05 1.86E-05

Mean 1.53E-05 2.31 E-05
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Table 5.3 Constant rate injection packer test results in WSA 13 (continued)
Test

Section
T ransducer Pre tes t 

Head
Flow Period 
S teady S ta te  

Reading

Press . Head H ead
Difference

H

Flow
R ate

Q

Hydr.
Cond.

K

Hydr. 
Cond. 

K (corr.)
Depth Pre-test

Reading

(m bgl) (mA) (m) (mA) (bar) (m) (m) (m3/s) (m/s) (m/s)
11 11.56 -0.02 7.87 0.72 7.35 7.38 1.50E-04 5.06E-06 7.63E-06
11 11.56 -0.02 10.37 1.18 12.00 12.02 3.00E-04 6.21 E-06 9.37E-06
11 11.56 -0.02 12.67 1.60 16.28 16.30 4.50E-04 6.88E-06 1.04E-05
11 11.56 -0.02 10.23 1.15 11.74 11.76 3.00E-04 6.35E-06 9.58E-06
11 11.56 -0.02 7.94 0.73 7.49 7.51 1.50E-04 4.98E-06 7.50E-06

Mean 5.90E-06 8.89E-06
12 10.21 -0.02 7.81 0.71 7.24 7.27 1.50E-04 5.14E-06 7.75E-06
12 10.21 -0.02 9.88 1.09 11.09 11.11 3.00E-04 6.72E-06 1.01E-05
12 10.21 -0.02 11.38 1.36 13.88 13.90 4.50E-04 8.06E-06 1.22E-05
12 10.21 -0.02 9.44 1.01 10.27 10.30 3.00E-04 7.26E-06 1.09E-05
12 10.21 -0.02 7.4 0.64 6.48 6.50 1.50E-04 5.74E-06 8.66E-06
12 10.21 -0.02 9.67 1.05 10.70 10.72 3.00E-04 6.97E-06 1 05E-05
12 10.21 -0.02 7.42 0.64 6.52 6.54 1.50E-04 5.71 E-06 8.61 E-06

Mean 6.51 E-06 9.82E-06
13 8.86 -0.02 5.13 0.22 2.26 2.29 3.00E-04 3.27E-05 4.93E-05
13 8.86 -0.02 5.49 0.29 2.93 2.96 4.50E-04 3.79E-05 5.72E-05
13 8.86 -0.02 5.13 0.22 2.26 2.29 3.00E-04 3.27E-05 4.93E-05

Mean 3.44E-05 5.19E-05
14 21.61 5.17 2.09 12.62 1.59 16.18 14.09 1.50E-04 2.65E-06 4.00E-06
14 21.61 5.17 2.09 14.97 2.01 20.55 18.45 3.00E-04 4.05E-06 6.10E-06
14 21.61 5.17 2.09 12.22 1.51 15.44 13.34 1.50E-04 2.80E-06 4.22E-06
14 21.61 5.17 2.09 11.68 1.42 14.‘44 12.34 7.50E-05 1.51 E-06 2.28E-06
14 21.61 5.17 2.09 12.29 1.53 15.57 13.47 1.50E-04 2.77E-06 4.18E-06
14 21.61 5.17 2.09 11.71 1.42 14.49 12.40 7.50E-05 1.51 E-06 2.27E-06

Mean 2.55E-06 3.84E-06
15 15.11 -0.02 12.3 1.53 15.59 15.61 1.50E-04 2.39E-06 3.61 E-06
15 15.11 -0.02 14.31 1.89 19.32 19.35 3.00E-04 3.86E-06 5.82 E-06
15 15.11 -0.02 11.91 1.46 14.86 14.89 1.50E-04 2.51 E-06 3.78E-06
15 15.11 -0.02 14.24 1.88 19.19 19.22 3.00E-04 3.89E-06 5.86E-06
15 15.11 -0.02 11.72 1.42 14.51 14.53 1.50E-04 2.57E-06 3.88E-06

Mean 3.04E-06 4.59E-06
A nalysis:
1. Conventional Hvorslev Method

K=(Q/(2.Pi.L.H)).Ln{L/r)

w here Q = flow rate [m3/s], L = length of tes t section [1.45m], H= head  difference [m], r = radius of borehole
[0.15m], K = hydraulic conductivity [m/s]

2. Modified Hvorslev Method (with correction for anisotropic conditions)

K= Q/(2.Pi.L.H).Ln[{(m.L)/(2.r)}+sqrt{1+((m*L)/(2*r))2}]

where m = sqrt(K,/Kv) and Kr = radial hydraulic conductivity [m/s] and Kv = vertical hydraulic conductivity[m/s]
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Table 5.4 Falling head packer test results in WSA 13

Test
No.

Real
Time

Transmitter Pre-test
Head

unrec'v'd 
head diff. 

(H)

Elapsed
Time

(t)

H/Hzero In
(H/H0)

T K

Depth Readin

(s ) (m bgl (mA) m water) (m water) ( s ) (m) ( s ) (m/s)
1 10 8.86 9.00 4.25 5.13
1 20 8.86 8.81 4.25 4.78 0 1.00 0.00
1 30 8.86 8.78 4.25 4.72 10 0.99 -0.01
1 40 8.86 8.75 4.25 4.66 20 0.98 -0.02
1 50 8.86 8.73 4.25 4.63 30 0.97 -0.03
1 60 8.86 8.72 4.25 4.61 40 0.96 -0.04
1 90 8.86 8.68 4.25 4.53 70 0.95 -0.05
1 120 8.86 8.67 4.25 4.51 100 0.94 1182.03 1.39E-07

2 20 10.21 14.56 2.93 16.91 0 1.00 0.00
2 30 10.21 12.60 2.93 13.23 10 0.78 -0.25
2 40 10.21 10.81 2.93 9.86 20 0.58 -0.54
2 50 10.21 8.80 2.93 6.08 30 0.36 -1.02
2 60 10.21 7.48 2.93 3.60 40 0.21 -1.55 28.33 5.81 E-06

3 20 11.56 14.28 1.52 17.80 0 1.05 0.05
3 30 11.56 11.96 1.52 13.43 10 0.79 -0.23
3 40 11.56 9.47 1.52 8.75 20 0.52 • -0.66
3 50 11.56 7.71 1.52 5.44 30 0.32 -1.13
3 60 11.56 6.51 1.52 3.18 40 0.19 -1.67
3 70 11.56 5.27 1.52 0.85 50 0.05 -2.99 20.70 7.96E-06

10 12.84 5.91 0.21 3.36 0 1.00 0.00
20 12.84 5.61 0.21 2.79 10 0.83 -0.18
30 12.84 5.37 0.21 2.34 20 0.70 -0.36
40 12.84 5.06 0.21 1.76 30 0.52 -0.65
60 12.84 4.96 0.21 1.57 50 0.47 -0.76
70 12.84 4.87 0.21 1.40 60 0.42 -0.87
80 12.84 4.78 0.21 1.23 70 0.37 -1.00
90 12.84 4.76 0.21 1.19 80 0.36 -1.03 68.97 2.39E-06

5 30 14.06 13.10 N/A 17.09 0 1.00 0.00
5 40 14.06 12.20 N/A 15.40 10 0.90 -0.10
5 60 14.06 9.96 N/A 11.19 30 0.65 -0.42
5 70 14.06 8.52 N/A 8.48 40 0.50 -0.70
5 80 14.06 7.03 N/A 5.68 50 0.33 -1.10
5 90 14.06 6.00 N/A 3.74 60 0.22 -1.52
5 100 14.06 5.39 N/A 2.59 70 0.15 -1.89
5 110 14.06 4.82 N/A 1.52 80 0.09 -2.42
5 120 14.06 4.71 N/A 1.31 90 0.08 -2.57
5 130 14.06 4.68 N/A 1.26 100 0.07 -2.61 37.88 4.35E-06

6 20 15.11 12.55 N/A 16.06 0 1.00 0.00
6 30 15.11 11.26 N/A 13.63 0 1.00 0.00
6 40 15.11 8.87 N/A 9.14 10 0.67 -0.40
6 50 15.11 6.78 N/A 5.21 20 0.38 -0.96
6 60 15.11 5.58 N/A 2.95 30 0.22 -1.53
6 70 15.11 4.69 N/A 1.27 40 0.09 -2.37 18.28 9.01 E-06
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Table 5.4 Falling head packer test results in WSA 13
(continued)
Test
No.

Real
Time

Transmitter Pre-test
Head

unrec'v'd 
head diff. 

(H)

Elapsed
Time

(t)

H/Hzero In
(H/Ho)

T K
Depth Readin

(s) (m bgl (mA) m water) (m water) (s) (m) (s) (m/s)
7 90 15.47 12.63 N/A 16.21 0 1.00 0.00
7 100 15.47 11.87 N/A 14.78 10 0.91 -0.09
7 110 15.47 11.11 N/A 13.35 20 0.82 -0.19
7 120 15.47 10.41 N/A 12.03 30 0.74 -0.30
7 130 15.47 9.75 N/A 10.79 40 0.67 -0.41
7 140 15.47 9.14 N/A 9.64 50 0.60 -0.52
7 150 15.47 8.63 N/A 8.69 60 0.54 -0.62
7 160 15.47 8.13 N/A 7.74 70 0.48 -0.74
7 180 15.47 7.21 N/A 6.01 90 0.37 -0.99
7 190 15.47 6.81 N/A 5.26 100 0.32 -1.13
7 200 15.47 6.45 N/A 4.58 110 0.28 -1.26
7 210 15.47 6.06 N/A 3.85 120 0.24 -1.44
7 220 15.47 5.76 N/A 3.29 130 0.20 -1.60 86.96 1.89E-06

8 30 16.73 11.68 N/A 14.42 0 1.00 0.00
8 40 16.73 11.04 N/A 13.22 10 0.92 -0.09
8 50 16.73 9.88 N/A 11.04 20 0.77 -0.27
8 60 16.73 8.52 N/A 8.48 30 0.59 . -0.53
8 70 16.73 7.70 N/A 6.94 40 0.48 -0.73
8 80 16.73 6.72 N/A 5.09 50 0.35 -1.04
8 90 16.73 6.10 N/A 3.93 60 0.27 -1.30
8 100 16.73 5.51 N/A 2.82 70 0.20 -1.63
8 110 16.73 5.16 N/A 2.16 80 0.15 -1.90
8 120 16.73 4.83 N/A 1.54 90 0.11 -2.24
8 140 16.73 4.62 N/A 1.14 110 0.08 -2.54 43.67 3.77E-06

9 10 18.16 8.32 N/A 8.10 0 1.00 0.00
9 20 18.1.6 7.99 N/A 7.48 10 0.92 -0.08
9 30 18.16 5.61 N/A 3.00 20 0.37 -0.99
9 40 18.16 5.01 N/A 1.88 30 0.23 -1.46
9 50 18.16 4.97 N/A 1.80 40 0.22 -1.50 24.04 6.85E-06

N/A
10 10 18.51 7.35 N/A 6.28 0 1.00 0.00
10 20 18.51 6.83 N/A 5.30 10 0.84 -0.17
10 30 18.51 4.63 N/A 1.16 20 0.18 -1.69 14.10 1.17E-05

11 35 19.91 9.46 N/A 10.25 0 1.00 0.00
11 40 19.91 8.39 N/A 8.23 5 0.80 -0.22
11 45 19.91 7.24 N/A 6.07 10 0.59 -0.52
11 50 19.91 6.32 N/A 4.34 15 0.42 -0.86
11 55 19.91 5.70 N/A 3.17 20 0.31 -1.17
11 60 19.91 5.17 N/A 2.18 25 0.21 -1.55
11 65 19.91 4.72 N/A 1.33 30 0.13 -2.04
11 70 19.91 4.63 N/A 1.16 35 0.11 -2.18 16.00 1.03E-05

12 30 21.20 8.59 N/A 8.61 0 1.00 0.00
12 35 21.20 8.40 N/A 8.25 0 1.00 0.00
12 40 21.20 7.26 N/A 6.11 5 0.74 -0.30
12 45 21.20 6.25 N/A 4.21 10 0.51 -0.67
12 50 21.20 5.50 N/A 2.80 15 0.34 -1.08
12 55 21.20 4.76 N/A 1.41 20 0.17 -1.77
12 60 21.20 4.57 N/A 1.05 25 0.13 -2.06 12.33 1.34E-05
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Table 5.4 Falling head packer test results in WSA 13
(continued)
Test
No.

Real
Time

Transmitter Pre-test
Head

unrecVd 
head diff. 

(H)

Elapsed
Time

(t)

H/Hzero In
(H/H0)

T K
Depth Readin

(s) (m bgl (mA) m water) (m water) (s) (m) (s) (m/s)
13 20 21.61 5.66 N/A 3.10 0 1.00 0.00
13 30 21.61 4.69 N/A 1.27 10 0.41 -0.89
13 35 21.61 4.65 N/A 1.20 15 0.39 -0.95 14.04 1.17E-05

14 20 22.65 14.18 2.09 17.03 0 1.00 0.00
14 25 22.65 12.50 2.09 13.87 5 0.81 -0.21
14 30 22.65 11.01 2.09 11.07 10 0.65 -0.43
14 35 22.65 10.16 2.09 9.47 15 0.56 -0.59
14 40 22.65 8.98 2.09 7.25 20 0.43 -0.85
14 45 22.65 7.97 2.09 5.35 25 0.31 -1.16
14 50 22.65 7.30 2.09 4.09 30 0.24 -1.43
14 55 22.65 6.61 2.09 2.79 35 0.16 -1.81
14 60 22.65 6.14 2.09 1.91 40 0.11 -2.19
14 65 22.65 5.79 2.09 1.25 45 0.07 -2.61
14 70 22.65 5.54 2.09 0.78 50 0.05 -3.09
14 80 22.65 5.22 2.09 0.18 60 0.01 -4.57 43.67 3.77E-06

15 40 23.91 12.11 N/A 15.23 0 1.00 0.00
15 45 23.91 11.32 N/A 13.75 5 0.90 -0.10
15 60 23.91 8.51 N/A 8.46 20 0.56 -0.59
15 70 23.91 7.11 N/A 5.83 30 0.38 -0.96
15 80 23.91 5.95 N/A 3.64 40 0.24 -1.43
15 90 23.91 5.22 N/A 2.27 50 0.15 -1.90
15 100 23.91 4.73 N/A 1.35 60 0.09 -2.42
15 110 23.91 4.62 N/A 1.14 70 0.08 -2.59 26.74 6.16E-06

Average: (excluding test 1) 32.55 7.07E-06
H vorslev  A naly sis :

L/r >8 therefore use

K = (r*r*ln(L/R))/(2*L*T)

W here:
T = time for h/hO to decline by 37% of original value(ln((h/h0)=-1), K=hydraulic conductivity [m/s],L = length [1,45m],
r = radius of downpipe [0.0127m], and R = radius of borehole [0.075m]
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

DescriptionLegend

MADEGROUND; Concrete

0.14
MADEGROUND; loose medium brown sand and 
medium gravel

0.40 001

100

0.60 0.60 002
Firm light brown chalky CLAY with subangular chalk 
fragments

0030.80

0051.00 004

006
0071.201 20 to 1.40 disturbed core

0081.40

100
1.601 60 becoming stiff clay 009

1.70 to 1.90 ironstaining

1.80 010

2.00 2.00 011, 0I2
white grey fine grained massive moderately 
weathered CHALK very weak

2.20 013

2.40 015

0162.60

2.60
white/grey fine grained massive moderately weathered 
CHALK strong (CHILTON STONE)
2.70 to 3.10 vertical fracture with brown stained 
surface
2.90 becoming moderately strong
3.00 to 3.30 fracture surfaces show ironstaining

0172.80

005 018, C193.00
100

0203.20

3.30 0213.30
dark brown fine grained massive slightly weathered 
CHALK very weak 3.40 022

3.50
3.55
3.60
3.65
3.70

025 023,024
026

027, C 28
029 100
030
031

3.45 to 3.50 stained dark, heavily fractured with 
soft clay infill

85

3.80 0323.80 strong odour at fracture surface

4.00 035 0334.00
Comment: Hollow stem auger 0.30 to 2.20 m bgl, rotary coring thereafter
Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key:

' j heavily fractured material in which individual fractures could not be recognised

Figure 5.2 a Core log from borehole WSA 12
(0 to 4 m bgl)
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

DescriptionLegend o>

034, 036
4.20

45100
4.30 to 5.00 poor recovery as fragments of medium 
gravel size CHALK, strong odour

4.50 037

4.60 038

5.00
firm grey chalky CLAY with angular medium gravel 
sized chalk fragments 039, C 405.10

5.40 5.40 042
light brown fine grained massive slightly weathered 
CHALK moderately weak with small (<0.5 mm) iron 
stained patches
5.60 to 5.70 highly fractured and very weak

5.50 043

5.70 044

5.80 to 5.85 heavily ironstained
0455.90 100

1.00 051
6.00 to 6.50 iron staining on open fractures

6.10
6.15
6.20

055 052
053
054

6.30 047

6.45 to 6.55 fracture zone
6.50 067

056
057
058

059,030

6.60
6.65
6.70
6.75

6.90 061

strong odour 7.00 to 7.50 937.00 066

7.10 062

7.30 to 7.50 very weak and highly fractured 7.30 065 063

7.50 064

7.80 068

7.90 069

8.00
Core data: TCR is total core recovery, SCR is solid core recovery, RQO is rock quality designate

Key.

heavily fractured material in which individual fractures could not be recognised

Figure 5.2b Core log from borehole WSA 12
(4 to 8 m bgl)
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

DescriptionLegend O)

0.10 070

8.30 071, 072

100 100
8.50 073

8.60
8.65
8.70
8.75
8.80

074
075
076
077 
078,

081

379

8.90 080, C 34.

9.10 087 085

9.30 086

9.50 088,089

9.60 to 9.80 highly fractured

9.70 083 090
1009.80 092 091

9.90 093

10.00
light brown fins grained slightly weathered CHALK 
moderately weak occasional iron stained spots and thin 
bands of black staining 10.10 094, C 99

10.30 095

10.40 096

10.50 097

10.60 098

10.70 101
10.80 103 102
10.90 105 104

100
.10 108b 106

.20 113 107

.30 111 112 108
109110.40

.50 115
117
118.60

100.70 
1.75 
1.80 
1.85 
.90

119
120 

121, 1
124
125

123

Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key.

heavily fractured material in which individual fractures could not be recognised

Figure 5.2 c Core log from borehole WSA 12
(8 to 12 m bgl)
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

Legend Description

grey brown fine grained massive moderately weathered 
CHALK weak with black staining on fracture surfaces 
and occasional small iron stained nodules 12.10 127 126

12.30 128
129
13012.40 12.40 116

light brown fine grained slightly weathered CHALK 
weak
12.50 to 12.65 fracture zone

12.50 131 132

12.70 133

160, 13512.90

135, 113.10 137

13.20
13.23
13.30

139 138 
140, 1
142

159

100
14513.40 143, 1

13.50 146

13.70 149 147, 1

15813.80

13.90 151

133,11 i214.00 150

... becoming grey-green and very weak below 14.

14.20 15714.20 154
light brown fine grained massive slightly weathered 
CHALK weak with brown staining on fracture surfaces 14.30 155

153
172

14.40
14.45

174 173, 17i
176
177

179,1111
182
184

14.60
14.65
14.70
14.75
14.80
14.85
14.90

178 180

183

187 18515.10

15.30 188 18615.30 to 15.65 black staining on fracture faces 
penetrating 3 to 5 mm into rock

15.40 190

15.50 191, 1

196
204

19315.60

15.70 202 100
19515.80 194

iron stained band at 15.90
203 107,13816.00

Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key:

heavily fractured material in which individual fractures could not be recognised

Figure 5.2d Core log from borehole WSA 12
(12 to 16 m bgl)
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Depth 
(m bgl)

Legend Description Fracture
Legend

Samples Core data

oOa:

17.50 to 17.75 highly fractured with much iron 
staining

18.70 to 18.80 highly fractured with black staining on 
fracture faces ironstaining at 18.80

19.23 to 19.30 fracture zone of medium brown fine 
grained chalk which breaks to fine gravel very weak 
green staining on fracture faces

19.70 to 19.80 highly fracture breaks into fine gravel

16.10

16.20

16.30

16.40

16.50
16.55
16.60
16.63
16.70
16.75
16.80
16.85
16.90

17.00
17.05
17.10

17.20

17.30

17.50

17.65
17.70
17.75
17.80

17.90

18.00

18.10

18.20

18.45
18.50

18.60

18.70

18.80
18.85
18.90
18.95

19.10

19.20

19.40

19.50

19.60

19.70

201

210212
217

223

231

246

256

259

230

226

229

206

234

238

243

248

251

264

171

200
205

207
208 
209

211, 2|
214
215
216 
218 
219

220,222
224

225 

227

22
100
1

80 79

33_

235
236
237 

239,

241,

244

245 

247

249
250

2 40

2 42
100 48

252,

254

255
257

258
260

253

83 53 33

261

262, 2p3, 16

169

168

162

163 

170

164

166,1

100 16

37

Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key:

I I heavily fractured material in which individual fractures could not be recognised

Figure 5.2e Core log from borehole WSA 12
(16 to 20 m bgl)

173



Core dataSamples

Fracture
Legend

Depth 
(m bgl)

DescriptionLegend

MADEGROUND: concrete

0.20
loose red brown clayey gravelly SAND gravel 
is fine to medium sized chafe 2650.30

2690.400.45
firm white brown chalky CLAY 2660.50

0.60
white brown highly fissured highly weathered clayey 
CHALK very weak with many vertical fractures 267, 2580.70

2700.80 271

0.90 2720.90
green-white fine grained massive highly weathered 
CHALK very weak 2731.00

276 274,2751.10

1.20
brown-white highly weathered clayey CHALK stiff

2771.30

2781.40

2791.50 280

1.60 281 87
2821.70

283,2341.80 285

2862.05
2.10
2.15
2.20

288
287
289

100 482.30 2902.30
white brown fine grained massive moderately 
weathered CHALK very weak 
2.40 to 2.50 fracture zone

2912.40 293

2922.50

294, 2352.60

296, 2372.70

2992.80 298

2.90
2.95
3.00

2.90 to 3.00 soft wet chalky clay

3023.00 to 3.70 many horizontal and vertical fractures 
rock breaks easily into gravel sized fragments 
fracture faces are stained black and orange 3063.10

3093.20 310

3073.30

1003083.50

3.60 311

3.70 3133.70
white brown fme grained massive slightly weathered 
CHALK moderately strong and strong with iron staining 
on fracture faces (CHILTON STONE)

3.80
3.85
3.90
3.95
±SXL

304
316 315

314
318212.312

Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key:

heavily fractured material in which individual fractures could not be recognised

Figure 5.3 a Core log from borehole WSA 13
(Oto 4 m bgl)
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

Legend Description o>
4.00 to 4.40 distinct black staining at fracture faces 
penetrating 2 to 3 mm into rock 320,2 214.10 332

4.20 333

4.30 black staining penetrates 10 mm into rock 3224.30
100

4.40 323,3243254.40white fine grained massive slightly weathered CHALK 
moderately weak highly frracture 4.40 to 4.50 4.50 326

327
328

4.65
4.70

4.60 329 330

4.90 to 5.70 black staining on fracture faces
334
335

4.95
5.00

5.10
5.15

336
337338

5.20 to 5.30 weak
3405.25

5.30
5.35
540

339
341
342
343

346

44100

strong 'rotten' odour

5.60 344347

5.80 green staining on fracture face 3455.80

5.90
5.95
6.00

350 348, 2 49- 
352,2 53 
S54, 3 15

6.00 to 8.00 'rotten' odour
6.00 to 6.25 moderately strong

6.10 356,3 57358
6.25 to 6.40 fracture zone weak

6.30
6.35
6.40
6.45
6.50

359
360
363
364
365

361
6.40 to 6.55 moderately strong 367

362
100

6.55 to 6.65 weak

6.70 370 366

351, 3 726.80 371

3886.90

7.05 373

374
390, 3 39
375
376

7.15
7.20
7.25
7.30

377

378

100
7.50
7.55
7.60
7.65
7.70

379
380
381
382

383,316

391

385

7.90 3877.90 possible solvent odour
409 393.3 948.00

Core data. TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key.

heavily fractured material in which individual fractures could not be recognised

Figure 5.3b Core log from borehole WSA13
(4 to 8 m bgl)
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

DescriptionLegend o>

8.10 396

8.20 408

8.30 395, 397398

100
8.50 399,430, 40

4038.60

8.70

8.80 to 8.90 black staining on fracture faces

8.90 405, 4 aa407

9.00 411

9.10 to 9.20 black staining on fracture faces 9.10 418 412

9.20
9.25
9.30
9.35
9.40

413
414,415
416
417
419 100

429

9.50 428421

9.65
9.70
9.75
9.80

420
422
423

424, 4 25

427 430

426

10.00 435 43210.00 to 10.20 highly fractured moderately weak
434
436

437, 4 38

10.10
10.15
10.20 444

10.40 439

10.50 10.50 443
medium brown fine grained highly weathered clayey 
CHALK stiff with black and iron staining 445 440

441
10.60 442 
10.6510 70

light brown fine grained massive slightly weathered 
CHALK moderately weak 10.80 446

10.95
11.00
11.05
11.10
11.15
11.20

447, 4 48
449
450
451
452

453, 4 54

455 466

456

457, 4 58
459
460

11.30
11.35
11.40

465

100
11.50 461

.70 to 12.00 weak 11.70
11.75

463 464 462
467

468
.452.

Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key:

heavily fractured material in which individual fractures could not be recognised

Figure 5.3 c Core log from borehole WSAJ3
(8 to 12 m bgl)
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Depth 
(m bgl)

Legend Description Fracture
Legend

Samples Core data

o: o co
o
Cfo'

13.90

14.00

12.50 lo 12.60 very thin black laminations

12.70 lo 12.80 highly fractured with iron staining 
on fracture surfaces and black staining on 
fracture faces and 2 to 3 mm into rock

13.00 lo 13.55 moderately strong

black grey and brown medium to coarse sand sized 
CHALK
light brown-white fine grained massive slightly 
weathered CHALK moderately weak with black 
staining on fracture faces occasional Iron stained 
laminations

becoming moderately strong

14.80 to 14.95 fracture zone

12.05
12.10
12.15
12.20
12.25
12.30

12.40

12.50
12.55
12.60

12.70

12.80

12.95
13.00
13.05
13.10 
13.13 
13.16 
13.20

13.30

13.40

13.50

13.60

13.70
13.75
13.80
13.85
13.90
13.95
14.00
14.05
14.10 
14.15

14.30

14.40

14.50

14.70

14.80

14.90
14.95 
15.00 
15.05 
15.10

15.20

15.30

15.40

15.50 

15.60

15.70

15.80

15.90
15.95i.s:qq

472
489

486

487

485

498

511

503, £ 05

520

529

527

525

540

544

547

541

£ 53.

470, 4(71
473
474
475
476
477

484

488

512

478

479
480
481

482

483

491

492
493
494 

495,
497

100 50 28

4 96

500

501

100 32 32

502
504,5)05
506
507
508
513
514
515

516, $17 
518

546

548

519

521

522

523

524
530
531
532
533

535

536

537 

534,

538

539 

542.

100 36 36

£4!

100

5

69 27

543_
551

Core data: TCR is total core recovery, SCR is solid core recovery, ROD is rock quality designate

Key:

E3 heavily fractured material in which individual fractures could not be recognised

Figure 5.3 d  Core log from borehole WSAJ3
(12 to 16 m bgl)
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Samples Core data

Fracture
Legend

Depth 
(m bgl)

DescriptionLegend o>

16.05
16.10
16.15
16.20
16.25
16.30
16.35
16.40
16.45

554
555
556
557
558
559
560
561

562, £63

571563

564

100570 56616.60

572 56716 70

56816.80

17.00 592 573, £ 74

57517.10 576 591

57617.20

17.30 578

17.40
17.45
17.50
17.55
17.60

581 579
580
582 100
583

584, £85

88 30

17.70
17.75
17.80

590 586
587

588, £ 9917.80 very strong odour 593

17.90 to 17.95 fracture zone
616 59418.00

18.10 613

595
596
597

18.20
18.25
18.30 611

100 80
>14,

604,61218.50 to 18.70 oil droplets on fracture surface

18.70
18.75
18.80

605
606

607, 6 D8610

18.95
19.00

609
61719.00 oil on fracture surface

19.10 620 633 618,619

19.20 621

19.30
19.35
19.40
19.45
19.50

634 622
623

624
625, E 26

632

10019.60 635

19.70 627

19.80 631 628

End of borehole log .§22J2Q.

Core data: TCR is total core recovery, SCR is solid core recovery, RQD is rock quality designate

Key:

heavily fractured material in which individual fractures could not be recognised

Figure 5.3e Core log from borehole WSA13
(16 to 20 m bgl)
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0

■ Conventional Hvorslev Analysis  
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Figure 5. 7 Constant rate injection packer test results with depth in WSA13
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J_
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19.91.20
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Figure 5.9 Falling head packer test results with depth in WSAJ 3
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All d epths in m etres  
below ground level

Ground surface  
(approximately 120 m AOD)

bentonite cem en t  
grout --------

PVC tubing

10.0
filter sand 44

11.0

12.5
13 .19

13.5

15.0
15.71

16.0

18.0
p iezom eter tip 18.40

19.0

Figure 5.15 Details o f  piezometer installations in WSA13
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6. Determination of porewater profiles

6.1 History of porewater sampling
Sampling and analysis of porewater gives detailed information regarding the 

distribution of different species and this can be used to construct profiles of porewater 

concentrations.

Analysis of porewater in the Chalk has previously been used to investigate recharge 

processes in the Chalk (Smith et al., 1970 Darling and Bath 1987, Foster and Smith- 

Carrington 1980, Spears 1979). More recently, porewater profiling has been used to 

examine the downward passage of diffuse, agricultural contaminants, mainly nitrates 

and pesticides (Foster and Bath 1983, Foster et al., 1985, Geake and Foster 1989, Foster 

et al., 1991). These previous studies all investigated the unsaturated zone.

The distribution of chlorinated solvents in the saturated zone has previously been 

investigated by Chilton et al., (1990), and subsequently by Lawrence et al., (1990) and 

Lawrence et al., (1996) and Misstear et al., (1998) for the Sawston site in 

Cambridgeshire. Lawrence et al., (1990) presented a method for analysis of Chalk 

porewater for chlorinated solvents. Work at the Sawston site has shown that the 

concentration of chlorinated solvents in matrix porewater shows considerable variation 

through the saturated zone. From the porewater profiles Lawrence et al., (1996) suggest 

that a major control on vertical chlorinated solvent distribution, in the aqueous phase in 

matrix porewater, is the behaviour of the DNAPL beneath the source zone. 

Downgradient the influence of the distribution in the source zone was found to became 

less critical. Longstaff et al., (1992) presented profiles of porewater concentrations of 

chlorinated solvents taken as part of an investigation into contamination beneath the 

Luton and Dunstable areas. Again these showed considerable changes in concentration 

with depth.

6.1.1 Objective of constructing porewater profiles

Chlorinated solvents and chloride are both present in elevated concentrations in 

groundwater at the Harwell site.

The first step in understanding the effects of fluctuating water levels within the SUZ on 

the distribution and flux of contaminants was the determination of the vertical 

distribution of a number of solutes. This was achieved by determining porewater solute
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profiles through the SUZ. Chlorinated solvent concentrations in porewater were 

determined using a headspace methodology. Concentrations of chloride in porewater 

were obtained by leaching samples of Chalk core in water.

The porewater profiles have been used as the basis for a conceptual model (Chapter 10) 

to explain the processes leading to the observed distribution of contaminants.

6.2 Determination of chlorinated solvent concentrations in 
porewater

6.2.1 The headspace method for analysis of chlorinated solvent concentrations

The headspace method offers the advantage of permitting the analysis of porewater 

within solid samples of Chalk without requiring pre-treatment of the sample. In a sealed 

vial, a solid sample is immersed beneath water leaving a known volume of air above the 

water, the headspace. Diffusive equilibrium is then established between the porewater in 

the solid, the added water and the headspace above the water. Headspace gas can then 

be analysed using gas chromatography to separate the various component compounds, 

and a detector to measure the individual components.

Principle o f  headspace analysis

In a closed system under equilibrium conditions the concentration of volatile organic 

compounds (VOCs) in the gas phase above an aqueous solution will be proportional to 

the concentration of VOCs in the aqueous solution. In such a closed system the confined 

space above an aqueous solution is known as the headspace. Headspace sampling 

creates a closed system by sealing a known volume of aqueous solution in a vial, 

leaving a known volume of free space. Samples are analysed quantitatively by reference 

to standards to give the concentration in the headspace and hence the aqueous phase.

In a closed system volatile organic compounds in dilute aqueous solution will 

equilibrate between liquid and gaseous phases according to Henry’s Law.

P. =  H.X, (6.1)
where P is the partial pressure of compound S  in air, Hs is the Henry’s Constant and Xs 

is the mole fraction of S in solution. This relationship is reported to be valid for Hs of 

mixed chlorinated solvents in aqueous solution with concentration of up to 375 mg/L, 

(Oliver 1989), or less than 1% by volume in solution (Kolb 1976).
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Headspace analysis

The sample is sealed in a vial heated at constant temperature until equilibrium is 

established between headspace gas and the sample. A known aliquot of headspace gas is 

taken for analysis on a gas chromatograph. Detection can be achieved by a number of 

detectors, of which the most effective is the Ni63 electron capture detector (ECD). This 

detector responds selectively to chlorinated organic compounds, particularly those with 

3 or more chlorine atoms per molecule. Castello et al., (1986) have shown that an ECD 

detector gives a linear response over a wide range of concentrations (3 orders of 

magnitude) for trihalo-ethanes and trihalo-ethenes. An ECD detector was used for core 

samples from boreholes WSA12 and WSA13. Quantitative analysis is achieved by 

calibration against external standards prepared in a similar matrix. In general headspace 

techniques can be used to give detection limits of 0.1 to 1 pg/L, although reproducibility 

is reported as being only ±10 to 20% (Oliver 1989).

Headspace has the advantage over more conventional solvent extraction techniques of 

permitting the determination of volatile compounds in a non-volatile matrix that cannot 

be otherwise directly analysed. It also allows the concentration of volatile compounds in 

headspace to be manipulated using temperature and injection volumes so that a wide 

range of concentrations can be determined. Also, sample handling is minimal and occurs 

at the time of sampling rather than in the laboratory, thus avoiding the loss of the more 

volatile components and limiting the opportunities for cross-contamination. 

Furthermore, preparation and analysis are rapid and robust, making field laboratory 

testing feasible. Headspace analysis suffers from the disadvantage of a relatively low 

analytical precision and samples can only be analysed once as puncturing of the 

headspace septa during analysis leads to a loss of volatile components. Voice and Kolb 

(1991) compared headspace analysis of a range of soils with “purge and trap” methods, 

favoured by the US EPA. They found that headspace analysis provided superior results 

and that analysis times were significantly reduced.

The headspace method

The method used here was developed by Stuart (1991) and modified for use by AEA 

Technology (S. Gore, pers. comm.). The method is described in detail in Appendix 6.1. 

Samples were incubated for one hour at 70°C in a temperature-controlled oven. They 

were then allowed to cool to room temperature (approximately 20°C). An aliquot of the 

headspace gas was then taken using a gas tight syringe and injected manually into a gas
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chromatograph column suspended in an oven maintained at a constant temperature 

(isothermal). The column resolved the various contaminants and they were detected 

either by an electron capture detector (ECD) or a mass spectrometer (MS).

Individual compound peaks were identified by their retention time. A typical 

chromatogram is shown on Figure 6.1 using the column and conditions given in 

Appendix 6.1. The five chlorinated solvents present eluted in the order TCM, TCA, 

CTET, TCA, PCE. Maximum retention times were less than 5 minutes.

The concentrations of chlorinated solvents in the samples were determined by 

comparison with external standards. A linear calibration was obtained over the range of 

interest.

If headspace analysis suffers from a serious disadvantage, it is that samples can only be 

tested once because once the septa has been pierced the vials are no longer air tight and 

therefore will not preserve volatile contaminants. In practice more than one analysis per 

sample is possible if the second analysis is taken shortly after the first. For this reason, 

of the approximately 400 samples collected from WSA12 and WSA13, only around 300 

were analysed successfully.

6.2.2 Results of the analysis of porewater for chlorinated solvents by the 
headspace method

Porewater concentrations were determined from the results of headspace analysis and 

the measured moisture content, assuming samples to be saturated, according to the 

relationship given in Appendix 6.1.

Porewater concentrations are presented in Table 6.1 and Table 6.2 for WSA12 and 

WSA13 respectively. Porewater profiles of total chlorinated solvents in porewater (sum 

of all five chlorinated solvents) are presented on Figure 6.2 and Figure 6.5 for WSA12 

and WSA13 respectively. Individual chlorinated solvent porewater concentration 

profiles for WSA12 and WSA13 are shown on Figure 6.3 and Figure 6.6 respectively. 

The dominant chlorinated solvent in both boreholes is chloroform with significant 

concentrations of TCA and TCE. PCE was not detected in many of the samples and is 

only present at relatively low concentrations in many others. CTET was absent from 

most samples.

Profiles o f chlorinated solvent concentrations in porewater in WSA12

A total of approximately 150 successful analyses from WSA12 are presented in Table 

6.1. TCM and TCA are the dominant chlorinated solvents. Figure 6.2 shows
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concentrations of total chlorinated solvents. Concentrations are highly variable and the 

profiles are ‘noisy’. However, a number of interesting observations can be made. In the 

upper 5 m concentrations are low, although still significant. There is a marked increase 

in concentration at 8.75 mbgl and a zone of high concentration from 8.75 to 10.5 mbgl. 

Concentrations are low from 12.00 to 16.00 mbgl with the exception of a narrow peak at 

15 mbgl. Below 17.00 mbgl concentrations are generally high. Figure 6.3 illustrates the 

distribution of individual chlorinated solvents in porewater. Comparing these various 

compounds, it can be seen that TCM shows the greatest variability between adjacent 

samples and TCE the least.

Individual compounds are plotted against each other on Figure 6.4 but no clear 

relationships are apparent between pairs of chlorinated solvents for this borehole. 

Profiles of chlorinated solvent concentrations in porewater in WSA13 

Profiles of concentrations of total chlorinated solvents in porewater in WSA13 are given 

in Figure 6.5. Figure 6.6 gives profiles for individual chlorinated solvents. The profiles 

consist of 167 determinations. Peak concentrations of chlorinated solvents in porewater 

in WSA13 are very much higher than in WSA12, reflecting the greater proximity of 

WSA13 to the source of contamination. In this borehole concentrations are relatively 

low in the upper 9 m, below which they generally increase with increasing depth, 

although with much variability. The highest concentration at 19.10 mbgl is associated 

with the presence of oil on fracture surfaces. A zone of relatively low concentration is 

found from 17.0 to 18.5 mbgl.

Individual chlorinated solvents in WSA13 have been plotted against each other on 

Figure 6.7. A strong correlation between TCE and TCA can be seen. This correlation 

may represent proportions of TCA to TCE in the original mixture of chlorinated 

solvents (there are no examples of a TCE to TCA degradation pathway in the literature).

6.2.3 Chlorinated solvent concentrations within matrix blocks

One of the objectives of sampling porewater was to determine chlorinated solvent 

concentrations across a limited number of matrix blocks by taking samples at closely 

spaced intervals. This proved to be difficult, as the method used to break the core open, 

hammer and chisel, did not allow the depth of a sample to be determined accurately. A 

minimum sampling interval of 50 mm was achieved. The results from the sub-sampling 

of these blocks for WSA12 and WSA13 are shown on Figure 6.8 and Figure 6.9 

respectively. Concentration of chlorinated solvent in porewater as a function of distance
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from fractures is shown on Figure 6.10 and Figure 6.11 for WSA12 and WSA13 

respectively. There appears to be no significant pattern in the distribution of 

contaminants across the matrix blocks except perhaps a trend towards higher 

concentrations towards the centre of matrix blocks. There is some indication that low 

concentrations are more prevalent closer to fractures.

Samples from HWS41

Sampling from within matrix blocks in the original investigation boreholes (WSA12 

and WSA13) was by necessity hurried and the sampling interval coarse. To produce a 

more accurate representation, additional core material was collected and sampled at 

more closely spaced intervals across individual matrix blocks in the laboratory.

Core collection

Additional core material was collected during drilling of a monitoring borehole, 

HWS41, (see Figure 4.13 for location). Core was taken between depths of 19.0 and 

22.0 mbgl giving a total core length of 3 m. The core was taken just above the water 

table at the time of drilling (around 23 mbgl). The core was drilled using water flush, as 

described in Chapter 5, and once at the surface it was cut into manageable (0.5 m) 

lengths and placed in insulated containers packed with solid C 02 (approximate 

temperature -40°C) before being transported to the laboratory. Once in the laboratory the 

core was transferred from the insulated container to a freezer at -18°C for storage prior 

to analysis.

Sampling and analysis

Two matrix blocks from the HWS41 core were selected for closely spaced sampling. 

These cores were sampled both using hammer and chisel and wood saws. The core was 

sampled whilst still frozen although this meant that the core was, in fact, even stronger 

than unfrozen core, making breaking up the core at closely spaced intervals difficult. 

The closest spacing achievable by this method was approximately 20 mm. Once 

sampled the chalk porewater was analysed for chlorinated solvent concentrations by the 

headspace method described in Appendix 6.1, although using a different GC equipped 

with a mass-spectrophotometer (MS) detector.

Results o f closely spaced sampling across individual matrix blocks 

Fill results of the analysis of closely spaced samples from across individual matrix 

bbeks are reported in Appendix 6.3. Porewater concentrations are given in Table 6.3 

aid shown on Figure 6.12. The results show that concentrations of chlorinated solvents
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are generally highest towards the centre of matrix blocks, but with considerable 

variation. The profiles of porewater concentrations from these cores are, smoother than 

from the original cored boreholes, reflecting the more closely spaced sampling interval.

6.2.4 Data quality 

Duplicates

“Duplicate” samples taken at approximately 0.5 m intervals show a great deal of 

variability. Although these duplicates were taken from the same depth no attempt was 

made to ensure that they were from exactly the same location at that depth, which could 

lead to a difference in location equivalent to just less than the diameter of the core. 

These samples are therefore not true duplicates. This may in part explain the poor 

correspondence. Analysis of duplicates is given in Table 6.4. It can be seen that the 

concentration of duplicates was only within 73% of the mean for 42 duplicates. Use of 

the method described in APHA (1992) to calculate precision from duplicates generates 

estimates of precision in excess of 100%. The largest differences between individual 

pairs are associated with high concentrations i.e., the absolute difference between 

duplicates is a function of the mean concentration of those duplicates. The same 

duplicates also underwent analysis for anions, the results of which are given in Section 

6.3. Chloride shows an improved mean difference of only 37%. Chloride analysis has a 

lower analytical precision (3%) and is not prone to volatile loss or change in the 

sampling vial and therefore is more reliable. Therefore the differences between the two 

data sets indicates that at least a proportion of the differences between duplicates is a 

sampling error. However, the difference for the chloride analysis is still high, possibly 

indicating a problem with the sampling method. A possible source of error is the use of 

an estimated moisture content, rather than a sample specific one.

Inevitably some of the noise in the profile is due to analytical procedures. Profiles 

produced by others at the Harwell site with similar sampling frequency, e.g., HWS3 

analysed by BGS (Figure 4.35) and WSA1 to WSA6 analysed by AEA Technology 

(Figure 4.34) are also quite noisy.

Storage

Samples were stored for up to 2 months after collection and some loss of volatile 

compounds is inevitable over such a lengthy period. Comparison with the fewer number 

of samples analysed by AEA Technology within two weeks of sampling of WSA12 and 

WSA13 (Figure 6.13) show that the samples described here generally show lower
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concentrations but with much variation. The causes o f the differences could result from 

a number of sources. AEA Technology used an autosampler with controlled heating and 

this means that the repeatability of the analysis is likely to be much higher. The 

laboratory used by AEA Technology routinely analyses many hundreds of samples from 

the containment scheme treatment plant. The relative inexperience of the author in 

making such analyses may be significant. Although storage inevitably introduces error 

in determining the true concentration, all samples experienced the same storage 

conditions and duration so the relative concentrations would be expected to be 

maintained. Establishing the relative differences in porewater concentrations with depth 

was the main objective in constructing the profiles and therefore they retain their 

usefulness despite concerns over the storage period.

Variability

The observed distribution of chlorinated solvents is primarily a diffusion-controlled 

process. Diffusion will act to smooth out concentration gradients and therefore 

concentration differences between closely spaced samples will be small. The results 

reported here show considerable variation between closely spaced samples within 

individual matrix blocks suggesting that the analytical technique is inaccurate. The 

observed variability is therefore likely to be largely a result of errors introduced during 

analysis. AEA Technology also reported the results of closely space sampling (Figure 

4.34) and these also show considerable variability, although this variability appears to 

be less than that found in the results reported here. In addition results reported for 

porewater sampling in the Chalk in the literature (Lawrence et al. 1990) also give much 

variability suggesting that there is an inherent problem in the measurement of these 

compounds. Comparison with chloride results reported later in this chapter shows that 

the variability of the chloride analysis to be significantly less. The behaviour of chloride 

and chlorinated solvents within matrix porewater are not anticipated to be significantly 

different and therefore the greater apparent variability of the chlorinated solvents is 

attributed to the poor precision of the analysis. From this it is concluded that the results 

reported here and those of AEA Technology (used later in this thesis) can only be used 

to illustrate broad trends within the profile. The cause of this analytical variability is 

probably associated with the difficulty in achieving equilibrium between matrix 

porewater, added water and headspace as other causes would equally affect chloride 

analysis. Other methods for analysis of Chalk porewater for volatile compounds are

203



likely to encounter similar problems as the choice is between allowing sufficient time 

for diffusion or extraction of porewater by mechanical means both of which increase the 

chance of volatile loss.

6.3 Determination of chloride and sulphate concentrations in 
porewater

6.3.1 Purpose

Chloride is present at elevated concentration in groundwater beneath the Western 

Storage Area at Harwell. The source of chloride is unknown but data from monitoring 

wells (Brewer et al., 1995) show highest concentrations in the area closest to the waste 

disposal pits. Chloride is recognised as an inert or conservative tracer (Appelo and 

Postma 1993) and therefore its distribution in porewater is of considerable interest as a 

comparison to that of the non-conservative chlorinated solvents.

The samples collected for headspace analysis of chlorinated solvents were also analysed 

for chloride and sulphate. Analysis was undertaken once sufficient time had elapsed to 

permit diffusive equilibrium between matrix porewater and the added water. These 

samples proved to be ideal as the sample of Chalk was small enough (less than 12 mm 

across to fit through the neck of the headspace vial) so that diffusive equilibrium was 

established rapidly. The final concentration of the water in the vial was also sufficiently 

high to permit quantitative analysis with ease. In addition, the sealed top of the vials 

prevented evaporative loss during storage.

Samples collected for headspace analysis at 100 mm intervals from boreholes WSA7, 

WSA8, WSA9, WSA10 and WSA11 were also available from AEA Technology. These 

had been taken for headspace analysis but not used. Analysis of these samples for 

chloride permitted porewater profiles of chloride concentration to be constructed for a 

total of seven boreholes at the site. All the samples taken for headspace in WSA12 and 

WSA13 were also analysed for chloride and sulphate. A more limited set of chloride 

and sulphate determinations was established from samples taken from WSA7 to WSA11 

at a spacing of approximately one analysis every 0.5 m. Zones where the concentrations 

showed greatest variability were investigated in more detail by analysing samples at 

more closely spaced intervals.
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6.3.2 Ion chromatography

Chloride and sulphate were analysed by the ion chromatography method. Other 

compounds, notably fluoride and nitrate were also identified in a small number of 

samples at low concentrations but their concentrations were not determined.

Principle o f ion chromatography

A water sample is injected into a moving stream of a carbonate-bicarbonate eluant and 

passed through a series of ion exchangers. Anions of interest are separated on the basis 

of their relative affinities for a low capacity, strongly basic anion exchanger. The 

separated anions are passed through a suppresser where they are converted into their 

highly conductive acid forms and the carbonate-bicarbonate eluant is converted to a 

weakly conductive acid. Separated anions are measured by conductivity and identified 

on the basis of retention time as compared to standards. A typical chromatogram is 

shown on Figure 6.14.

The ion chromatography method

The method of analysis follows that given in APHA (1992), Method 4110B., and is 

detailed in Appendix 6.4.

6.3.3 Results of porewater analysis for chloride and sulphate

Concentrations of chloride and sulphate in porewater were determined from the 

measured moisture content in the same way as the chlorinated solvents. The calculation 

is given in Appendix 6.1.

Chloride concentration in porewater in WSA12

Concentrations of chloride in porewater in matrix from the core taken at WSA12 are 

given in Table 6.5. A profile of the concentration in porewater of chloride is illustrated 

in Figure 6.15. The chloride profile has less noise than the chlorinated solvents and a 

clear pattern is evident. This consists of relatively low porewater concentrations (less 

than 100 mg/L) above 8 mbgl, below which concentrations rise sharply to a peak of over 

1500 mg/L at 11 mbgl. Below 11 mbgl concentrations show a general decline to around 

200 mg/L towards the base of the profile.

Chloride concentration in porewater in WSA13

Porewater concentrations of chloride and sulphate at WSA13 are given in Table 6.6. 

The profile of chloride concentration in porewater for WSA13 is illustrated on Figure 

6.16. Similarly to WSA12, WSA13 also shows a clear pattern. The upper 5 m of the 

profile have low chloride concentrations (less than 100 mg/L) below which
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concentrations rise abruptly to form a broad peak with a maximum concentration of 

1800 mg/L. Below 10 mbgl peak concentrations fall in irregular fashion towards the 

base of the profile where they are around 200 mg/L.

Chloride concentration in porewater in WSA 7 to WSA11

Results of chloride analysis in WSA7 to WSA11 are given in Table 6.7 and shown on 

Figure 6.17 to Figure 6.21. WSA8 (Figure 6.18) and WSA11 (Figure 6.21) have only 

relatively low concentrations of chloride in matrix porewater of less than 200 mg/L 

through most of their profiles. WSA7 (Figure 6.17) shows a well developed porewater 

chloride peak towards the top of the profile at 7 to 12 mbgl. WSA9 (Figure 6.19) gives a 

porewater chloride peak in the centre of the profile at approximately 14 mbgl. WSA10 

(Figure 6.20) shows a principal porewater chloride peak at 8 mbgl.

Chloride concentration across matrix blocks in WSA 12, WSA13 and HWS41 

Chloride concentration in porewater across matrix blocks has been determined in the 

same as for chlorinated solvents. Results as profiles across matrix blocks for WSA12 

and WSA13 are presented on Figure 6.22 (WSA12) and Figure 6.23 (WSA13) 

respectively. One of the matrix blocks from HWS41 was also analysed and the results 

are illustrated in Figure 6.24 and tabulated in Table 6.8.

WSA 12 and WSA 13

Several of the blocks show highest concentrations towards the centre of the block, away

from the block edges but no consistent pattern emerges

HWS41

The results show a more consistent pattern than the chlorinated solvents for this block 

(Figure 6.12) with only a small range of chloride concentration, ignoring extreme 

values, illustrating an almost uniform concentration, with a slight tailing off in 

concentration towards the lower part of the block. Duplicate samples from the same 

depth fall within a narrow range, for example at 20.90 mbgl, 20.96 mbgl and 

20.98 mbgl indicating that the results are reproducible.

Chloride concentration Vs distance from fractures

Concentrations of chloride in matrix porewater have been plotted against distance from 

fractures in Figure 6.25 for WSA12 and WSA13. This demonstrates that there is no 

obvious relationship between distance from the nearest fracture and the concentration of 

chloride in porewater.
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Sulphate concentration in porewater in WSA 7 to WSA13

Profiles of the matrix porewater sulphate concentration for WSA12 and WSA13 are 

shown on Figure 6.15 and Figure 6.16 respectively. At WSA12, the porewater sulphate 

is a ‘noisier’ profile than chloride, although there is a noticeable peak at the same depth 

of 11 mbgl. This sulphate porewater profile also has zones of high concentrations close 

to surface and at 19 m. There is also a number of ‘spikes’ through the profile. The 

profile of sulphate concentration in porewater for WSA13 has a number of peaks in the 

zone 4 mbgl to 6.5 mbgl. Elsewhere sulphate is at lower concentrations in this profile. 

Care should be taken in interpreting the results of the analysis for sulphate as this ion 

does not always behave conservatively. The groundwater in the vicinity of the WSA is 

known to be depleted in dissolved oxygen (Hawksley 1996) and therefore REDOX 

reactions might be expected to be occurring, including the reduction of sulphate. 

However, sulphate is consistently found in groundwater suggesting that it is not fully 

reduced, if at all. There was no hydrogen sulphide apparent at any of the investigation 

boreholes.

Profiles of the porewater concentration of sulphate with depth for WSA7, WSA8, 

WSA9, WSA10 and WSA11 are given on Figure 6.17, Figure 6.18, Figure 6.19, Figure 

6.20 to Figure 6.21 respectively. Again these have similarities with the porewater 

profiles of chloride but with more irregularity.

6.3.4 Sources of error

Degradation of chlorinated solvents in the sample vials

The presence of considerable quantities of chlorine, in the form of chlorinated solvents 

raises the concern that the measured chloride is derived from degradation of these 

compounds within the sample vial. Whilst this cannot be demonstrated conclusively to 

not be the case, there is considerable evidence to suggest that this process is not the 

source of chloride. This evidence is summarised in the points below:

• chloride and sulphate show similar shaped profiles (Figure 6.15 to Figure 6.21) 

except where very large concentrations of sulphate are found and sulphate is clearly 

not a degradation product of chlorinated solvents

• profiles of chloride concentration in porewater are similar to profiles of sodium 

concentration in porewater suggesting that a significant proportion of the chloride is 

in the form of sodium chloride, the presence of sodium at concentrations above
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background suggests that this element has been introduced by contamination 

emanating from the pits

•  chlorinated solvents and chloride are present at quite different concentrations to each 

other in some boreholes whilst being at similar concentrations in others

• in detail there are significant differences between the shape of the two porewater 

profiles

In addition the chlorinated solvents are characterised by having very slow rates of 

degradation (see Chapter 2). Even where they do degrade, the product is often another 

chlorinated solvent, thus the amount of chloride released is small.

Interference on the ion chromatograph

It has already been noted in Chapter 5 that the determination of sulphate with the ion 

chromatography method is subject to interference from low molecular weight organic 

acids. Chloride can also suffer from interference, although this is less common. A 

number of samples collected during the groundwater sampling work described in 

Chapter 5 were analysed using the traditional silver nitrate gravimetric technique 

(APHA 1992). The differences between the two methods of analysis were slight and 

within experimental error, indicating that the chloride concentration determined in these 

samples has not been influenced by interference from low molecular weight organic 

acids. Licha (1998) has demonstrated the presence of low concentrations of malic acid, 

which elutes at the same time as sulphate on the ion chromatogram, in groundwater 

taken from Piezometer A in WSA13 (Chapter 5), and therefore the reliability of the 

sulphate results is questionable. The same analysis did not find compounds that elute at 

the same time as chloride.

Duplicate analysis

Duplicate samples have previously been discussed in Section 6.2.4. The same samples 

analysed for chlorinated solvents have been analysed for chloride and the results are 

presented in Table 6.9 where it can be seen that the difference between duplicates is 

somewhat less than for chlorinated solvents.
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6.4 Determination of cation concentration in porewater

6.4.1 Purpose

Cation concentrations in porewater were determined to provide information on the 

likely ionic species that occur in groundwater at Harwell. This can be used to determine 

the likely source of chloride.

6.4.2 Method

Cation concentrations were determined by ion-chromatography plasma atomic 

adsorption spectrophotometry (ICP-AES). The analytical equipment, method and 

standards were provided by the NERC ICP-AES facility at Department of Geology, 

Royal Holloway University of London. The standards provided by RHUL were checked 

against standards made up at UCL.

6.4.3 Results of ICP-AES for cations

Results of ICP-AES analysis for WSA12 and WSA13 are given in Figure 6.26 and 

Figure 6.27 respectively. From these it can be seen that the major cation in porewater is 

calcium but with a significant proportion of sodium. Results for WSA7 to WSA11 and 

tabulated results for WSA12 and WSA13 are given in Appendix 6.3.

Sodium and potassium give similar porewater profiles to that of chloride, indicating that 

they originate from the same source. As water has been added to the vials the 

composition may not represent the true porewater chemistry and additional dissolution 

of CaC03 will probably have occurred, thus increasing the concentration of calcium in 

porewater in relation to other parameters. It is not possible, with this constraint, to 

determine the ionic composition of porewater. It is probable that the sodium and 

potassium originate in porewater and these can be compared to chloride (and sulphate) 

in terms of milliequivalents to give an indication of the relative balance. This has been 

done for WSA12 and WSA13 in Figure 6.28 and Figure 6.29 respectively. The plot for 

WSA12 (Figure 6.28) shows scatter, although sodium and chloride have concentrations 

within a similar range. WSA13 (Figure 6.29) illustrates a more linear trend between 

sodium and chloride. Sodium is also found at consistently higher concentration than 

chloride. The data suggests that chloride is present as sodium chloride. Background 

concentration of these two ions, as found in BH9, are low at around 19 mg/L for 

chloride and 6 mg/L for sodium, indicating that the concentrations found in porewater 

are very much in excess of background.
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Table 6.4a Duplicate analysis o f headspace samples from WSA12 and WSA13
WSA 12

C om parison

Porew ater Concentrations TCM TCA TCE PCE total
Depth TCM TCA TCE PCE Sum diff. diff. diff. diff. diff.

(m bgl) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (%) (%) (%) (%) (%)
1.20 219 70 27 13 13

1.20 433 131 77 <22 642 17 61 95 192

3.30 312 242 41 5 1060

3.30 703 414 82 7 2170 77 53 66 30 69

3.60 3651 547 363 44 7570

3.60 1289 373 131 <7 2970 96 38 94 87

4.20 790 268 215 5 1740

4.20 1977 1078 317 881 5800 86 120 39 198 108

5.10 713 307 121 <5 1600

5.10 2905 327 147 6 4720 121 6 20 99

8.80 6870 1467 262 166 13900

8.80 17241 531 415 11 28900 86 94 45 174 70

11.30 9874 7 1227 <7 17800

11.30 8755 1558 1335 557 17800 12 198 8 0

11.50 5933 555 188 <7 10200

11.50 19291 1120 1628 5 33700 106 67 159 107

11.80 377 218 166 6 1350

11.80 596 378 292 33 2300 45 54 55 134 52

12.30 805 367 171 <7 2390

12.30 262 259 102 <6 1110 102 35 51 73

13.23 581 459 207 8 1080
13.23 2324 617 261 <6 2750 120 29 23 87

13.40 518 470 204 8 1630

13.40 891 522 380 70 2790 53 11 60 161 52

13.70 1410 148 280 <6 2740

13.70 745 1133 269 <10 3220 62 154 4 16

14.75 1670 185 694 10 2570

14.75 17500 573 2830 16 20900 165 102 121 45 156

16.00 1207 182 493 <5 2210

16.00 6399 194 394 <6 10700 137 7 22 132

17.00 6446 469 1847 11 10600

17.00 10557 624 2248 20 16300 48 28 20 61 42

17.90 16814 1131 949 10 27700

17.90 32003 2179 2191 51 53600 62 63 79 133 64

18.60 26720 7987 1639 19 28100

18.60 7939 2925 355 <8 8680 108 93 129 106

19.20 515 424 192 <5 1250

19.20 15991 1771 596 9 21000 188 123 103 178

19.90 1211 794 379 <9 7830

19.90 1867 249 348 <10 4020 43 105 8 64

Mean difference betw een duplicates (%) 87 72 60 134 88
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Table 6.4b Duplicate analysis o f headspace samples from WSA12 and WSA13
WSA 13

Com parison
Porew ater C oncentrations TCM TCA TCE PCE total

Depth TCM TCA TCE PCE Sum diff. diff. diff. diff. diff.
(m bgl) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (%) (%) (%) (%) (%)

0.70 210 <7 19 17 246
0.70 119 <8 15 20 154 55 25 16 46

1.10 489 513 17 12 1030
1.10 168 1100 6 8 1280 98 73 98 42 22

1.80 414 698 24 5 1140
1.80 563 41.8 54 134 793 31 177 77 187 36

2.60 674 1340 386 16 2470
2.60 444 1490 101 8 2060 41 11 117 68 18

3.50 148 822 30 49 1050
3.50 118 977 5 3 1100 23 17 139 180 5

4.40 207 510 38 5 765
4.40 57 626 12 <4 695 114 20 104 10

6.00 1370 2140 291 38 3850
6.00 493 1430 184 10 2120 94 40 45 119 58

6.80 649 1170 139 26 2020
6.80 325 2120 14 9 2470 67 58 163 101 20

7.70 1380 1270 92 13 2760
7.70 377 530 64 9 986 114 82 35 38 95

8.30 747 388 182 116 1930
8.30 475 1080 209 20 2380 45 94 14 141 21

8.50 791 374 304 660 5870
8.50 7120 1130 385 78 11700 160 101 24 158 66

8.70 1160 195 190 <4 2100
8.70 1170 839 878 19 3910 1 125 129 60

11.20 984 337 107 27 1460
11.20 3540 497 65 6 4110 113 38 49 127 95

11.30 38000 1610 387 72 40100
11.30 14800 4720 17000 17800 54900 88 98 191 198 31

12.05 34600 1010 879 7 36500
12.05 15100 1700 1920 24 18700 78 51 74 111 64

13.16 13700 915 1500 122 16200
13.16 6080 766 408 5 7280 77 18 114 185 76
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Table 6.4b Duplicate analysis o f headspace samples from WSA 12 and WSA 13
(continued)

C om parison
Porew ater C oncentrations TCM TCA TCE PCE total

Depth TCM TCA TCE PCE Sum diff. diff. diff. diff. diff.
(m bgl) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (%) (%) (%) (%) (%)

13.75 33600 1890 3090 6200 44800
13.75 1090 1150 156 199 2600 187 49 181 188 178

15.90 63300 1280 7890 98 72600
15.90 21100 774 840 26 22700 100 49 162 115 105

16.45 1520 2230 1370 55 5180
16.45 4070 <4 180 5 4260 91 154 166 19

17.80 12900 1160 641 37 14700
17.80 5020 454 655 22 6150 88 87 2 52 82

18.43 118000 4540 41300 477 164000
18.43 8820 <4.0 884 4 9710 172 192 197 178

19.90 1670 885 151 19 2720
19.90 1750 <5 242 4 2000 5 46 134 31

M ean difference betw een duplicates (%) 84 66 97 126 60
Overall m ean difference (%) 85 69 79 128 73.1
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Table 6.7a Concentration o f chloride and sulphate in porewater in
WSA7 to W SAll: WSA7

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

0.50 36 153 1.03 3.18

1.10 42 1040 1.19 0.80

1.50 18 574 0.52 0.30

2.00 16 55 0.46 1.15

2.50 27 39 0.76 0.82

3.10 38 15 1.08 0.32

3.40 73 91 2.07 1.89

5.60 439 524 12.60 10.00

6.10 358 493 19.00 14.00

6.60 416 540 18.90 12.90

7.10 447 482 12.70 9.90

8.10 672 672 8.90 6.70

8.70 670 621 23.90 14.70

9.20 451 474 21.10 9.86

9.70 315 324 8.88 6.74

10.10 846 705 22.60 12.50

10.20 747 618 23.90 1.30

10.30 663 567 69.40 36.10

10.40 801 600 20.60 12.50

10.60 846 62 20.00 1.28

10.80 2460 1730 17.10 11.00

11.10 709 569 9.40 7.40

11.20 606 526 9.20 4.40

11.30 788 715 7.90 3.10

11.70 332 356 9.38 7.40

12.20 325 213 9.16 4.43

12.60 280 146 7.90 3.05

13.10 202 1500 5.71 0.90

13.60 172 54 4.86 1.13

13.80 278 69 7.84 1.45

13.90 290 44 8.18 0.92

14.10 456 323 8.40 6.73

14.20 666 515 5.20 4.60

14.40 135 93 3.82 1.93

14.50 299 387 8.44 8.05

14.60 186 223 5.24 4.64

15.10 236 245 6.64 5.10

15.80 101 95 2.85 1.97

16.10 117 263 3.29 5.48

16.70 184 230 5.18 4.78

17.10 249 39 7.01 0.82

17.80 192 194 5.43 4.04

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

18.20 109 111 3.09 2.31

18.50 124 248 3.50 5.17

19.10 82 0 2.32 0.00

19.50 72 62 2.02 1.70

20.20 90 122 2.54 2.54
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Table 6.7b Concentration o f chloride and sulphate in porewater in
WSA7 to WSA11: WSA8

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

0.50 36 142 1.02 2.96

1.00 31 85 0.88 1.76

1.50 70 88 1.97 1.84

1.90 26 6 0.73 0.12

2.70 21 75 0.59 1.56

3.20 42 84 1.17 1.75

3.70 29 57 0.82 1.20

4.20 69 105 1.96 2.18

4.70 187 463 5.27 9.64

4.80 334 441 9.41 9.17

5.20 16 68 0.46 1.42

5.60 34 74 0.97 1.54

5.70 <76 69 1.44

5.80 40 215 1.12 4.47

6.20 37 72 1.04 1.51

6.60 52 96 1.45 2.01

7.30 59 76 1.66 1.58

7.70 99 62 2.78 1.28

8.20 63 82 1.77 1.71

8.30 53 73 1.49 1.52

8.60 <59 77 1.59

8.70 68 134 1.91 2.79

8.80 51 86 1.44 1.80

9.20 <51 77 1.60

9.70 42 81 1.20 1.69

10.10 46 60 1.30 1.26

10.20 116 109 3.28 2.27

10.30 82 101 2.32 2.11

10.40 60 123 1.70 2.57

10.70 <63 249 5.18

11.20 32 62 0.89 1.28

11.80 43 97 1.22 2.02

12.20 26 83 0.74 1.72

12.60 21 <6 0.60

13.60 63 137 1.78 2.86

14.20 81 145 2.28 3.03

14.80 67 111 1.90 2.31

15.10 48 62 1.34 1.28

15.60 69 76 1.95 1.59

16.70 73 110 2.04 2.28

17.20 60 176 1.69 3.65

17.70 62 166 1.74 3.45

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

18.20 86 324 2.42 6.75

18.70 75 102 2.13 2.13

19.30 48 112 1.35 2.33

19.70 53 113 1.50 2.35

20.20 47 169 1.33 3.53
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Table 6.7c Concentration o f  chloride and sulphate in porewater in
WSA7to WSA11: WSA9

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

0.50 <13 30 0.62

1.20 17 403 0.46 8.39

1.70 11 48 0.32 1.00

2.20 16 79 0.44 1.65

2.70 23 143 0.64 2.98

3.20 30 110 0.85 2.29

3.70 <47 132 2.74

4.20 22 83 0.63 1.72

4.70 30 129 0.83 2.69

5.20 48 179 1.36 3.73

5.60 <48 179 3.72

6.30 37 184 1.05 3.82

7.40 107 402 3.03 8.37

7.90 40 113 1.13 2.35

8.20 95 455 2.67 9.47

8.70 125 316 3.51 6.58

9.20 126 8840 3.55 2.00

10.30 225 17 6.35 0.35

10.80 306 434 8.63 9.03

11.30 460 94 12.00 1.96

11.80 498 304 11.80 6.33

12.20 560 4270 7.20 3.20

12.70 425 378 19.00 7.88

13.10 418 1090 25.10 6.60

13.20 257 155 7.24 3.23

13.40 672 312 24.50 6.49

13.60 889 315 27.30 6.57

13.70 1070 595 24.80 8.50

13.90 869 393 13.20 8.19

14.10 968 290 10.00 6.04

14.20 877 407 12.60 8.48

14.70 467 385 11.20 8.01

15.20 355 306 10.00 6.38

15.70 446 313 5.90 6.51

16.20 397 195 7.10 4.06

16.70 102 545 2.88 0.70

17.10 210 26 5.92 0.54

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

17.80 252 377 7.10 7.85

18.30 291 35 8.20 0.72

18.90 271 42 7.65 0.88

19.20 156 <6 4.40

19.80 279 194 7.88 4.05
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Table 6.7d Concentration o f chloride and sulphate in porewater in
WSA7to WSA11: WSA10

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

0.50 17 26 0.49 0.54

1.20 74 996 2.09 12.60

2.50 32 676 0.90 13.10

3.20 42 593 1.18 11.30

3.70 38 607 1.06 5.60

4.10 38 630 1.06 45.60

4.60 65 544 1.82 7.00

5.30 278 269 7.84 5.60

6.40 251 2190 7.08 31.80

6.70 274 334 7.72 6.95

7.20 279 201 7.86 4.18

7.60 320 1530 9.03 0.00

7.70 176 45 4.98 0.93

8.10 586 2240 7.90 53.40

8.20 734 <25 7.00 0.00

8.30 329 412 9.29 8.58

8.50 280 2570 7.88 47.60

8.60 249 4080 7.02 3.80

8.70 383 273 9.40 5.69

9.20 423 2290 5.20 17.40

9.70 259 180 7.32 3.75

10.20 334 358 9.43 7.45

10.70 184 834 5.19 60.20

11.20 231 42 6.52 0.88

11.70 335 525 9.46 4.90

12.20 1300 2900 3.60 3.20

12.70 218 559 6.14 5.30

13.20 131 236 3.69 4.92

14.20 127 153 3.59 3.19

14.70 151 256 4.27 5.33

15.10 120 342 3.40 7.12

15.20 263 405 7.43 8.44

15.40 204 290 5.75 6.04

15.70 362 1860 4.00 12.30

16.20 67 145 1.89 3.01

16.70 55 87 1.56 1.82

17.20 142 590 4.01 3.00

17.70 499 816 2.00 4.30

18.20 108 252 3.05 5.25

19.20 118 142 3.32 2.95

19.70 69 204 1.96 4.25

19.80 82 158 2.32 3.30
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Table 6.7e Concentration o f  chloride and sulphate in porewater in
WSA 7 to WSA11: WSA11

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

0.30 50 387 1.40 8.05

0.70 27 65 0.77 1.35

1.20 <27 68 0.00 1.42

1.75 38 73 1.07 1.53

2.25 27 71 0.77 1.47

2.80 21 64 0.60 1.33

3.20 34 61 0.96 1.26

3.70 26 78 0.73 1.63

4.20 <36 70 0.00 1.45

4.70 49 77 1.38 1.61

5.20 <33 49 0.00 1.02

5.70 23 59 0.64 1.23

6.20 <33 83 0.00 1.72

6.70 32 148 0.90 3.08

7.20 21 74 0.60 1.54

7.70 28 2 0.79 0.05

8.20 71 216 2.01 4.51

8.80 76 94 2.15 1.95

9.20 <28 108 0.00 2.24

9.70 72 122 2.02 2.53

10.20 44 107 1.24 2.23

10.70 <85 103 0.00 2.15

10.90 47 62 1.33 1.28

11.20 65 141 1.83 2.94

11.70 56 172 1.57 3.58

12.20 80 81 2.26 1.68

12.70 79 226 2.24 4.70

13.20 94 132 2.66 2.74

13.30 62 114 1.74 2.36

13.80 87 3 2.46 0.06

13.90 231 611 6.53 4.30

14.10 61 230 1.71 4.80

14.40 56 70 1.57 1.45

14.50 166 206 4.67 4.30

14.70 123 253 3.48 5.28

14.80 95 109 2.67 2.27

14.90 77 97 2.17 2.01

15.10 54 96 1.54 2.00

15.20 56 101 1.57 2.11

15.40 41 271 1.15 5.64

15.70 56 88 1.58 1.82

16.20 27 141 0.75 2.93

16.70 46 267 1.30 5.55

17.20 31 146 0.87 3.05

17.70 49 145 1.39 3.02

Porew ater Concentration

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

18.20 59 208 1.66 4.33

18.70 55 107 1.56 2.22

19.20 153 186 4.33 3.87

19.30 32 81 0.89 1.69

19.40 32 62 0.89 1.28

20.30 36 99 1.03 2.07
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Table 6.8 Concentration o f  chloride and sulphate in porewater in HWS41

Depth Chloride Sulphate Chloride Sulphate

(m bgl) (mg/L) (mg/L) (meq/L) (meq/L)

20.80 43.8 162.0 1.23 3.37

20.80 46.1 176.0 1.30 3.66

20.82 31.9 90.8 0.90 1.89

20.84 32.1 61.2 0.90 1.27

20.86 38.7 61.5 1.09 1.28

20.86 70.7 60.5 1.99 1.26

20.88 35.0 50.9 0.99 1.06

20.88 39.5 71.0 1.11 1.48

20.90 33.7 72.4 0.95 1.51

20.90 36.8 85.9 1.04 1.79

20.90 49.3 49.8 1.39 1.04

20.90 51.5 64.1 1.45 1.33

20.92 36.0 47.0 1.01 0.98

20.92 40.3 48.8 1.14 1.02

20.92 40.3 64.2 1.14 1.34

20.92 42.0 52.2 1.18 1.09

20.92 43.2 70.8 1.22 1.47

20.92 46.9 53.4 1.32 1.11

20.92 49.6 53.3 1.40 1.11

20.92 120.0 19.1 3.38 0.40

20.94 45.9 57.1 1.29 1.19

20.94 48.1 68.9 1.35 1.43

20.98 34.2 42.3 0.96 0.88

20.98 35.4 43.2 1.00 0.90

20.98 38.3 45.4 1.08 0.95

20.98 41.2 50.8 1.16 1.06

20.98 45.6 48.2 1.28 1.00

21.00 34.6 49.1 0.97 1.02

21.00 40.0 49.1 1.13 1.02

21.00 42.5 83.4 1.20 1.74

21.00 43.4 49.5 1.22 1.03

21.00 46.6 58.6 1.31 1.22

21.02 29.4 40.7 0.83 0.85

21.02 36.2 43.1 1.02 0.90

21.04 22.3 63.2 0.63 1.32

21.04 30.5 74.7 0.86 1.56

21.06 3.9 3.8 0.11 0.08

21.06 21.5 38.0 0.61 0.79

21.06 22.1 31.4 0.62 0.65

21.06 24.2 35.3 0.68 0.73

21.06 29.2 69.4 0.82 1.44

21.08 23.0 38.8 0.65 0.81
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Table 6.9 a Duplicate analysis o f anion samples from WSA12 and WSA13
WSA12

Porew ater concentr chloride sulphate
Depth Chloride Sulphate diff. diff.
(m bgl) (mg/L) (mg/L) (%) (%)

1.20 38 511

1.20 162 1700 124 108

2.00 43 348

2.00 69 415 46 18

3.30 28 75

3.30 55 130 64 54

5.10 110 165

5.10 131 96 17 53

6.10 151 123

6.10 134 55 12 76

6.50 107 116

6.50 68 66 45 55

6.75 71 194

6.75 77 192 8 1

8.30 141 138

8.30 206 76 37 58

8.80 316 89

8.80 388 109 20 20

8.90 316 106

8.90 245 85 25 23

9.50 479 585

9.50 126 65 117 160

11.30 1370 1030

11.30 1270 859 8 18

11.50 375 478

11.50 941 193 86 85

11.80 750 168

11.80 661 168 13 0

12.30 591 694

12.30 506 741 15 7

13.23 1290 703

13.23 1110 462 15 41

13.40 795 166

13.40 725 174 9 5

13.70 594 127

13.70 592 122 0 4

14.60 389 65

14.60 169 150 79 79

14.75 472 166

14.75 414 114 13 37

Porew ater concentr chloride sulphate
Depth Chloride Sulphate diff. diff.

(m bgl) (mg/L) (mg/L) (%) (%)
16.00 356 91

16.00 509 133 35 38

17.00 540 166

17.00 540 182 0 9

17.50 418 115

17.50 132 185 104 47

17.80 340 29

17.80 397 67 15 80

18.60 276 113

18.60 281 809 2 151

19.20 245 88

19.20 254 79 4 10

Mean difference

betw een duplicates (%) 27 32
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Table 6.9b Duplicate analysis o f anion samples from WSA12 and WSA13 
WSA13

Porew ater concentr chloride sulphate

Depth Chloride Sulphate diff. diff.

(m bgl) (mg/L) (mg/L) (%) (%)
13.75 1010 710

13.75 646 659 44 7

15.50 382 350

15.50 577 794 41 78

15.90 455 552

15.90 449 338 1 48

17.00 76 250

17.00 117 231 42 8

17.80 129 210

17.80 113 470 13 76

18.43 152 178

18.43 171 204 12 14

18.80 126 288

18.80 255 694 68 83

19.10 180 245

19.10 170 316 6 25

19.45 186 237

19.45 136 262 31 10

Mean difference 28 36

Overall m ean difference

betw een duplicates (%) 29 39

Porew ater concentr chloride sulphate

Depth Chloride Sulphate diff. diff.

(m bgl) (mg/L) (mg/L) (%) (%)

0.70 197 242

0.70 <92.1 220 10

1.10 <28.2 111

1.10 39 59 62

1.80 <27 143

1.80 46 143 0

2.60 191 191

2.60 <75.4 256 29

2.70 37 156

2.70 71 211 ' 65 30

2.90 <49.2 193

2.90 61 329 52

4.10 124 7860

4.10 79 445 44 179

5.90 717 3260

5.90 807 7260 12 76

6.00 1290 3310

6.00 1100 2100 16 45

6.10 766 28550

6.80 915 697

6.80 1490 2490 48 113

7.70 1030 700

7.70 903 842 13 18

8.00 455 391

8.00 364 151 22 89

8.30 721 273

8.30 260 424 94 43

8.50 762 291

8.50 449 609 52 71

8.90 679 554

8.90 1250 832 46 40

10.20 624 361

10.20 755 323 19 11

11.20 460 319

11.20 159 344 97 8

12.05 614 245

12.05 366 476 51 64
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7. Hydraulic and physical properties of the matrix 
in the Lower Chalk at Harwell

7.1 Introduction
The hydraulic and physical properties of the matrix are important in determining the 

transport behaviour of contaminants in the subsurface. These properties have been 

determined through the SUZ and the results are presented in this chapter. The hydraulic 

and physical properties of the matrix are easily determined by laboratory measurements. 

There is also a wealth of data available in the literature for the physical properties of the 

matrix of the Chalk (e.g. Price et al., 1976, Bloomfield and Williams 1995, Bloomfield 

et al., 1995).

A number of porosity terms are used in this thesis and these require definition. In 

particular the term effective porosity requires explanation as it is used in different 

contexts within the text. In the context of groundwater flow, effective porosity is taken 

to be equivalent to the kinematic porosity, or the porosity in which groundwater flow 

takes place. An effective porosity in the context of solute movement by diffusion is also 

defined in Section 7.7 and is the porosity available for a solute species to diffuse into. 

Interconnected porosity is all porosity that is linked by open voids. In the Chalk this is 

equivalent to water filled porosity in the saturated zone.

7.2 Porosity measurement by gas expansion

7.2.1 Principle of porosity measurement by gas expansion

Porosity, n, is defined as the volume of void space, Vv, divided by the total volume, Vj.

v
" = —  (7.1)Vv T

Gas expansion porosimetry is based upon the properties of gases described by Boyle’s 

Law, which states that pressure exerted by a certain quantity of gas is proportional to the 

volume it occupies. The volume occupied by the mineral grains can be determined when 

a sample is placed within a chamber of known volume and gas from a reference volume 

at known pressure is released into the chamber. The pressure of the expanded gas is 

directly proportional to the grain volume. Porosity is determined by relating the total 

volume of the sample to the grain volume.
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7.2.2 Helium gas expansion porosimetry method

The method is detailed in Appendix 7.1.

7.2.3 Results of porosity measurement by gas expansion

Results of measurements on core from WSA12 and WSA13 are given as core diameter, 

core length and porosity determined in Table 7.1 and shown as porosity against depth on 

Figure 7.1. The results show that porosity varies from 0.12 up to 0.35 with the average 

in WSA12 being 0.25 and in WSA13 0.28. By determining the grain volume and dry 

weight it is also possible to calculate the grain density, which is in the range 2360 to 

2620 kg/m3, with the averages for both boreholes being 2500 kg/m3. The plots of 

porosity against depth (Figure 7.1) illustrate the porosity variation through the cores. In 

WSA12 a zone of lower porosity exists at around 12mbgl. WSA13 shows more 

consistent values however a zone of low porosity occurs at around 7 to 9 mbgl. Possible 

sources of error in the measured values are given in Appendix 7.1.

7.3 Porosity measurement by liquid resaturation

7.3.1 Introduction

A number of samples were re-measured using the well-known liquid resaturation 

technique to determine the porosity accessed by water.

7.3.2 Method

The technique relies on Archimedes principle of liquid displacement. Core samples 

were dried at 40°C for five days until they reach a constant weight. Then the samples 

were weighed and transferred to a vacuum vessel where they were held under a vacuum 

for two hours. The vacuum was released with the outlet placed in de-ionised water 

saturated with calcium carbonate and water drawn in until the cores were fully 

submerged. The vacuum was re-applied for another two hours. The samples were then 

removed and weighed suspended within a beaker of water to give their buoyant weight. 

Next the cores were rolled once on tissue paper and the ends dabbed to remove excess 

water, they were then re-weighed to give their saturated weight. Porosity, n, is 

established as

n = K L = K i ?  ( Z 2 )
VT MT.p

During the liquid re-saturation procedure a number of cores developed fractures at the 

stage of addition of water and some material was lost from the cores as a result.
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7.3.3 Results of porosity measurement by liquid resaturation

The results are given in Table 7.2 and compared with the results obtained using the 

helium porosimeter on Figure 7.2. The two sets of results are comparable although there 

is considerable scatter. The aim of duplicating the porosity measurement was to 

establish whether the porosity measured by helium was equal to that measured by water. 

The comparison shows that there is no evidence of a consistent difference. Liquid 

resaturation appears to provide less consistent results and has a greater range of results 

than helium gas expansion porosimetry. Liquid resaturation involves more steps and 

therefore the potential for error with this measurement is greater. The measurement of 

saturated weight reading is particularly prone to error as cores can be either under or 

over dried prior to the measurement. Damage to cores did in fact occur as noted above 

making this method of measurement potentially unreliable for weak material like the 

Chalk.

7.4 Derivation of porosity from moisture content 
measurements

7.4.1 Principle

The Chalk matrix is saturated throughout most of the unsaturated zone due to the action 

of capillary forces, as discussed in Chapter 3. In a fully saturated matrix the porosity and 

moisture content are both measures of the volume of pore space within the rock. 

Therefore measurement of saturated moisture content can be used to estimate the 

porosity and vice versa. For the Harwell cores moisture content was measured at 0.5 

metre intervals in cores WSA1 to WSA13. If a relationship is defined between the 

helium porosity and the moisture content then the more numerous and extensive 

moisture content readings can be related to porosity and more detailed profiles and 

spatial distributions of porosity can be derived.

7.4.2 Method

Moisture content, w, is defined as the mass of water, Mw over the mass of rock, Mr :

Moisture content is determined by taking a sample at its field moisture content, 

weighing it, drying it at 105°C until it reaches a stable weight and then re-weighing the 

dried sample. Porosity, n, has already been defined in Equation 7.1 as the volume of
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voids, Vy, over the total volume, Vj. Taking the density of water as 1000 kg/m3, the 

volume of water is determined from the moisture content. The total volume can be 

determined from the particle density of the rock and the moisture content. Particle 

density has been estimated from helium porosity measurements as 2500 kg/m3 and this 

value has been confirmed by mercury injection porosimetry (Section 7.6, this Chapter). 

Porosity can then be obtained directly from moisture content measurements without 

further modification.

Moisture content determinations were made on samples taken at 0.5 m intervals on 

cores WSA1 to WSA13. The determinations were made on site at the time that the cores 

were sampled for chemical analysis of porewater and therefore the opportunity for 

moisture loss prior to sampling was limited.

7.4.3 Results of moisture content derived determination of porosity

Figure 7.3 shows a cross plot on which porosity determined from moisture content is 

plotted against porosity determined by helium porosimetry at the same or similar depth. 

The results show a considerable scatter due to the limited range of porosity readings. A 

linear relationship, which might be expected, is not found. However, porosity derived 

from moisture content measurements is generally lower than porosity measured by 

helium porosimetry. Porosity with depth is also compared on Figure 7.3 and it can be 

seen that the two sets of data show broadly similar trends, although the helium 

porosimetry shows greater variability in WSA12.

Statistical analysis can be used to compare the two sets of measurements over the range 

of samples. An f-test analysis has been used to demonstrate that the two sets of readings 

have a similar variance at 5% significance level. A t-test was then performed to test the 

hypothesis that the porosity determined from moisture content exceeds the porosity 

determined by helium porosimetry by more than 2%. The results of this test at a 5% 

significance level, show that this is indeed true.

Porosity estimated from moisture content determinations for WSA1 to WSA13 is given 

in Table 7.3 and shown on Figure 7.4. These results have not had any correction applied 

as it is not clear if there is a correction factor which describes the relationship between 

the two sets of results. However, when using these results it should be noted that they 

are probably an overestimate of the true porosity, as determined by the more rigorous 

helium porosimetry method.
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The results show that below the top few metres, porosity shows little variation in with 

depth in most of the boreholes and is around 30%.

7.4.4 Conclusions of porosity measurement

Helium porosimetry results are likely to prove most reliable, as they are the more direct 

measure of porosity. Liquid re-saturation proved unreliable as cores broke during 

testing; in addition this measurement requires several steps introducing the potential for 

error. Moisture content derived porosity is an indirect measure of porosity and is not as 

accurate as helium porosimetry. Values of porosity are required e.g. for input into a 

model later in this thesis (Chapter 12). From the preceding discussion it is clear that the 

helium porosimeter measurements are the more accurate and these compare well to 

mercury injection porosimetry readings (Section 7.6). However, the number of helium 

porosimetry readings available (26) is small, not particularly closely spaced, and 

restricted to 2 boreholes. The porosity measurements derived from moisture content 

analysis are much greater in number (greater than 500), closely spaced and taken from 

13 boreholes across the WSA. They can therefore be used to illustrate trends both with 

depth and spatially. For the purposes of the modelling described later in this thesis a 

single value of porosity is required and the measurements undertaken suggest that a 

porosity value of 30% is a reasonable estimate for use in models of the Lower Chalk at 

Harwell.

7.5 The measurement of gas permeability of Chalk cores and 
derivation of values for hydraulic conductivity

7.5.1 Introduction

Measurement of gas permeability can be used to obtain a value for intrinsic permeability 

for rock cores and from this the hydraulic conductivity can be calculated.

Gas permeability is measured by passing an inert gas (nitrogen) through a rock core 

confined within a sample holder. The core is confined by an inflatable jacket that 

prevents passage of gas along the outer surface. Inlet gas pressure, differential gas 

pressure across the core and outlet gas flow rates are recorded by pressure transducers. 

Measurements are made at several different pressures of gas to enable the use of an 

empirical correction to the gas permeability that gives the intrinsic (liquid) permeability.
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7.5.2 Theory

Hydraulic conductivity, K, describes the conductivity of water through a porous medium 

at a macroscopic scale and is generally defined with reference to Darcy’s Law

Q = - K A ~  (7.4)
al

where Q is the volumetric flow rate, A is the cross-sectional area perpendicular to the 

direction of flow and dh/dl is the hydraulic gradient. Hydraulic conductivity is a 

property both of the fluid and the porous medium. An intrinsic permeability, k ,  can be 

defined which is a property of the porous medium alone. Hydraulic conductivity and 

intrinsic permeability are related through the expression

f  \
k  = K (7.5)

V p g J

where p is the viscosity, p is the fluid density and g is the acceleration due to gravity. 

Incorporation of these terms in Darcy’s Law and considering only horizontal flow gives

f kA

Q ~ \ % c  (7-6)

L

where L is the length of sample and dp is the pressure difference across the sample.

Gas differs from liquids in that gas permeability varies with mean gas pressure. This 

compressible behaviour requires additional terms. By assuming a constant temperature, 

steady state conditions and that mass is conserved gas permeability, Kgas, can be 

expressed as (e.g. Dullien 1979)

2 juZTP„LQbK =  (7.7)
gas ATb(P? - P*)

where p is the gas viscosity, Z is the mean gas compressibility, T is the mean 

temperature of flowing gas, Pfr is the base (atmospheric) pressure in absolute units, Pj  

is the upstream absolute pressure, P2 is the downstream absolute pressure and Tfr is the 

ambient (base) pressure. Equation 7.7 can be simplified by assuming that the base, 

temperature is equal to the mean temperature of flowing gas and assuming 

compressibility, Z, to be unity (approximately true for nitrogen). Gas permeability can 

thus be expressed by the simpler equation
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(7.8)

where Pm is equal to (P j  +P2)72

Gas slippage effects and derivation o f hydraulic conductivity

Important behavioural differences exist between gases and liquids at the molecular 

scale. For gases the velocity at bounding surfaces, such as at mineral grain boundaries 

cannot be assumed to be zero and gases exhibit a slippage effect at these boundaries. 

This 4gas slippage’ becomes significant when the mean free path of gas molecules, X, is 

of the same order of magnitude as the pore size (the mean free path being the average 

length of free movement of gas molecules between successive collisions). As the mean 

free path is dependent upon pressure then the effects of gas slippage will vary with 

mean gas pressure. Liquids have mean free paths close to their molecular diameters and 

therefore no slippage occurs at grain boundaries. As a result, for materials with 

relatively small pore sizes, the apparent macroscopic gas permeability may be 

significantly greater than the intrinsic or liquid permeability.

Klinkenberg (1941) provided a correction to account for gas slippage that is widely used 

in converting gas permeability to intrinsic permeability. Porous media were modelled as 

bundles of capillaries of circular cross section aligned parallel to the macroscopic flow 

direction. Substituting an expression for gas slippage into the Hagan-Poiseuille 

equation, which describes microscopic flow in a parallel-sided capillary and equating 

this with Darcy’s Law, Klinkenberg (1941) obtained the following relationship

pressure employed). Equation 7.9 gives an inverse relationship between the mean gas 

pressure and gas permeability. At high values of pressure gas permeability should 

approach liquid permeability. In practice liquid permeability is obtained by plotting 

results of gas permeability tests over a range of pressures against the inverse of mean 

core pressure. For the resulting straight-line relationship, the gradient is equivalent to 

bki and the intercept, k\, extrapolated to infinite inverse mean pressure, gives the 

intrinsic permeability.

(7.9)

where k\ is the intrinsic permeability and b is a constant (dependent upon the units of
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7.5.3 Experimental method

The experimental method and the derivation of values of hydraulic conductivity are 

given in Appendix 7.2.

7.5.4 Results

The results of permeability measurements made on cores from WSA12 and WSA13 

give values of intrinsic permeability in the range 3 x 10‘5 to 2 x lO'4 Darcies (0.03 to 0.2 

millidarcies). Converting these to hydraulic conductivity at 10°C gives a range of 

3 x 10'10 to 2 x 10'9 m/s. The range for both units is over a single order of magnitude. 

Given that hydraulic conductivity can be found ranging over several orders of 

magnitude the observed range can be considered limited. This is taken to indicate that 

the Chalk matrix encountered in these two boreholes is relatively uniform.

Results are tabulated in Table 7.4 and illustrated on Figure 7.5. The results show that 

matrix hydraulic conductivity in the two cores averages 1 x 10‘9 m/s. In WSA12 there is 

a zone of lower hydraulic conductivity from 10 to 15 mbgl. In WSA13 a single high 

value is found at 5 mbgl but otherwise the results show only limited variation around 

the mean.

7.5.5 Sources of error

Klinkenberg correction is an empirical correction and therefore contains uncertainties. 

Bloomfield and Williams (1995) derived an alternative empirical correction for 

converting gas permeability to intrinsic permeability by measuring both liquid and gas 

permeability of a number of cores. A log-log straight-line relationship was derived 

which can be applied to single point measurements of gas permeability.

7.6 Determination of pore size distribution by mercury injection 
porosimetry

7.6.1 Principle

Mercury injection porosimetry (MIP) measures the pressure required to force mercury 

into progressively finer pore spaces. The pressure may be related to the size of the pore 

throats invaded by the mercury. By measuring the volume of mercury injected a plot of 

pore throat size distribution is obtained. Pore surface area can also be determined as can 

grain density.
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7.6.2 Theory

The contact angle of mercury and common solids is around 140° and therefore an excess 

pressure is required to force liquid mercury into the pores of a solid. Assuming a 

cylindrical pore, the pressure required to force a liquid into a cylindrical cavity of 

radius, r, is (Gregg and Sing 1982):

p  = ~2. (JC0S.e (7.10)
r

where a  is the liquid surface tension, 0 is the pore wall- liquid contact angle or wetting 

angle, r is the apparent pore diameter being intruded and P is the absolute pressure 

causing the intrusion. The above equation is known as the Washburn equation and is a 

special case of the Young-Laplace equation which can be written as

P ,-P g =-C7
f  1 1N

—  +  -  

kr, rrj
(7.11)

Where P/ is the pressure of liquid and Pg is the pressure in the gaseous phase. The 

meniscus between the two phases is a segment of a sphere, with radii r] and r2, such that

rx - r 2 - r  cos 6 (7.12)

and

Pi - Pg — AP (7.13)

The contact angle of mercury has been determined for a number of materials, where it 

has been found to be in the range of 130° to 150°. The actual contact angle depends on 

whether the mercury is advancing or retreating, the purity of the mercury and the 

physical and chemical state of the surface itself (Gregg and Sing 1982). The selection of

contact angle is critical as the value of the cosine function over the range 130° to 150°

changes considerably. For example, at a contact angle of 140°, a 1° error in the estimated 

contact angle gives a 1.4% error in calculating the pore diameter (Lowell and Shields 

1984). For work in the Chalk, Price et al., (1976) used a contact angle of 130°, the 

default value used when no better estimate is available, whereas Ashley et al., (1994) 

used a value of 135°, the contact angle of mercury and pure calcite, however, there is a 

considerable difference between pure calcite and Chalk. For this work a value of 130° 

has been taken. The interfacial tension between mercury and air has been measured by a 

number of workers; Gregg and Sing (1982) recommend that the value of 0.480 Pa.s is 

used for routine analysis.
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7.6.3 MIP method

Mercury (contact angle 130° to 150°) is injected under pressure into a sample. The

From a knowledge of the contact angle, surface tension and pressure, the pore diameter 

invaded can be determined. By measuring the volume of mercury injected for a 

particular pressure increment the volume of the pore space with that sized opening can

determine the pressure required to enter a pore. Obviously, mercury can only penetrate 

to the pores that are interconnected.

Compressibility

Solid compressibility can occur during MIP when pressures of up to 413 MPa are used. 

Compressibility is described by

compressed by 0.006 to 0.06 cm3 (Lowell and Shields 1984). This does not account for 

compressibility arising from the existence of unintruded pore spaces such as occluded 

pores (pores without access to the surface of mineral grains) which may be crushed 

during mercury injection. Weak or soft materials may have significant compressibility 

for which corrections are required. The compressibility of the equipment, including 

penetrometers, is accounted for by running blanks. Pinote et al., (1968) found that the 

high pressures used in MIP opened up the structure of graphitized coke so that the 

volume penetrated by mercury was higher than that penetrated by helium for stronger 

materials. Chalk is sufficiently strong that no correction should be necessary.

Surface area

The surface area of a porous solid can be determined from MIP by relating the work 

required to force a volume dv of mercury into a pore to the work required to form an 

element dA of mercury-to-solid interface (Gregg and Sing 1982). Using the Young- 

Dupre equation gives the expression

assuming that the pore is of constant cross-section, integration gives an expression for 

the surface area, A, of the walls of the pores that have been penetrated by mercury

pressure required for injection is inversely proportional to the size of the pore opening.

be determined. The critical diameter will be the pore throat diameter, as this will

(7.14)

where p is the compressibility of the solid and V is the volume. Values of p for most 

solids are in the range 10'9 to 10'10 kPa implying that a sample of 1 cm3 will be

cjcosOdA = -P dv (7.15)
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1 'max

A = — -—  \Pdv (7.16)
crcos# -

The surface area calculated by the above equation assumes no specific pore geometry. 

The area, A , can only represent the pores that have been penetrated by mercury and 

therefore will underestimate the pore surface area where micropores exist below the 

minimum pore size penetrated at 413 MPa.

Experimental method

The method and calculations follows ASTM Standard D4404-84 (1984) and is given in 

Appendix 7.3.

7.6.4 Results 

Pore size distribution

The results for samples from WSA13 are shown in Figure 7.6 and Figure 7.7. Figure 7.6 

is a plot of pore diameter against cumulative volume for penetration and drainage (a 

porogram). This reveals that the pore sizes are distributed across a narrow range of 

diameters of 0.01 to 0.4 pm, with only a very small proportion of the total pore space 

being taken up at larger pore diameters. (It is important to note that the pore diameters 

are those that would be determined for cylindrical pores and therefore they actually 

represent pore throat sizes, but following general usage the term pore diameter is used 

throughout in this text.) The drainage curve on these plots shows hysterisis with 

incomplete drainage taking place and up to 40% of the injected mercury remained in the 

sample.

Plots of pore diameter against incremental volume (Figure 7.7) demonstrate that during 

penetration the greatest proportion of mercury intrusion is taken up by pores in the 

narrow range of diameters referred to above. The greatest individual volumetric 

intrusion occurs at a pore diameter of approximately 0.3 pm in most samples making 

this the modal pore diameter. Incremental drainage shows the largest increment of 

drainage to occur at a pore diameter of 1 to 2 pm.

The entrapment of mercury in the sample is typical for many materials (Lowell and 

Shields 1984) and further mercury entrapment may be expected for additional pressure 

cycles. Lowell and Shields (1984) attribute the different paths taken by the penetration 

and drainage curves to the change in contact angle between intrusion and extrusion, 

contact angles during extrusion being somewhat smaller than for intrusion. If the correct 

contact angles are measured and employed, hysterisis still occurs due to the entrapment
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of mercury, but the intrusion and extrusion curves coincide over the early part of the 

drainage curve. Adopting an extrusion angle of 95° gives a reasonable fit to the data 

gathered here.

Hysterisis has also been attributed to the ink-bottle effect where intrusion into a pore 

with a narrow neck (pore throat) cannot occur until sufficient pressure is attained to 

force mercury through the narrow neck. At this pressure the entire pore will fill with 

mercury. Under drainage conditions the broader pore cannot empty until the pressure 

had been lowered to allow passage through the pore throat, leaving mercury in the pore. 

Whilst being conceptually easy to grasp, Lowell and Shields (1984) point out that this 

mechanism may not be tenable for the following reasons.

• All porous samples exhibit hysterisis, whilst not all porous samples have spherical 

pores bounded by narrow pore throats.

• Porograms exhibit various shapes, the ink-bottle effect suggests that they should all 

show similar shapes.

• All drainage curves show hysterisis regardless of the maximum pressure attained. 

Were the ink-bottle model to operate at all pore sizes then even large pores should 

exhibit this effect.

• Intrusion into porous medium containing openings wider than pore throats also show 

hysterisis.

• To break the mercury column on drainage requires an energy input which is ignored 

in the analysis.

Surface area

Cumulative pore surface area against pore diameter curves are shown on Figure 7.8 and 

incremental pore surface area plotted against pore diameter on Figure 7.9. Figure 7.8 

illustrates a smooth increase in pore surface area from 0.8 \im pore diameter suggesting 

that pore surface area is distributed evenly across a range of pore diameters down to 

0.007 \im. Figure 7.9 shows that pores below a pore diameter of 0.01 \xm contribute only 

small amounts to the total surface area. The total, estimated surface area of these Chalk 

samples is large at around 10 m2/g.

Porosity and density

The intrusion curves level out over the last few readings indicating that at the highest 

pressures no further intrusion of mercury occurs and therefore all pore spaces have been
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filled. This means that the porosity, density and surface area calculated for the 

maximum intrusion volume are true, rather than apparent, values.

Porosity and grain density calculated by MIP are compared with the results obtained by 

helium porosimetry in Table 7.5. The results of the two methods show good agreement 

suggesting that the porosity measured by helium and mercury is the same. This result 

may be taken as an indication that the high pressures used in the MIP tests did not cause 

a significant compression of the sample and hence no correction for compressibility was 

necessary.

7.6.5 Discussion

The results of MIP testing of 100 samples of Chalk from a variety of locations in 

England were reported by Price et al., (1976), this included 8 samples of Lower Chalk. 

For the Lower Chalk pore sizes ranged from 0.3 to 0.01 pm, is comparable to the results 

reported here, although the envelope of pore sizes given here shows more slope than the 

results of Price et al., (1976), particularly over the smaller pore diameters. This suggests 

a slightly broader range of pore sizes for the Harwell Chalk than previously reported.

To view pore shape and structure resin casting techniques were used by Patsoules and 

Cripps (1982) for East Yorkshire Chalk. A measure of pore sizes was obtained using a 

stereoscopic technique to give a median pore diameter (4.83 pm) and a pore throat 

diameter (1.95 pm). These values differ from those obtained by Price et al., (1976) 

using MIP (median pore diameter 0.39 pm). Patsoules and Cripps (1982) were able to 

demonstrate that the pores had a very high connectivity with between 15 and 30 

interpore connections per pore. Pore shapes were described as spherical, folded 

ellipsoidal, tubular, polyhedral (rare), discoid and ring-shaped in section.

7.7 Determination of the effective porosity for chloride
The effective porosity, ne, can be defined as the proportion of the total volume of a 

porous material that is available for diffusion of water or of solutes (Van der Kamp et 

al., (1997). Effective porosity is often less than total porosity for due to isolated pores, 

ion exclusion and bound water (Van der Kamp et al., 1997). Effective porosity may be 

different for different solutes depending upon their effective molecular size and charge. 

Effective porosity is therefore defined by



where Vpe is the effective pore volume and Vc is the total volume of porous material 

The effective porosity can be quickly determined for a conservative solute in the Chalk 

by taking samples with porewater at a known concentration and immersing them in a 

solution at a different concentration. The change in the concentration of this solution can 

be used to determine the mass of solute present in the porewater at the end of the 

experiment, after sufficient time for diffusion has been allowed. This can be compared 

to the starting porewater concentration to determine whether this corresponds to the 

measured porosity. Deviations from this relationship indicate that some of the pore 

space is not accessible to the solute.

Measurement o f the effective porosity

Samples of Chalk of approximately 1 cm3 were placed in jars (10 to a jar) with a 

solution containing potassium chloride at a known concentration. The jar was sealed and 

left for sufficient time to allow diffusive equilibrium. Equilibrium was assumed to have 

occurred once two successive measurements of chloride concentration showed 

concentration differences of less than 5%. The Chalk cubes were then removed and 

placed in fresh jars and a second solution added with a different (higher) concentration. 

Again, diffusive equilibrium was established. The concentration of the second solution 

was then measured using the method described in Appendix 6.2.

Results of effective porosity measurement 

Results are calculated as effective porosity

------------ (7.18)
o*. {yf.c¥+vwch)ityr.+vmll)

where n is the porosity measured by liquid resaturation, CQbsls the actual concentration 

of the final solution, Cjp is the initial concentration in porewater, C/w is the initial 

concentration of the added solution, VpW is the volume of porewater and is the 

volume of added water.

The results are shown in Table 7.6 where it can be seen that chloride appears to have 

accessed all the available pore space and therefore the effective porosity of chloride in 

the Chalk matrix has been determined to equal the total porosity.
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Table 7.1 Helium gas expansion porosimetry results

Depth Core
No.

Dry
Wgt.

Diam. Length Expanded
Pressure

Temp .Corrected
Pressure

Bulk
Vol.

Dry
density

Grain
Vol.

Porosity Grain
Density

(m bgl) (9) (mm) (mm) (psi) (C) (psi) (mm3) (kg/m3) (mm3) (%) (kg/m3)
WSA12

6.20 55B 111.31 37.16 63.40 21.16 32.5 20.92 68759 1619 44699 35.0 2490
6.20 55A 125.07 37.11 71.99 23.05 32.5 22.79 77865 1606 50387 35.3 2482
6.55 67A 101.54 37.39 43.42 19.75 32.0 19.56 47675 2130 39868 16.4 2547
7.80 68A 141.30 37.41 68.37 25.07 32.3 24.80 75150 1880 55557 26.1 2543
7.80 68B 142.74 37.44 70.49 25.63 32.2 25.36 77605 1839 56854 26.7 2511

10.00 93A 150.06 37.58 70.59 25.66 32.0 25.41 78297 1917 56958 27.3 2635
10.00 93B 150.06 36.93 74.37 26.53 32.0 26.27 79661 1884 58831 26.1 2551
12.50 116A 93.59 37.03 43.41 19.45 27.2 19.57 46751 2002 39909 14.6 2345
12.50 116B 118.50 37.61 41.39 21.72 27.2 21.85 45982 2577 47660 15.0 2486
12.90 160A 180.53 37.22 74.31 32.52 32.0 32.20 80852 2233 69006 14.7 2616
12.90 160B 167.84 37.31 67.77 29.79 32.2 29.48 74093 2265 64844 12.5 2588
13.20 138B 133.50 36.61 69.97 24.16 31.9 23.93 73655 1813 53432 27.5 2498
13.20 138A 128.97 36.63 69.83 23.63 29.1 23.62 73588 1753 52641 28.5 2450
15.00 183B 155.53 37.44 75.20 27.95 32.4 27.64 82790 1879 61569 25.6 2526
15.00 183A 145.54 37.25 70.23 26.17 27.2 26.33 76536 1902 58952 23.0 2469
15.90 194B 131.48 36.68 72.13 23.75 32.4 23.49 76219 1725 52285 31.4 2515
15.90 194A 110.52 36.61 60.70 21.00 32.3 20.77 63897 1730 44216 30.8 2500
17.40 206A 104.00 37.10 51.75 20.31 32.0 20.11 55943 1859 41914 25.1 2481

Mean grain density 2513
Mean porosity 24.5
Mean dry density 1923
WSA13

3.85 304 105.34 37.60 50.06 20.54 32.0 20.34 55585 1895 42722 23.1 2466
3.95 312A 145.67 37.18 73.85 25.97 32.0 25.71 80179 1817 57640 28.1 2527
5.15 338B 144.41 37.07 73.43 25.47 32.0 25.22 79252 1822 56532 28.7 2554
5.15 338A 84.18 37.27 41.72 18.21 32.0 18.03 45515 1850 33606 26.2 2505
6.85 351A 114.46 37.18 65.19 21.67 31.9 21.46 70777 1617 46465 34.4 2463
7.35 378A 143.32 37.34 69.38 25.47 27.3 25.61 75975 1886 57419 24.4 2496
7.35 378B 144.87 37.39 69.41 25.73 28.8 25.75 76212 1901 57711 24.3 2510
8.20 408 147.01 37.47 69.30 26.23 28.8 26.25 76417 1924 58785 23.1 2501
9.50 428A 147.02 37.23 74.97 26.30 32.0 26.04 81614 1801 58348 28.5 2520
9.50 428A 141.07 37.13 72.83 25.22 32.0 24.97 78859 1789 55962 29.0 2521

10.95 447B 110.58 36.71 62.09 21.10 32.1 20.89 65717 1683 44593 32.1 2480
10.95 447A 98.60 36.96 54.71 19.72 32.0 19.53 58698 1680 39755 32.3 2480
13.25 512 142.55 37.16 72.14 25.37 32.4 25.09 78238 1822 56230 28.1 2535
14.50 529B 132.50 37.41 67.13 24.44 28.8 24.46 73787 1796 54736 25.8 2421
14.50 529A 130.82 37.43 67.16 24.77 28.7 24.79 73899 1770 55546 24.8 2355
15.70 546B 126.66 36.88 69.78 23.30 31.9 23.08 74542 1699 51194 31.3 2474
15.70 546A 107.72 36.91 57.67 20.76 32.0 20.56 61706 1746 43478 29.5 2478
16.75 572A 123.29 36.81 65.41 22.62 32.0 22.40 69609 1771 49283 29.2 2502
17.05 592B 131.38 36.56 71.77 23.79 32.0 23.56 75343 1744 52469 30.4 2504
18.00 616A 149.16 37.24 72.15 26.21 32.4 25.92 78586 1898 58084 26.1 2568
18.00 616B 145.57 37.25 73.88 26.59 32.0 26.33 80514 1808 58956 26.8 2469
19.60 635B 148.09 36.79 74.87 26.37 32.0 26.11 79590 1861 58496 26.5 2532
19.60 635A 140.23 37.53 69.19 24.96 32.0 24.71 76553 1832 55357 27.7 2533

Mean grain density 2495
Mean porosity 27.8
Mean dry density 1800

282



Table 7.2 Results o f  porosity measurement by liquid resaturation

Water Density: 997.000 kg/m3
Core No. Dry wt. Wet Wt. Buoyant

wt.
Wt.

Water
Pore

volume
Sample
volume

Liquid
resat'n

porosity

Helium
porosity

Difference 
(liquid to 
helium)

(g) (9) (g) (g) (mm3) (mm3) (%) (%) (%)
13-304a 105.399 118.280 63.940 12.881 1292 6413 20.1 23.1 3.0
13-351 a 114.462 140.980 70.210 26.518 2660 7042 37.8 34.4 -3.4
13-378a 143.370 164.007 88.170 20.637 2070 8844 23.4 24.4 1.0
13-378b 144.909 161.112 85.900 16.203 1625 8616 18.9 24.3 5.4
13-428A 147.065 173.630 90.960 26.565 2664 9123 29.2 28.5 -0.7
13-428b 141.072 167.229 87.530 26.157 2624 8779 29.9 29.0 -0.8
13-512a 145.652 172.086 90.920 26.434 2651 9119 29.1 28.1 -0.9
13-529a 131.367 155.671 79.265 24.304 2438 7950 30.7 24.8 -5.8
13-546b 126.614 151.806 77.408 25.192 2527 7764 32.5 31.3 -1.2
13-546a 107.683 129.001 60.621 21.318 2138 6080 35.2 29.5 -5.6
13-572a 123.305 146.144 76.591 22.839 2291 7682 29.8 29.2 -0.6
13-592a 130.783 153.060 79.022 22.277 2234 7926 28.2 30.4 2.2
Average 28.7 28.1 -0.6
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Table 7.3a Porosity estimates from moisture content measurements:
WSA1 and WSA2

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (g) (g) (%) (%)
WSA2

1.20 10.5 8.3 2.2 26.5 39.9
1.90 11.3 9.3 2.0 21.5 35.0
2.60 6.3 5.1 1.2 23.5 37.0
3.20 12.1 9.7 2.4 24.7 38.2
4.00 12.9 10.6 2.3 21.7 35.2
5.60 12.8 10.6 2.2 20.8 34.2
7.15 10.0 8.3 1.7 20.5 33.9
7.51 4.9 4.4 0.5 11.4 22.1
8.00 4.9 4.2 0.7 16.7 29.4

10.50 3.0 2.6 0.4 15.4 27.8
11.00 7.5 6.6 0.9 13.6 25.4
12.00 7.2 5.7 1.5 26.3 39.7
13.00 7.8 5.9 1.9 32.2 44.6
13.50 0.7 0.5 0.2 40.0 50.0
14.20 5.7 4.7 1.0 21.3 34.7
14.85 1.7 1.4 0.3 21.4 34.9
15.70 4.2 3.4 0.8 23.5 37.0
17.00 19.0 10.9 8.1 74.3 65.0
17.85 27.8 23.7 4.1 17.3 30.2
18.60 16.1 13.6 2.5 18.4 31.5
19.60 8.7 7.7 1.0 13.0 24.5

Average 24.0 35.7

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA1

2.10 9.6 8.2 1.4 17.1 29.9
3.60 16.9 13.6 3.3 24.3 37.8
3.90 6.0 5.4 0.6 11.1 21.7
5.10 25.6 21.6 4.0 18.5 31.6
5.60 12.5 11.0 1.5 13.6 25.4
7.00 10.1 8.8 1.3 14.8 27.0
7.80 22.2 20.3 1.9 9.4 19.0
8.60 7 0 6.1 0.9 14.8 26.9
9.80 6.7 5.7 1.0 17.5 30.5

10.25 7.1 6.0 1.1 18.3 31.4
10.70 7.6 6.5 1.1 16.9 29.7
11.20 11.7 10.3 1.4 13.6 25.4
11.80 11.1 9.4 1.7 18.1 31.1
12.20 10.9 9.3 1.6 17.2 30.1
12.70 19.2 15.8 3.4 21.5 35.0
13.20 24.4 20.7 3.7 17.9 30.9
14.20 18.9 16.1 2.8 17.4 30.3
14.70 14.2 12.1 2.1 17.4 30.3
15.40 23.4 19.8 3.6 18.2 31.3
16.50 15.6 13.0 2.6 20.0 33.3
20.03 14.5 12.3 2.2 17.9 30.9

Average 16.9 29.5
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Table 7.3 b Porosity estimates from moisture content measurements:
WSA3 and WSA4
Depth Sample

(bulk)
Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (g) (g) (%) (%)
WSA3

0.95 7.2 5.8 1.4 24.1 37.6
2.50 6.6 5.6 1.0 17.9 30.9
3.60 6.7 5.7 1.0 17.5 30.5
4.20 3.7 3.1 0.6 19.4 32.6
5.20 5.1 4.2 0.9 21.4 34.9
6.20 5.0 4.3 0.7 16.3 28.9
7.10 6.1 5.1 1.0 19.6 32.9
8.45 10.3 8.7 1.6 18.4 31.5
9.19 6.0 5.3 0.7 13.2 24.8

10.55 12.4 10.1 2.3 22.8 36.3
11.51 3.8 3.2 0.6 18.8 31.9
12.12 11.1 9.4 1.7 18.1 31.1
13.15 9.5 7.8 1.7 21.8 35.3
14.85 5.7 4.8 0.9 18.8 31.9
15.95 24.0 20.2 3.8 18.8 32.0
16.38 6.5 5.8 0.7 12.1 23.2
17.42 8.0 6.9 1.1 15.9 28.5
18.10 34.7 29.5 5.2 17.6 30.6
18.39 25.9 22.5 3.4 15.1 27.4
18.97 18.5 16.0 2.5 15.6 28.1
19.43 16.4 13.8 2.6 18.8 32.0

Average 18.2 31.1

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA4

0.80 6.8 5.4 1.4 25.9 39.3
1.80 5.4 4.4 1.0 22.7 36.2
2.50 3.8 3.2 0.6 18.8 31.9
3.20 5.1 4.3 0.8 18.6 31.7
3.60 11.4 9.2 2.2 23.9 37.4
4.45 9.4 7.3 2.1 28.8 41.8
4.60 15.2 12.2 3.0 24.6 38.1
5.30 5.1 4.3 0.8 18.6 31.7
5.67 14.3 10.0 4.3 43.0 51.8
5.70 25.0 20.4 4.6 22.5 36.1
7.00 21.6 17.5 4.1 23.4 36.9
8.00 49.1 41.6 7.5 18.0 31.1
8.20 11.5 10.4 1.1 10.6 20.9
8.43 21.1 17.7 3.4 19.2 32.4
9.10 11.4 9.7 1.7 17.5 30.5
9.80 6.3 5.3 1.0 18.9 32.1

10.40 14.1 12.6 1.5 11.9 22.9
12.60 14.2 11.5 2.7 23.5 37.0
14.65 17.1 13.3 3.8 28.6 41.7
15.45 44.1 38.1 6.0 15.7 28.2
16.15 16.9 14.7 2.2 15.0 27.2
16.80 40.2 34.1 6.1 17.9 30.9
18.00 21.6 18.8 2.8 14.9 27.1
18.45 25.7 21.9 3.8 17.4 30.3
18.75 17.2 14.7 2.5 17.0 29.8
19.19 13.6 11.8 1.8 15.3 27.6
19.95 61.7 54.9 6.8 12.4 23.6

Average 20.2 32.8

285



Table 7.3c Porosity estimates from moisture content measurements:
WSA5 and WSA6

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (g) (g) (%) (%)
WSA6

0.40 20.5 15.7 4.8 30.6 43.3
1.20 10.1 8.5 1.6 18.8 32.0
1.60 9.2 7.6 1.6 21.1 34.5
2.40 28.4 23.9 4.5 18.8 32.0
3.00 6.3 5.1 1.2 23.5 37.0
4.00 13.0 10.9 2.1 19.3 32.5
4.60 16.2 13.3 2.9 21.8 35.3
5.40 43.5 34.9 8.6 24.6 38.1
6.20 5.1 4.5 0.6 13.3 25.0
7.00 8.9 7.7 1.2 15.6 28.0
7.40 9.4 8.0 1.4 17.5 30.4
8.00 12.4 10.6 1.8 17.0 29.8
8.30 56.6 46.8 9.8 20.9 34.4
8.65 24.5 20.3 4.2 20.7 34.1
9.10 4.2 3.4 0.8 23.5 37.0
9.47 31.6 27.0 4.6 17.0 29.9
9.80 46.6 39.6 7.0 17.7 30.6

10.35 16.2 14.0 2.2 15.7 28.2
10.71 21.9 17.9 4.0 22.3 35.8
10.97 28.9 23.3 5.6 24.0 37.5
11.45 24.4 19.8 4.6 23.2 36.7
11.94 29.5 24.0 5.5 22.9 36.4
12.27 23.2 19.4 3.8 19.6 32.9
12.50 17.2 15.2 2.0 13.2 24.8
12.60 44.1 39.3 4.8 12.2 23.4
12.95 58.4 49.8 8.6 17.3 30.2
13.15 18.9 16.2 2.7 16.7 29.4
13.25 14.0 11.5 2.5 21.7 35.2
13.60 17.6 14.6 3.0 20.5 33.9
14.02 8.2 7.0 1.2 17.1 30.0
14.18 26.5 22.9 3.6 15.7 28.2
14.56 2.7 2.3 0.4 17.4 30.3
14.88 4.5 3.7 0.8 21.6 35.1
15.24 6.9 5.9 1.0 16.9 29.8
15.50 31.8 25.9 5.9 22.8 36.3
16.02 9.0 7.5 1.5 20.0 33.3
16.35 5.4 4.7 0.7 14.9 27.1
16.70 27.1 23.1 4.0 17.3 30.2
17.40 30.4 25.5 4.9 19.2 32.5
17.85 32.1 27.9 4.2 15.1 27.3
18.01 30.7 26.6 4.1 15.4 27.8
18.47 15.8 13.7 2.1 15.3 27.7
18.71 19.6 16.5 3.1 18.8 32.0
19.10 38.9 32.8 6.1 18.6 31.7
19.65 19.5 16.7 2.8 16.8 29.5

Average 19.0 31.9

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA5

1.00 13.0 10.2 2.8 27.5 40.7
2.30 9.6 7.9 1.7 21.5 35.0
4.30 8.8 7.2 1.6 22.2 35.7
5.20 7.0 6.1 0.9 14.1 26.1
7.10 8.9 7.4 1.5 20.3 33.6
8.05 6.4 5.6 0.8 14.3 26.3
9.05 25.6 21.9 3.7 16.9 29.7
9.90 10.6 8.9 1.7 19.1 32.3

10.35 7.6 6.4 1.2 18.8 31.9
11.05 19.1 16.5 2.6 15.8 28.3
12.10 11.1 9.1 2.0 22.0 35.5
13.05 15.2 13.5 1.7 12.6 23.9
13.52 68.1 53.5 14.6 27.3 40.6
14.20 7.0 6.0 1.0 16.7 29.4
14.86 9.0 8.1 0.9 11.1 21.7
15.15 14.7 12.8 1.9 14.8 27.1
15.75 24.3 21.2 3.1 14.6 26.8
16.57 12.9 10.7 2.2 20.6 34.0
17.18 24.9 20.9 4.0 19.1 32.4
17.45 3.4 2.7 0.7 25.9 39.3
17.80 6.8 5.8 1.0 17.2 30.1
18.02 19.4 16.6 2.8 16.9 29.7
18.17 19.3 15.9 3.4 21.4 34.8
18.45 9.4 8.1 1.3 16.0 28.6
18.74 38.0 32.8 5.2 15.9 28.4
18.90 18.8 15.7 3.1 19.7 33.0
19.45 26.7 22.6 4.1 18.1 31.2
19.67 25.6 22.6 3.0 13.3 24.9
19.95 28.8 24.0 4.8 20.0 33.3

Average 18.4 31.2
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Table 7.3d Porosity estimates from moisture content measurements:
WSA7 and WSA8

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (g) (g) (%) (%)
WSA8

0.50 21.1 16.3 4.8 29.4 42.4
1.00 32.8 27.1 5.7 21.0 34.5
1.50 25.6 22.6 3.0 13.3 24.9
2.00 12.8 10.0 2.8 28.0 41.2
2.50 7.0 5.9 1.1 18.6 31.8
3.00 24.9 20.3 4.6 22.7 36.2
3.50 27.9 23.5 4.4 18.7 31.9
4.00 9.9 8.7 1.2 13.8 25.6
4.50 44.0 36.9 7.1 19.2 32.5
5.00 60.7 49.7 11.0 22.1 35.6
5.50 26.1 22.2 3.9 17.6 30.5
6.00 43.9 36.6 7.3 19.9 33.3
6.50 14.9 13.1 1.8 13.7 25.6
7.00 20.6 17.0 3.6 21.2 34.6
7.50 10.8 9.2 1.6 17.4 30.3
8.00 17.1 14.1 3.0 21.3 34.7
8.50 26.2 22.8 3.4 14.9 27.2
9.00 18.0 15.4 2.6 16.9 29.7
9.50 13.7 11.7 2.0 17.1 29.9

10.00 18.0 15.4 2.6 16.9 29.7
10.50 37.1 32.5 4.6 14.2 26.1
11.00 10.2 8.2 2.0 24.4 37.9
11.50 28.8 24.0 4.8 20.0 33.3
12.00 28.8 24.0 4.8 20.0 33.3
12.50 32.5 26.1 6.4 24.5 38.0
13.00 24.4 19.9 4.5 22.6 36.1
13.50 14.5 12.6 1.9 15.1 27.4
14.00 59.7 53.1 6.6 12.4 23.7
14.50 9.2 7.1 2.1 29.6 42.5
15.00 28.4 23.7 4.7 19.8 33.1
15.50 20.5 17.7 2.8 15.8 28.3
16.00 29.4 25.5 3.9 15.3 27.7
16.50 12.3 10.6 1.7 16.0 28.6
17.00 26.7 22.5 4.2 18.7 31.8
17.50 17.1 14.9 2.2 14.8 27.0
18.00 14.5 12.4 2.1 16.9 29.7
18.50 31.9 27.6 4.3 15.6 28.0
19.00 33.6 28.1 5.5 19.6 32.9
19.50 32.0 27.2 4.8 17.6 30.6
20.00 78.8 68.8 10.0 14.5 26.7

Average 18.8 31.6

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA7

0.50 14.3 10.9 3.4 31.2 43.8
1.00 12.0 9.7 2.3 23.7 37.2
1.50 19.9 15.0 4.9 32.7 45.0
2.00 16.0 12.9 3.1 24.0 37.5
2.50 11.0 8.6 2.4 27.9 41.1
3.00 12.6 9.8 2.8 28.6 41.7
3.50 12.0 10.3 1.7 16.5 29.2
4.00 15.5 13.3 2.2 16.5 29.3
5.50 17.9 16.2 1.7 10.5 20.8
6.00 7.4 6.4 1.0 15.6 28.1
6.50 16.7 13.5 3.2 23.7 37.2
7.00 7.0 5.6 1.4 25.0 38.5
8.00 5.2 4.4 0.8 18.2 31.3
8.50 12.1 10.4 1.7 16.3 29.0
9.00 19.4 16.8 2.6 15.5 27.9
9.50 10.3 8.5 1.8 21.2 34.6

10.00 3.9 3.4 0.5 14.7 26.9
10.50 9.5 8.2 1.3 15.9 28.4
11.00 8.8 7.6 1.2 15.8 28.3
11.50 13.1 11.3 1.8 16.3 28.9
12.00 3.3 2.4 0.9 37.5 48.4
12.50 34.7 28.8 5.9 20.5 33.9
13.00 31.6 25.2 6.4 25.4 38.8
13.50 18.1 15.2 2.9 19.1 32.3
14.00 5.4 4.9 0.5 10.2 20.3
14.50 42.4 34.8 7.6 21.8 35.3
15.00 8.3 6.7 1.6 23.9 37.4
15.50 20.0 17.6 2.4 13.6 25.4
16.00 7.8 6.6 1.2 18.2 31.3
16.50 10.5 9.0 1.5 16.8 29.5
17.00 28.1 23.6 4.5 19.1 32.3
17.50 4.9 4.4 0.5 11.4 22.1
18.00 25.6 22.0 3.6 16.4 29.0
18.50 26.5 22.8 3.7 16.2 28.9
19.00 15.8 13.5 2.3 17.0 29.9
19.50 45.7 37.6 8.1 21.5 35.0
20.00 21.7 18.2 3.5 19.2 32.5

Average 19.9 32.6
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Table 7.3e Porosity estimates from moisture content measurements:
WSA9 and WSA10

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (g) (g) (%) (%)
WSA10

1.00 10.6 8.4 2.2 26.2 39.6
1.50 29.4 24.7 4.7 19.0 32.2
2.00 28.9 22.8 6.1 26.8 40.1
2.50 47.0 40.6 6.4 15.8 28.3
3.00 21.9 17.9 4.0 22.3 35.8
4.00 21.9 18.5 3.4 18.4 31.5
4.50 75.3 61.9 13.4 21.6 35.1
5.00 25.4 22.6 2.8 12.4 23.6
6.50 20.0 17.2 2.8 16.3 28.9
7.00 42.4 34.5 7.9 22.9 36.4
7.50 32.9 27.6 5.3 19.2 32.4
8.00 18.2 15.9 2.3 14.5 26.6
8.50 37.1 30.7 6.4 20.8 34.3
9.00 36.9 31.8 5.1 16.0 28.6
9.50 24.5 21.5 3.0 14.0 25.9

10.00 46.8 40.0 6.8 17.0 29.8
10.50 34.1 28.9 5.2 18.0 31.0
11.00 19.5 16.6 2.9 17.5 30.4
11.50 10.7 9.5 1.2 12.6 24.0
12.00 32.0 27.9 4.1 14.7 26.9
12.50 45.4 37.3 8.1 21.7 35.2
13.00 14.5 11.9 2.6 21.8 35.3
13.50 37.9 30.5 7.4 24.3 37.8
14.00 48.3 40.9 7.4 18.1 31.1
14.50 40.0 33.4 6.6 19.8 33.1
15.00 16.2 13.6 2.6 19.1 32.3
15.50 32.0 26.0 6.0 23.1 36.6
16.00 27.8 24.1 3.7 15.4 27.7
16.50 14.3 11.9 2.4 20.2 33.5
17.00 15.7 13.7 2.0 14.6 26.7
17.50 29.5 24.4 5.1 20.9 34.3
18.00 56.7 49.3 7.4 15.0 27.3
18.50 16.6 14.1 2.5 17.7 30.7
19.00 29.4 25.3 4.1 16.2 28.8
19.50 30.8 26.6 4.2 15.8 28.3

Average 18.6 31.4

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA9

0.50 10.6 8.1 2.5 30.7 43.4
1.00 26.6 19.1 7.5 39.3 49.5
1.50 16.4 9.7 6.7 69.1 63.3
2.00 14.6 11.7 2.9 24.8 38.3
2.50 13.2 11.3 1.9 16.8 29.6
3.00 44.0 37.1 6.9 18.6 31.7
3.50 57.3 49.9 7.4 14.8 27.0
4.00 21.6 17.5 4.1 23.4 36.9
4.50 14.3 11.8 2.5 21.2 34.6
5.00 15.7 13.6 2.1 15.4 27.9
5.50 12.4 10.9 1.5 13.8 25.6
6.00 26.1 22.1 4.0 18.1 31.2
6.50 37.7 31.4 6.3 20.1 33.4
7.00 16.5 14.2 2.3 16.2 28.8
7.50 42.8 35.2 7.6 21.6 35.1
8.00 6.2 5.3 0.9 17.0 29.8
8.50 9.4 8.2 1.2 14.6 26.8
9.00 41.0 34.6 6.4 18.5 31.6

10.00 32.1 27.8 4.3 15.5 27.9
10.50 32.1 27.4 4.7 17.2 30.0
11.00 57.7 47.7 10.0 21.0 34.4
11.50 17.5 14.5 3.0 20.7 34.1
12.00 34.6 28.9 5.7 19.7 33.0
12.50 25.1 20.7 4.4 21.3 34.7
13.00 16.4 13.8 2.6 18.8 32.0
13.50 18.4 16.5 1.9 11.5 22.4
14.00 10.9 9.1 1.8 19.8 33.1
14.50 31.6 25.9 5.7 22.0 35.5
15.00 16.9 14.7 2.2 15.0 27.2
15.50 39.6 32.9 6.7 20.4 33.7
16.00 52.6 46.0 6.6 14.3 26.4
16.50 20.7 17.6 3.1 17.6 30.6
17.00 13.1 11.4 1.7 14.9 27.2
17.50 23.7 20.0 3.7 18.5 31.6
18.00 24.1 20.3 3.8 18.7 31.9
18.50 30.3 26.2 4.1 15.6 28.1
19.00 29.3 25.1 4.2 16.7 29.5
19.50 15.2 12.7 2.5 19.7 33.0
20.00 15.2 12.7 2.5 19.7 33.0

Average 20.3 32.7
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Table 7.3 f Porosity estimates from moisture content measurements:
WSA11 and WSA12

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (g) (g) (%) (%)
WSA12

0.50 13.3 9.3 4.0 43.0 51.8
1.00 17.1 13.6 3.5 25.7 39.1
1.50 12.2 10.3 1.9 18.4 31.6
2.00 23.2 19.2 4.0 20.8 34.2
2.50 17.9 14.7 3.2 21.8 35.2
3.00 27.8 24.5 3.3 13.5 25.2
3.50 32.8 26.6 6.2 23.3 36.8
4.00 25.6 2-1.5 4.1 19.1 32.3
4.50 38.1 31.4 6.7 21.3 34.8
5.00 41.2 34.5 6.7 19.4 32.7
5.50 29.1 25.7 3.4 13.2 24.9
6.00 22.1 19.1 3.0 15.7 28.2
6.50 37.2 31.8 5.4 17.0 29.8
7.00 11.8 9.6 2.2 22.9 36.4
8.00 34.4 29.2 5.2 17.8 30.8
8.50 28.9 25.5 3.4 13.3 25.0
9.00 15.7 12.8 2.9 22.7 36.2
9.50 17.7 15.3 2.4 15.7 28.2

10.00 37.4 32.0 5.4 16.9 29.7
10.50 45.9 39.6 6.3 15.9 28.5
11.00 8.2 7.1 1.1 15.5 27.9
11.50 16.6 13.8 2.8 20.3 33.7
12.00 32.3 26.1 6.2 23.8 37.3
13.00 49.2 43.8 5.4 12.3 23.6
13.50 33.5 28.0 5.5 19.6 32.9
14.00 31.9 26.7 5.2 19.5 32.7
14.50 46.5 40.1 6.4 16.0 28.5
15.00 28.4 23.9 4.5 18.8 32.0
15.50 8.0 6.9 1.1 15.9 28.5
16.00 76.2 63.0 13.2 21.0 34.4
16.50 20.4 17.1 3.3 19.3 32.5
17.00 58.8 50.4 8.4 16.7 29.4
17.50 50.1 42.7 7.4 17.3 30.2
18.00 21.1 17.5 3.6 20.6 34.0
18.50 19.6 17.7 1.9 10.7 21.2
19.00 26.1 22.6 3.5 15.5 27.9
19.50 15.5 13.5 2.0 14.8 27.0
20.00 15.4 13.0 2.4 18.5 31.6

Average 18.8 26.9

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA11

0.50 19.2 15.4 3.8 24.7 38.2
1.00 29.3 24.3 5.0 20.6 34.0
1.50 17.8 15.0 2.8 18.7 31.8
2.00 26.8 21.6 5.2 24.1 37.6
2.50 12.4 10.6 1.8 17.0 29.8
3.00 49.5 39.6 9.9 25.0 38.5
3.50 33.4 27.5 5.9 21.5 34.9
4.00 37.4 31.6 5.8 18.4 31.5
4.50 14.5 12.1 2.4 19.8 33.1
5.00 23.8 19.6 4.2 21.4 34.9
5.50 30.0 24.8 5.2 21.0 34.4
6.00 27.5 23.1 4.4 19.0 32.3
6.50 64.4 58.6 5.8 9.9 19.8
7.00 20.4 16.7 3.7 22.2 35.6
7.50 14.5 11.7 2.8 23.9 37.4
8.00 16.3 14.7 1.6 10.9 21.4
8.50 18.2 15.7 2.5 15.9 28.5
9.00 26.5 22.5 4.0 17.8 30.8
9.50 64.2 55.0 9.2 16.7 29.5

10.00 19.0 16.1 2.9 18.0 31.0
10.50 22.9 19.6 3.3 16.8 29.6
11.00 28.6 24.5 4.1 16.7 29.5
11.50 24.1 20.7 3.4 16.4 29.1
12.00 25.5 21.1 4.4 20.9 34.3
12.50 32.6 26.9 5.7 21.2 34.6
13.00 21.0 17.3 3.7 21.4 34.8
13.50 24.9 20.9 4.0 19.1 32.4
14.00 20.9 18.8 2.1 11.2 21.8
14.50 17.9 15.0 2.9 19.3 32.6
15.00 25.6 22.0 3.6 16.4 29.0
15.50 37.7 32.4 5.3 16.4 29.0
16.00 18.5 14.9 3.6 24.2 37.7
16.50 34.8 30.3 4.5 14.9 27.1
17.00 15.3 12.9 2.4 18.6 31.7
17.50 23.6 20.7 2.9 14.0 25.9
18.00 54.1 46.3 7.8 16.8 29.6
18.50 35.2 30.5 4.7 15.4 27.8
19.00 19.6 16.8 2.8 16.7 29.4
19.50 28.2 25.0 3.2 12.8 24.2
20.00 28.0 24.3 3.7 15.2 27.6

Average 18.3 31.1
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Table 7.3g Porosity estimates from moisture content measurements:
WSA13
Depth Sample

(bulk)
Sample
(dry)

Moisture Content Porosity

(m bgl) (9) (9) (g) (%) (%)
WSA13

0.50 6.7 5.9 0.8 13.6 25.3
1.00 12.0 10.2 1.8 17.6 30.6
1.50 10.9 9.0 1.9 21.1 34.5
2.00 16.6 13.3 3.3 24.8 38.3
2.50 22.6 18.8 3.8 20.2 33.6
3.00 28.1 23.2 4.9 21.1 34.6
3.50 52.2 43.0 9.2 21.4 34.8
4.00 18.6 15.2 3.4 22.4 35.9
4.50 18.0 14.7 3.3 22.4 35.9
5.00 13.7 10.7 3.0 28.0 41.2
5.50 48.4 40.2 8.2 20.4 33.8
6.00 29.6 26.8 2.8 10.4 20.7
6.50 50.6 40.8 9.8 24.0 37.5
7.00 26.3 22.0 4.3 19.5 32.8
7.50 53.1 44.1 9.0 20.4 33.8
8.00 61.2 52.4 8.8 16.8 29.6
8.50 54.4 45.8 8.6 18.8 31.9
9.00 20.7 17.8 2.9 16.3 28.9
9.50 10.8 9.3 1.5 16.1 28.7

10.00 18.1 14.9 3.2 21.5 34.9
10.50 13.8 10.9 2.9 26.6 39.9
11.00 33.3 28.5 4.8 16.8 29.6
11.50 24.4 20.7 3.7 17.9 30.9
12.00 30.5 24.5 6.0 24.5 38.0
12.50 17.0 14.1 2.9 20.6 34.0
13.00 52.2 44.6 7.6 17.0 29.9
13.50 53.7 49.5 4.2 8.5 17.5
14.00 27.5 21.5 6.0 27.9 41.1
14.50 44.5 37.8 6.7 17.7 30.7
15.00 65.6 57.0 8.6 15.1 27.4
15.50 43.7 38.3 5.4 14.1 26.1
16.00 56.8 48.0 8.8 18.3 31.4
17.00 46.0 38.1 7.9 20.7 34.1
17.50 48.1 41.2 6.9 16.7 29.5
18.00 24.1 20.7 3.4 16.4 29.1
18.50 57.8 48.2 9.6 19.9 33.2
19.00 30.8 27.4 3.4 12.4 23.7
19.50 6.9 6.1 0.8 13.1 24.7
20.00 62.2 52.6 9.6 18.3 31.3
20.50 34.7 29.6 5.1 17.2 30.1
21.00 14.3 12.0 2.3 19.2 32.4
21.50 39.0 32.3 6.7 20.7 34.1
22.00 26.1 22.0 4.1 18.6 31.8
22.50 21.4 18.3 3.1 16.9 29.8
23.00 32.6 28.7 3.9 13.6 25.4
23.50 30.6 25.4 5.2 20.5 33.9

Depth Sample
(bulk)

Sample
(dry)

Moisture Content Porosity

(m bgl) (g) (g) (g) (%) (%)
WSA13 (continued)

24.00 23.0 19.7 3.3 16.8 29.5
24.50 18.5 15.6 2.9 18.6 31.7
25.00 40.8 36.2 4.6 12.7 24.1
25.50 19.1 16.8 2.3 13.7 25.5
26.00 26.3 22.7 3.6 15.9 28.4
26.50 22.8 19.1 3.7 19.4 32.6
27.00 16.4 13.8 2.6 18.8 32.0
27.50 15.2 13.2 2.0 15.2 . 27.5
28.00 19.7 16.9 2.8 16.6 29.3
28.50 19.8 18.4 1.4 7.6 16.0
29.00 38.5 33.9 4.6 13.6 25.3
29.50 24.7 21.7 3.0 13.8 25.7
30.00 21.6 18.5 3.1 16.8 29.5
30.50 46.1 39.5 6.6 .16.7 29.5
31.00 46.6 40.5 6.1 15.1 27.4
31.50 45.0 39.2 5.8 14.8 27.0
32.00 9.1 7.8 1.3 16.7 29.4

Average 17.9 30.6
Overall average 18.9 31.5
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Table 7.4 Hydraulic conductivity estimated from gas permeability for
for WSA12 and WSA13__________
Sample Intrinsic

permeability

Hydraulic

conductivity

(@10°C)

Depth

(Darcies) (m/s) (m bgl)

WSA12

055B 1.58E-04 1.47E-09 6.20

55A 2.24E-04 2.09E-09 6.20

67A 1.23E-04 1.28E-09 6.55

67B 1.32E-04 1.23E-09 7.80

68A 1.15E-04 1.07E-09 7.80

93A 5.43E-05 5.07E-10 10.00

93B 4.22E-05 3.94E-10 10.00

116A 5.75E-05 5.36E-10 12.50

116B 2.85E-05 2.66E-10 12.50

160B 8.00E-05 7.46E-10 12.90

138A 8.56E-05 7.98E-10 13.20

183B 5.53E-05 5.16E-10 15.00

183A 7.81 E-05 7.29E-10 15.00

194A 1.79E-04 1.67E-09 15.90

206A 7.57E-05 7.06E-10 17.40

Mean 9.92E-05 9.35E-10

WSA13

304A 5.08E-05 4.74E-10 3.80

312A 8.20E-05 7.65E-10 3.95

338A 5.93E-04 5.53E-09 5.15

351A 7.89E-05 7.36E-10 6.80

378A 9.96E-05 9.29E-10 7.35

378B 8.00E-05 7.46E-10 7.35

408 6.66E-05 6.22E-10 8.20

428A 6.74E-05 6.29E-10 9.50

428B 6.69E-05 6.24E-10 9.50

447A 1.54E-04 1.44E-09 10.95

447B 1.45E-04 1.35E-09 10.95

529C 8.75E-05 8.16E-10 14.50

546B 4.71 E-05 4.39E-10 15.70

546A 8.83E-05 8.24E-10 15.70

572A 2.69E-04 2.51 E-09 16.50

592A 5.53E-05 5.16E-10 17.05

592B 2.49E-04 2.32E-09 17.05

592B 1.04E-04 9.70E-10 17.05

616a 8.18E-05 7.63E-10 18.00

635B 1.95E-04 1.82E-09 19.60

Mean 1.33E-04 1.24E-09
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Table 7.5 Comparison o f mercury porosimetry and helium porosimetry derived grain 
density and porosity

Sample Porosity
(helium)

(%)

Porosity
(MIP)
(%)

Grain density 
(helium) 
(g/mL)

Grain density 
(MIP) 
(mg/L)

13-304A 23 23 2.47 2.59
13-304B - 24 - 2.53
13-465A 23 24 2.50 2.56
13-465B - 23 - 2.51
13-635A 27 28 2.53 2.51
13-635B 28 - 2.53 -
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8. Physio-chemical aquifer properties

8.1 Introduction
The transport of chlorinated solvents and other contaminants in the Chalk matrix will 

depend upon a number of parameters. The dominant transport mechanism is diffusion, 

due to the very low hydraulic conductivity (Chapter 7) and the low prevailing hydraulic 

gradient (Chapter 4). The rate of diffusion of organic compounds, such as chlorinated 

solvents, will be affected by the process of sorption. A knowledge of the diffusion and 

sorption parameters is therefore necessary in understanding the movement of 

contaminants in the Chalk matrix at Harwell. These two processes are quantified in this 

Chapter.

8.2 Determination of total organic carbon content o f the Lower 
Chalk at Harwell

8.2.1 Objective

The quantity of organic carbon in an aquifer is the major control on sorption 

characteristics of organic contaminants (see Chapter 2). A knowledge of the total 

organic carbon (TOC) content and its distribution may therefore give insight into the 

behaviour of organic compounds such as chlorinated solvents in the Chalk and permit 

estimation of the retardation parameter.

TOC is usually determined by combusting the sample in oxygen and measuring the 

quantity of carbon dioxide (C 02) produced, the sample having first been pre-treated by 

acid digestion to eliminate the inorganic (carbonate) carbon fraction. Acid soluble 

organic carbon will be lost during pre-treatment, but is thought to be unimportant 

(Heron et al., 1997).

8.2.2 Background

Carbon in geological materials is generally in the form of inorganic carbonates such as 

calcium carbonate (e.g. aragonite, calcite), magnesium carbonate and iron carbonate 

(siderite). An additional source of carbon is in the form of organic compounds. The total 

organic carbon content can be measured by combustion at high temperatures whereby 

the carbon is converted to C 02. The quantity of C 02 given off can be determined by 

infra-red detection. The quantity of organic carbon can be measured either by pre

treatment to remove inorganic carbon before analysis or by independent analysis of total
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inorganic carbon and subtraction of the total inorganic carbon from the total carbon. The 

second of these methods is inappropriate for small proportions of organic carbon as it 

requires the subtraction of one large number from a second large number to give a small 

number (Heron et al., 1997) and so the method employing initial removal of the 

inorganic carbon is preferable. This requires some form of pre-treatment prior to 

combustion.

The most appropriate method of removing carbonates is by acid digestion (Heron et al., 

1997) although care must be taken to avoid using extractable and volatile organic 

compounds and to prevent contamination of the sample, as the masses used for this 

analysis are small (less than 1 gram). In addition, it is necessary to ensure that all 

carbonate material has been digested.

The loss of volatile compounds is to some extent inevitable but can be minimised by 

keeping temperatures low prior to analysis. More problematic is ensuring the removal of 

all carbonate material. This is especially difficult where compounds which are only 

sparingly soluble in acid are present, compounds such as siderite (FeC03), rhodochrosite 

(MnC03) and dolomite (MgCa(C03)2) (Heron et al., 1997). The Chalk is a very pure, 

low magnesium limestone and as such contains negligible quantities of these 

compounds.

8.2.3 Method of determining TOC in soils and rocks

A full description of the method is contained in Appendix 8.1. A sample of Chalk is 

dried and then ground to a fine sand size. A subsample of approximately 0.7 grams is 

then weighed into a porous ceramic crucible and placed on an apparatus that allows acid 

to be washed through the crucible. The sample is then treated with 10% HC1 acid until 

no signs of effervescence can be observed. It is then rinsed several times with de-ionised 

water and dried at low temperature (40°C) in an oven. Once dry the sample is combusted 

at high temperature in the presence of oxygen and the mass of C 02 given off is 

measured.

The percentage of organic carbon present is established by running external standards to 

quantify the mass of C 02. The mass of C 02 is then divided by the initial dry mass of the 

sample. The limit of detection is determined as twice the average blank.
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8.2.4 Results of TOC analysis

Results of TOC analysis of 22 samples of Chalk from WSA12 and WSA13 at Harwell 

Laboratory are reported as a percentage of TOC against dry weight of rock in Table 8.1 

and are shown against depth on Figure 8.1. The results show that the TOC of the Lower 

Chalk from Harwell ranges from 0.03 % to 0.24% with a mean of 0.09% (of dry weight) 

and therefore f oc is approximately equal to 0.001. The TOC measurements of cores 

from both boreholes appear to follow a similar trend with depth. From 6 mbgl to 

13 mbgl TOC is reasonably constant and then increases to reach a peak at 15 to 

16 mbgl. A second peak is apparent in the TOC measurements from WSA13. The 

appreciable peak at 15 mbgl in both boreholes suggests a lithological origin, although 

no significant lithological change was noted at this depth (Chapter 5).

8.2.5 Sources of error 

Elevated blanks

Blanks gave TOC proportions of up to 0.016 % which implies a significant error in the 

organic carbon content measured. Results of TOC analysis for the Lower Chalk at 

Harwell are significantly higher than the blank analysed.

Incomplete acid digestion

A visual check was made to assess whether effervescence had stopped at the end of acid 

treatment. It is possible that some carbonate mineral was not fully dissolved, although 

the very low quantities recorded and the consistency of the results would suggest that 

this is not the case.

Organic carbon from contamination

The samples tested were taken from Chalk contaminated with organic compounds. 

Some of these compounds may have survived the drying and acid digestion to 

contribute to the measured organic carbon content. However, organic carbon content 

determinations by Pacey (1989) give similar carbon contents (0.1 to 0.29%) for the 

Lower Chalk to those presented here Additionally, the presence of a robust, solid form 

of contaminant derived organic carbon in the Chalk core may indicate that it is available 

for sorption for other aqueous phase contaminants and therefore should be incorporated 

in the quoted f oc for the aquifer.
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8.3 Determination of sorption parameters

8.3.1 Objective

The effect of sorption upon the behaviour of chlorinated solvents needs to be considered 

when examining the profiles of porewater concentrations obtained in Chapter 6, and 

when considering the mechanisms which have led to the observed distribution of the 

organic contaminants.

Sorption of non-ionic or neutral organic compounds, such as chlorinated solvents, is 

typically related to the weight fraction of organic carbon (foc) of the solid material and 

the hydrophobicity of the organic compound, characterised by an octanol: water partition 

coefficient, Kow (Chapter 2). Some authors (e.g. Schwarzenbach et al., 1993) refer, 

perhaps more correctly, to a fraction of natural organic matter f om as the main sorbent. 

In practice f oc is more readily determined as simple techniques exist for measuring 

carbon whereas the composition of organic matter is not generally known.

Given the low organic carbon content of the Chalk at Harwell (f0Q of 0.1%, see Section 

8.2) and the relatively low hydrophobicity of the chlorinated solvents, a small sorption 

coefficient, Krf, is anticipated. Nevertheless, sorption coefficients for specific 

chlorinated solvents in the Chalk aquifer have not been reported previously in the 

literature, with one exception (Stuart 1989), so it was decided to use batch sorption 

methods for a single chlorinated solvent (TCE) to investigate and quantify this 

parameter. The intention was to determine whether sorption has a non-negligible effect 

on the behaviour of organic compounds in the Chalk at Harwell.

8.3.2 Clay mineralogy of the Chalk at Harwell

It has been noted in Chapter 2 that sorption to non-organic components of an aquifer has 

been found to correspond to clay content. The clay mineralogy of the Harwell site was 

studied by Morgan-Jones (1977) who found an acid-insoluble residue of between 15 and 

30 % in the upper 20 m of the Lower Chalk following digestion in 0.5 N acetic acid for 

2 hours. From semi-quantitative X-ray diffraction analysis he found that this insoluble 

residue consisted principally of montmorillonite (a swelling clay) and quartz, with lesser 

quantities of mica, feldspar and apatite. Jeans (1968) has also demonstrated that 

montmorillonite and / or illite dominate the acid-insoluble residue of the Lower Chalk 

across the UK.
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8.3.3 Experimental determination of Kd 

Batch experiments

Sorption coefficients are commonly determined by either batch or column experiments. 

In a batch experiment the solid material is mixed with a solution containing the sorbate 

of interest across a range of concentrations. The change in concentration over a fixed 

time period is established by comparison with controls and is assumed to occur due to 

sorption to the solid.

Column experiments involve passing a solution containing the sorbate through a column 

of the solid material, often tested in an undisturbed state. A steady-state flow is 

established through the column and a small volume of an aqueous solution of the 

sorbate is injected, together with a non-reactive tracer. Samples of the effluent water are 

collected and analysed to produce a plot of effluent concentrations against time. The 

plot is interpreted using the advective-dispersive equation to quantify sorption.

Batch experiments are most frequently used as they use standard laboratory equipment 

and therefore are quick and easy to set up. Nevertheless, a number of conditions 

influence the specific set-up of a batch experiment.

Previous batch sorption work

Many batch studies have been conducted to determine sorption parameters of 

halogenated compounds to low organic carbon aquifer materials (e.g. Ball and Roberts; 

1991; Ptacek and Gillham 1992; Curtis et al., 1986; Mouvet et al., 1993; Stuart 1989) 

and the findings of these investigations were presented in Chapter 2.

The work of Stuart (1989) is of particular interest as it is the only experimental data 

available for chlorinated solvent sorption in the Chalk (Lower Chalk from Sawston, 

Cambridgeshire). PCE was used as the sorbate, Chalk core was crushed and passed 

through a 10 mesh sieve. A 24 hr equilibration period was chosen for reasons not stated. 

Stuart (1989) did not give experimental data but quotes a Krf of 0.1 mL/g as a final 

result, assuming a linear sorption isotherm. Stuart (1989) acknowledges that the 

approach used was crude and therefore that this result is approximate.

The effect of the various equipment materials on sorption experiment results were 

examined by Lion et al., (1990) who concluded that PTFE, often used as an inert 

material in sorption experiments, has a significant effect which can lead to an 

overestimate of K(j. Nonetheless, it is often difficult to devise simple experiments which
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do not use equipment made out of this material. The results of experiments which use 

materials which can affect the sorption should therefore be treated with caution. 

Analytical approach

It is significant that nearly all analyses conducted to give sorption isotherms for volatile 

material have been made using liquid scintillation counting as this has significantly 

improved precision over other methods of analysis for volatile organic compounds. 

Unfortunately this method was not available for the present work and therefore the 

precision of the results is lower than is desirable. For this reason relatively large 

concentration steps were used for the individual batch measurements.

Equilibration time

A 24 hour equilibration period has become almost standard in batch testing. However, 

Allen-King et al., (1996a) note that this may not always be applicable as some 

researchers (e.g. Ball and Roberts 1991) have found that sorption has not reached 

equilibrium after 24 hours and have concluded that there is a long term component to 

the sorption process. Field studies at the Borden aquifer site have demonstrated that 

sorption increases with time indicating a time-dependent aspect (Curtis et al., 1986). 

However, other workers (e.g. Maclntryre et al., 1991) have found that equilibrium is 

obtained within 24 hours. Curtis et al., (1986) examined the rate at which equilibrium 

was approached for chlorinated solvents in a low f oc aquifer material. They found that 

equilibrium was attained between 20 to 40 hours, with over 80% of sorption being 

reached by 20 hours in all cases. Piwoni and Banerjee (1989) cite Curtis and Roberts 

(1985) who showed that for PCE in Borden aquifer material, approximately 90% of 

sorption occurred within 24 hours. Piwoni and Banerjee (1989) found prolonged mixing 

time increased the loss of volatiles from the mixing vessel, and this factor is of greater 

significance than the kinetic effects of sorption in achieving reproducible results.

Ball and Roberts (1991a) have shown that an initially rapid period of sorption may be 

followed by a much longer period over which the remaining, relatively small, 

proportion of sorption occurs. To allow comparison with existing studies an equilibrium 

period of 24 hours was selected for this study despite potential drawbacks.

Equilibration temperature

The temperature of groundwater in UK aquifers is typically between 10 and 12°C (11 to

12.5 °C at Harwell). It is preferable to perform sorption tests at this temperature to allow
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direct correlation with aquifer conditions. Unfortunately the only temperature-controlled 

room available for this work operated in the range 20 to 25°C.

Solid to liquid ratio

The solid to liquid ratio can be manipulated, within certain bounds, to achieve a 

desirable result. It is preferable to use the highest ratio of solid to liquid possible as this 

will give the greatest quantity of sorption, and is closer to aquifer conditions. In the 

Chalk at Harwell the solid to liquid ratio can be determined for the matrix from the 

porosity. It equates to the void ratio, e where

A porosity of 31% gives a void ratio of 0.44, or a solid to liquid ratio of 2.27 by volume. 

Grain size

Testing a solid rock for sorption presents a problem in that the reaction vessel can only 

accommodate a particular size of particle and therefore the rock must be broken down. 

In addition, particularly in a fine-grained rock such as the Chalk, much of the pore space 

may only be accessible to a sorbate by diffusion. In general, the rate of diffusion is slow 

relative to the time of a typical batch test and therefore the distance over which diffusion 

occurs must be minimised, such that the time taken for diffusion into matrix porewater 

is small relative to the duration of the test. Otherwise those parts of the solid which are 

only accessible by diffusion will be in contact with the sorbate for a fraction of the time 

of the experiment, limiting the possibilities for sorption. Breaking the rock down 

requires other aspects to be considered. The available surface area of the rock may be 

altered and the organic carbon content may be exposed to a greater degree than in the 

undisturbed rock. However, the primary concern in the work described here was to 

ensure that the grain size was sufficiently small to limit the distance over which 

diffusion occurred. The effect of crushing to different grain sizes was not investigated. 

Choice o f sorbate

The most commonly chosen chlorinated solvents used for testing of sorption to aquifer 

materials are TCE and PCE. A supply of high grade TCE was available and was 

selected for the current research.

310



8.3.4 Sorption method

A sample of Chalk was prepared from 12 mbgl in WSA12. It was initial broken into 

approximately 1 cm3 pieces using jaw crusher and then milled to a coarse sand size, 

such that it passed through a 10 mesh sieve.

The method used for the sorption experiments was based upon that described by Ptacek 

and Gillham (1992) and is given in full in Appendix 8.2. For each initial concentration a 

solution was prepared from a methanolic standard of TCE made from pure ( greater than 

99% pure) compound TCE (Chemserve). Control vials were filled using a glass syringe 

to eliminate headspace. Vials that were to contain the Chalk samples were part filled 

with solution, 30 g of Chalk was added quickly and the vial filled leaving no headspace 

and sealed with a PTFE-lined septa. At each concentration step two vials were filled 

with Chalk and two with the control solution in a sequence of Chalk, control, Chalk, 

control. A blank was also run at each concentration step. The solid to liquid ratio was 

approximately 1:1 by weight, i.e. 30 mL of water to 30 g of Chalk., or 1:2.5 by volume 

(assuming a specific gravity for the Chalk of 2500 kg/m3). This was the highest ratio of 

solid to liquid that could realistically be achieved which gave sufficient volume for 

sampling at the end of the test. The sample and control vials were placed on a rotating 

tumbler apparatus set at approximately 30 rpm and allowed to equilibrate for 24 hours at 

an isothermal temperature of 22 ± 2°C.

At the end of the equilibration period the vials were centrifuged at 2500 rpm for 15 

minutes to produce approximately 15 mL of clear supernatant liquid above the solid. A 

10 mL aliquot was taken from each vial using two glass syringes, one injecting air and 

at the same time forcing the supernatant liquid into the second syringe. The contents of 

the syringe were transferred to a headspace vial which was immediately crimp-sealed 

with a PTFE lined septa. Samples were then analysed using the headspace method 

described in Appendix 6.1. Quantitation was from external standards made up to the 

original starting concentration of the solution being tested.

8.3.5 Sorption results

Isotherms are established by plotting the equilibrium solution concentration against the 

mass sorbed per unit mass of Chalk. The mass sorbed was established by taking the 

difference between the control and the sample vials and converting to mass sorbed per 

kilogram of Chalk.
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The results of a single experiment are given in Table 8.2 and plotted on Figure 8.2. A 

linear isotherm gave a poor fit, mainly because the line of best fit has a non zero 

intercept. By forcing the isotherm through the origin a Krf of 0.1 mL/g is obtained (r2 of 

0.3).

The retardation factor, using the linear isotherm, is given by (Fetter 1992)

R = l + & -K , (8.2)
6*

where pb is the dry density of the solids and 0W is the water filled porosity. The average 

porosity for the Chalk at Harwell has been found to be approximately 30%, and the bulk 

dry density is approximately 1750 kg/m3. The retardation factor for the linear isotherm 

is therefore estimated as 1.56.

The results plot best as a Freundlich isotherm, as shown on Figure 8.2, with a K f o f 

27 mg/kg or 0.027 kg/kg. The Freundlich isotherm is defined as (Fetter 1992)

C* = Kf CN (8.3)

where C* is the mass of sorbed solute per dry unit weight of rock and C is the 

concentration of solute in solution in equilibrium with the mass of solute sorbed onto 

the solid.

This can be linearised by taking logs to give

InC* = \nKf  + N \nC  (8.4)

The R v alu e  can be converted to a retardation factor, R, using the relationship (Fetter 

1993)

p .K .N C
R = \ + ! - ^ --------------- (8.5)

9v  w

From this expression it is obvious that retardation is concentration dependent. The

gradient of the isotherm, N, has a value of 0.079. The retardation factor at a

concentration of 100 pg/L is thus 1.5, rising to 3.4 at 1000 pg/L.

The Kd value of 0.1 mL/kg for a linear isotherm is the same as that obtained by Stuart 

(1989), giving some confidence in the result. This figure indicates that sorption, and 

therefore retardation, are of only limited extent and need not be considered further in 

examining the behaviour of chlorinated solvents in groundwater at Harwell with respect 

to the fluctuating water table. The values of the retardation coefficient are, however,
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sufficient to produce observable retardation over the length of the contaminant plume in 

the permanently saturated zone at Harwell Laboratory.

8.3.6 Sources of error

Dealing with volatile organic compounds has the obvious problems associated with loss 

of volatiles, however, loss of volatiles appears to have been limited. The change in 

concentration of the control solutions is only small. However, the main source of 

volatile loss appears to have been at the time of sample preparation as it can be seen that 

the second control prepared invariably has a lower concentration than the first. This 

indicates that volatile loss occurred, even though the time difference between sampling 

was less than 10 minutes. Other workers (e.g. Ptacek and Gillham 1992) add the volatile 

component only at the last minute using a syringe, and this is probably a more 

appropriate approach. However, the problem occurs that to make up the controls to 

exactly the same starting concentration they must have the same volume as the sample 

vials. This means that a significant volume of headspace would have to be included in 

the control vials (12 mL in this case) and this could also lead to a significant loss of 

volatiles.

The precision of the analytical method used was relatively low (5-10%) compared with 

the quantity of sorption, and therefore the measured result is only approximate. The 

result is, perhaps, best taken as being indicative of limited sorption rather than being 

interpreted as a quantitative value.

8.4 Estimation and measurement of diffusion coefficients for 
chiorinated solvents

8.4.1 Introduction

*Diffusion is the process which leads to an equalisation o f concentration within a single 

phase’ Jost (1952).

Diffusion can be described by Fick’s first law which states that the rate of flux of a 

diffusing solute is proportional to the concentration gradient, in one dimension.

F  = -D 0^  (8.6)
dx

where F  is the mass flux of solute per unit area per unit time, Dq is the diffusion 

coefficient in free water, C is the solute concentration and dC/dx is the concentration 

gradient.
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Fick’s Law is empirical and several authors (Shackleford and Daniel 1991; Daniel and 

Shackleford 1988; Robinson and Stokes 1959) have noted that there may be a more 

fundamental approach for diffusion. This takes the gradient of the chemical potential as 

the driving force.

A number of new expressions can then be derived for Do. One of these is the Nemst- 

Einstein equation (Jost 1952).

F  = - ^ *  (8.7)
N  dc

where u is the absolute mobility of a particle, N  is the Avogadro’s number (6.022E 23 

mol'1), R is the universal gas constant (8.134 J/mol. K) and T is the absolute 

temperature.

By comparison with equation Fick’s Law it can be seen that Do at infinite dilution can 

be defined as

D° ~ ~ j^~(8 8)

Other expressions for Do can be found by relating u, the absolute mobility to the 

limiting ionic-equivalent conductivity (Robinson and Stokes 1965) and the viscous 

resistance of the solvent molecules (Stokes Law) (Bird et al., 1960) giving:

(8.9)
F  |z|

(the Nemst equation) 

and

RT
D°=T7T- (8I0)bTrNrjr

(the Einstein-Stokes equation)

where A,0 is the limiting ionic conductivity, I z| is the absolute value of the ionic valence, 

rj is the absolute viscosity of the solution, r is molecular or hydrated ionic radius and F  

is the Faraday constant (96,460 Coulombs/equivalent).

The limiting ionic conductivity is the conductivity of an aqueous solution containing the 

specified ion at infinite dilution. It can be seen from these that Do is affected by 

temperature and viscosity of the solution as well as by the radius and valence of the 

diffusing chemical species.
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Shackleford and Daniel (1991) calculated values of D q  using Equation 8.9. Values of 

interest to the present study are listed in Table 8.3. The Einstein-Stokes equation gives 

the diffusion coefficient of a Brownian particle and is therefore more applicable to gases 

than liquids.

The values listed in Table 8.3 are the maximum attainable under ideal conditions. In 

reality a number of effects act to prevent the maximum attainable condition being 

reached. Of particular significance is the effect of two oppositely charged ions 

undergoing diffusion simultaneously. To maintain electrical neutrality, Robinson and 

Stokes (1965) suggest that an electrical gradient is established between the oppositely 

charged ions which has the effect of slowing the movement of the faster ion and 

speeding the movement of the slower ion so that both ions diffuse at the same rate. The 

net aqueous diffusion coefficient is the harmonic mean of the anion and cation aqueous 

diffusion coefficients. Other non-ideal effects include solute-solute and solute-solvent 

interactions (Robinson and Stokes 1965).

Diffusion is known to be temperature dependent. Oelkers (1991) produced estimates for 

the temperature dependence of aqueous hydrocarbon species in the range 0 to 350°C. In 

general, the results show that over the range 0°C to 50°C the tracer diffusion coefficient 

increased by a factor of around two for 50 aqueous hydrocarbon species.

Horvath (1985) suggested that the properties of aqueous electrolyte solutions depend 

upon ionic sizes. To calculate aqueous ionic radii the average ionic radii were subtracted 

from the distance between ions. For chloride this gives a radius of (0.312 - 0.1393 = 

0.1727 nm = 0.0001727 pm) and for sodium (0.237 - 0.1393 = 0.0977 nm).

Diffusion in porous media

Diffusion within and through porous media is slower than in free water due to the 

increased tortuosity of the diffusion pathways. For this reason Fick’s Law for porous 

media includes an additional term, y/, known as the diffusibility (Barker et al., 1995).

F = -D tiV^ ~  (8.11)
dx

From this relationship an effective diffusion coefficient, Dp, can be defined

DE = ysDQ (8.12)

For time dependent diffusion an apparent diffusion coefficient, D is required such that
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Barker et al., (1995) relates the various diffusion coefficients through

De = (//£>„ = aDA (8.14

where is the diffusibility = b n jv ,  5 is the constrictivity, nD is the through-diffusion 

porosity, a  is «R the ‘rock capacity factor’ or ‘fictitious’ porosity, R is the retardation 

coefficient and x is the tortuosity.

Other authors suggest a somewhat different form for the term labelled as the diffusivity 

above. Kemper et al., (1964) incorporated a fluidity term, a , to account for the increased 

viscosity of the water adjacent to the mineral surfaces relative to the bulk water. Van 

Schaik and Kemper (1966) added a factor, y, to account for exclusion of anions from the 

smaller pores. Combining this with the tortuosity, Shackleford and Daniel (1991) 

derived the following term for diffusion

F = -D om y 0 —  (815)
dx

where 0 is the volumetric moisture content.

In practice it is not possible to separate the various terms within the diffusibility 

(Shackleford and Daniel 1991) and therefore a single term is used. Many authors have 

simply termed this the tortuosity. Shackleford and Daniel (1991) suggest an alternative 

term, the ‘apparent tortuosity factor’.

Estimation o f diffusion coefficients for chlorinated solvents

Free water diffusion coefficient

In the absence of measured diffusion coefficients, values can be estimated from the 

structural elements of organic compounds. Several empirical formulae have been 

proposed which use the molar volume of the compound to obtain the free water 

diffusion coefficient. The expression derived by Hay duck and Laudie (1974) is 

generally recognised as being the most useful (Samiullah 1990, Schwarzenbach et al., 

1993).

„  13.26* IQ-9
7 / U 4 ( v ) 0 ' 5 8 9  (8.16)

where D q  is the diffusion coefficient in water (also known as DT the tracer or ffeewater 

diffusion coefficient), rj is the viscosity of water (temperature dependent) and v is the 

average molar volume.



The average molar volume, v, of chlorinated solvents can be calculated from either the 

standard volumetric contributions of different structural elements or from the known 

density of a compound (relative molecular mass divided by density gives volume). The 

free water diffusion coefficient, D0, can then be calculated using Equation 8.17. The 

results of this analysis are shown in Table 8.4 and Table 8.5. It can be seen that the two 

methods give similar results.

Experimentally derived values of D0 for chlorinated solvents are reported by Cohen and 

Mercer (1993) and these are compared to estimated values in

Table 8.6. These are slightly lower than the values calculated using the Hayduck-Laudie 

equation but with the exception of the unusually low experimental value reported for CT 

are of similar magnitude. A comparison of D0 values for chlorinated solvents, whether 

estimated (Table 8.4 and Table 8.5) or experimentally measured (Table 8.6), with that 

for chloride (Table 8.3) shows that the chlorinated solvents have a D0 which is 

approximately half of that of chloride.

Effective diffusion coefficient

A value of diffusibility for the Chalk of 0.25 has been obtained by Little et al., (1997) 

using a diffusion coefficient for NaCl established from the results reported for chloride 

by Hill (1984) of 3.5 x 10'10 m2/s and a freewater diffusion coefficient of 1.4 x 10'9 m2/s. 

Assuming that chlorinated solvents and chloride behave in essentially the same way in 

the Chalk, i.e., that there is not exclusion due to pore size or ion charges, then this value 

of diffusibility can be used to convert the D q  values obtained in Table 8.4 and Table 8.5 

to effective diffusion coefficients, and this is done in Table 8.7.

The values of Dg  in Table 8.7 can be compared with experimentally derived time 

dependent diffusion coefficients for chloride in the Chalk obtained by Hill (1984) and 

Gooddy (1996), Da , using Equation 8.15. Hill (1984) found values in the range 0.52 to

3.2 x 10'10 m2/s for the Upper Chalk. Gooddy (1996) obtained values of 2.5 to 3.8 x 10'10 

m2/s for the Lower Chalk.

My rand et al., (1992) present a method for estimating the diffusion coefficient for 

reactive solutes. They assume that, for fine-grained materials, the diffusibility is then 

equal to the porosity, as found in earlier work by Desaulniers (1986). This leads to the 

following definition of D4
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D = = A)w
" R 1 + (p /n )K d

(8.17)

where p  is the bulk density and Krf is the partition coefficient.

A value for Kd for TCE has been measured experimentally as 0.1 (Section 8.3). Values 

for Kd for other chlorinated solvents can be estimated from the relationship

where Koc is the water to organic carbon partition coefficient and is the fraction by 

weight of organic carbon. The organic carbon content has been determined 

experimentally (Section 8.2) as approximately 0.001 kg/kg.

Koc and Dq values can be obtained from the literature sources (e.g. Montgomery and 

Welkom 1990 or Pankow and Cherry 1996). The method proposed by Myrand et al., 

(1992) is used to calculate an apparent diffusion coefficient in Table 8.8. Values of p, yi 

and f oc have been obtained experimentally for cores; typical values are 1750 kg/m3, 0.30 

and 0.001 (0.1%) respectively. The results are of a similar order of magnitude to, but 

lower than the apparent diffusion coefficients for chloride in the Lower Chalk presented 

by Gooddy et al., (1996) (Table 8.9).

8.4.2 Measured diffusion coefficients for chloride and chlorinated solvents 

Previous work

Shackleford (1991) presents a comprehensive review of methods for laboratory 

determination of diffusion coefficients in fine-grained materials. The review principally 

examined the determination of diffusion coefficients for clays used to line waste 

disposal facilities, but the methods reviewed are applicable to the Chalk. Shackleford 

(1991) classified the methods of measuring diffusion coefficients into several 

categories.

The first of these was the steady state method. Here the porous media of interest is 

placed between two reservoirs. One reservoir contains a source of solute and in the 

second the solute is absent or present at lower concentration. A concentration gradient is 

established across the sample of porous media, keeping the concentrations in the source 

and collection reservoirs constant. Both reservoirs are sampled to determine the mass 

flow rate through the sample. This method gives an effective diffusion coefficient 

without requiring knowledge of the retardation coefficient. A second method is the time

Kd = f 0CK0C (8.18)
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lag method. Here the apparatus is the same as the steady state method but readings over 

time are used to extrapolate to infinite time to obtain an apparent diffusion coefficient. 

Shackleford (1991) classified all other methods as transient methods. The first of these 

are the column methods. These can be performed in one of two ways. Water containing 

the solute of interest can be passed through the column. The effects of dispersion can be 

removed from the resulting breakthrough curve to give the diffusion coefficient. 

Alternatively a reservoir of water containing the solute of interest can be placed above 

the column and allowed to diffuse into the soil. This is the approach of Rowe et al., 

(1985) and Oakes (1977) on the Chalk. By measuring the decline in concentration in the 

reservoir the diffusion coefficient can be calculated. Sectioning of the column at the end 

of the test provides a second set of data which can also be used to give a diffusion 

coefficient.

In the half cell method two cells of soil are placed together to permit diffusional 

exchange of solutes between them. It is possible to place different tracers in each cell to 

obtain two measures of the diffusion coefficient. The diffusion coefficient is determined 

by sectioning the cells after sufficient time has elapsed from which profiles of 

concentration within each cell are obtained and compared to analytical solutions.

The double reservoir method isolates the sample between two reservoirs. Solute is 

introduced into one reservoir and allowed to diffuse through the sample. Concentration, 

profiles are taken for the source reservoir, collection reservoir and through the sample to 

give experimental data which can be fitted to give a diffusion profile.

Single reservoir methods are similar to the double reservoir method, except one of the 

reservoirs has been removed. Either the source reservoir is held at a constant 

concentration or the known starting concentration of solute is allowed to decline as it 

diffuses into the soil.

The experimental classifications of Shackleford (1991) described above will be adopted 

here.

Previous determinations o f diffusion coefficients for the Chalk

The effective diffusion coefficient, Dg, for the Lower Chalk at Harwell Laboratory has 

previously been measured by Brewer et al., (1992) using tritium as a tracer. These tests 

used a steady state through diffusion method to arrive at a Dg  of 2.7 and 4.6 x 10 n m2/s 

at 25°C. Brewer et al., (1992) quote values for porosity of 0.20 and 0.16 which are at the 

low end of the range described in Chapter 7. The sample locations are not given. These
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values of D g  equate to apparent diffusion coefficients of 1.7 to 2.9 x 10'10 m2/s, 

assuming that the quoted values of porosity represent the effective porosity and ignoring 

retardation. The free water diffusion coefficient, Dq, of tritium is quoted as 

2.37 x 10'9 m2/s at 25°C by Brewer et al., (1992) and this leads to an average 

diffusibility (Djr/Do) of 0.015.

A method for determining the diffusion coefficient of anions in a porous medium 

(Chalk) was presented by Gooddy et al., (1996). Using this method, a small core sample 

is saturated with a known concentration of chloride and is then attached to a rotating 

disk and immersed into a bath of carbonated-saturated, deionised water. The change in 

concentration of chloride with time is determined by classical analysis techniques using 

liquid withdrawn from the solution and also by continuous measurement using an ion 

specific electrode. Gooddy et al., (1996) determined Da  values for Chalk cores taken at 

six depths from a borehole near Bury St Edmunds that penetrated the Upper, Middle and 

Lower Chalk. The results, presented in Table 8.9, give values for the apparent diffusion 

coefficient, Da , in the range 2.5 to 7.7 x 10'10 m2/s. The Lower Chalk gave the lowest 

results, with Da  found in the range 2.5 to 3.8 x 10'10 m2/s. Da  was found by Gooddy et 

al., (1996) to be linearly related to both gas permeability and porosity.

Diffusion coefficients of nitrate, chloride and sulphate in samples of Chalk from varying 

depths at two locations were determined by Hill (1984). The double reservoir method 

was used to obtain diffusion coefficients. A sample of Chalk 0.015 m long was held 

between two reservoirs. One of the reservoirs was spiked with radio-labelled chloride 

and nitrate and allowed to diffuse. The test was repeated for sulphate and tritiated water. 

Hill (1984) also conducted tests on ‘cracked’ samples of Chalk and unsurprisingly 

found that diffusion through these was faster than for ‘uncracked’ samples. Hill (1984) 

found a linear relationship between porosity and diffusion coefficient for the uncracked 

samples suggesting that diffusion coefficients can be estimated from the porosity.

A value for the apparent diffusion coefficient for Chalk (of unspecified origin) using the 

single reservoir method was obtained by Oakes (1977) using outward diffusion from a 

chalk block. The value obtained for the Da  (1.3 x 10‘9 m2/s) was considerably higher 

than that found by Gooddy et al., (1996), and Hill (1984).

Previous determinations of diffusion coefficients for chlorinated solvents

Myrand et al., (1992) describe laboratory tests for the determination of diffusion

coefficients of volatile organic compounds in clays. Their technique bears some
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similarities with the approach adopted for this study and therefore is worth describing. 

Their apparatus corresponds to the single reservoir method described by Shackleford 

(1991). A reservoir containing a solution of the compound of interest was brought into 

contact with a core of clay and the decrease in concentration in the reservoir measured 

over time. The diffusion cell consisted of a stainless steel tube with a reservoir at one 

end. The reservoir contained a small number of glass beads to aid mixing. Mixing 

involved rotating the vessel by hand at regular intervals. Sampling took place through a 

mininert valve, 2 mL of solution was taken for analysis and replaced using organic free 

water. Samples were solvent extracted for analysis.

Previous determinations o f diffusion coefficients for chloride in porous media

Barone et al., (1989) conducted a single reservoir method test to measure the diffusion 

coefficient of several components of landfill leachate into natural clays. The diffusion 

coefficient was obtained by sectioning the clay at the end of the test and comparing the 

results to an analytical solution. They also conducted tests on single ion species to 

examine the effect of multiple ions on the diffusion parameters. They found that the 

effect of the mixed contaminant was to significantly reduce the diffusion coefficient of 

some of the species whilst actually increasing the diffusion coefficient of others.

Barone et al., (1990) measured the diffusion coefficient of chloride in glacial till using 

the single reservoir method with outward diffusion. The shale was also sectioned at the 

end of each experiment. Mercury injection porosimetry was used to determine the pore 

size distribution of the shale, although only pore sizes down to a certain value could be 

determined, leaving some 27% of porosity unaccounted for. This was compared with the 

hydrated size of the chloride and sodium ions (approx. 0.0007 pm ~ Horvath 1985). 

Barone et al., (1989) concluded that the chloride ion had accessed at least 75% of the 

pore space. By comparing the results with literature values for the free water diffusion 

coefficient of sodium chloride a diffusibility of 0.1 was determined.

8.4.3 Experimental approach 

Method selection

The aim of performing diffusion experiments on the Chalk was to determine site 

specific and compound specific diffusion coefficients for chlorinated solvents specific to
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this study. The use of these compounds places a number of restrictions on the approach 

to be adopted due to their volatility. One of the primary objectives in designing the 

experiment was to reduce the length of time required to obtain a measurable effect. This 

means that steady-state experiments could not be used. As the sample cannot 

realistically be spiked in any way then half cell methods are also unsuitable. In addition 

sectioning of the samples would not be possible as the opportunities for volatile loss 

during this process are considerable. The single reservoir technique therefore represents 

the best approach.

To achieve a rapid change in solute concentration in the reservoir a large solid to 

reservoir ratio is required. The cell must be constructed from inert non-sorbing 

materials. Stainless steel and glass represent such materials.

Unfortunately, due to problems with analytical equipment, and difficulties in flushing 

existing chlorinated solvents from the Chalk core, no diffusion experiment using these 

compounds was successfully completed, nonetheless the method development is of 

interest and is presented here. The method was successfully used to determine the 

apparent diffusion coefficient of chloride in the Lower Chalk.

The diffusion cell

The diffusion cell was designed by Professor J A Barker and A Williams at the BGS 

and built in the workshops there but had not been used successfully prior to the work 

described here. The diffusion cell layout is shown in Figure 8.3. The cell used is 

constructed entirely from stainless steel. The sample is used in the form of a cylinder 

with approximated dimensions of 245 mm length, 100 mm diameter. The cylinder of 

rock is held in place against two blanking plates by six tie rods outside the cell. The 

blanking plates prevent diffusion from the ends of the cylinder and prevent movement 

of the sample. Springs mounted between the top of the cell and the top blanking plate 

keep the plates in intimate contact with the end of the core. An annular space of 

approximately 5 mm exists outside the cylinder, creating an annular reservoir with a 

volume of approximately 400 mm2. This can be compared with a rock cylinder bulk 

volume of approximately 1900 mm2. A cylinder of Lower Chalk from Harwell will have 

an internal pore volume of around 600 mm2 at a porosity of 30%. Access to the annular 

space is through two stainless steel ball valves located on the side wall of the cell. 

Sampling can be undertaken either through the valves or via a septum sealed port in the 

side wall.
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The reservoir is in the form of a narrow annulus around the sample. The ends of the 

cylindrical sample are blanked off to force purely radial diffusion for which an 

analytical solution to the diffusion equation is readily available. The cell is constructed 

from stainless steel to minimise adsorption of organic compounds. The sample and 

reservoir water are in contact with stainless steel only, with the exception of the PTFE 

lined septum in the sampling port.

Mixing of the annular fluid is achieved by slowly rotating the vessel mechanically and 

is aided by placing glass beads within the annular space.

Method

The method is detailed in Appendix 8.3.

Core preparation

The core used was taken from HWS11. This borehole had been drilled in 1992 but not 

sampled. It had since been placed in an unheated storeroom at Harwell until subsampled 

by the author. The sample used came from 24 mbgl.

Core was cut to length by hand and the ends planed smooth using a rasp and finished 

with a file. The core was saturated by employing the capillarity of the Chalk. The core 

was placed in the diffusion cell and carbonate saturated water added to approximately 

half the annular volume. The core was then allowed to stand. More water was added 

periodically until the cylinder was full. The core was deemed to be full when no more 

water could be added to the cell, and the cell could maintain a small positive pressure 

over time.

Saturant preparation

CaC03 saturated water was produced by placing excess CaC03 powder in de-ionised 

water. The powder was left in contact with the water for a minimum of two weeks and 

shaken once a day. After each shaking the stopper was removed to allow the air within 

the vessel to reach equilibrium with atmosphere. The CaC03 content of the saturating 

solution was measured as bicarbonate using a Hach titration prior to being used as 

approximately 18 mg/L.

Experimental procedure for inorganic solutes

Once saturated the core was placed in the diffusion cell and the annular space 

completely filled with CaC03 solution. The system was then left to equilibrate for 

approximately four weeks until the concentration in the annulus ceased to change.
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Samples taken at regular intervals demonstrated that equilibrium had been obtained. At 

this stage two forms of the diffusion experiment can be run.

Outward diffusion o f chloride

The annular fluid was then drained and fresh CaC03 solution added. This marked the 

start of the test. Samples were taken at appropriate intervals and used to estimate the 

diffusion coefficient.

Inward diffusion

The annular fluid added contained a NaCl solution at a sufficiently large concentration 

to produce measurable falls in concentration within a reasonably short space of time.

For all experiments the cell was regularly agitated to ensure full mixing of the annular 

fluid. All experiments were conducted under isothermal conditions at 22 ± 2°C.

8.5 Diffusion experiment results
The data from the diffusion experiments consists of a series of concentrations against 

time for the annular fluid. To obtain a diffusion coefficient these are tested against a 

solution to Fick’s second law for the radial geometry.

8.5.1 Fitting program

A FORTRAN based fitting program (DIF_FIT.EXE) which tests the experimental 

results against a solution for the radial diffusion equation has been constructed by 

Barker (pers. comm.). This program allows for a number of the fitting parameters to be 

specified as ranges and then searches for the best fit. The parameters which can be input 

as ranges are the initial concentration in the matrix, initial concentration in the annulus, 

porosity and diffusion coefficient. In addition to the concentration against time, the 

program also requires the dimensions of the core and the volume of the annulus. The 

program conducts a search for the best fit apparent diffusion coefficient using 

Marquardt’s compromise for non-linear curve fitting.

8.5.2 Inorganic solutes

Two tests were run for chloride. The first was an inward diffusion test. The core was 

then allowed to reach equilibrium and an outward diffusion test conducted. Samples 

were analysed using the ion chromatography method given in Appendix 6.2.

Porosity was obtained by the liquid resaturation method on an offcut from the end of the 

core and found to be 0.30. The results of diffusion testing of potassium chloride are 

given in Figure 8.4 and Figure 8.5. The results of the two diffusion tests show a good fit
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to the theoretical curve and establish the apparent diffusion coefficient as being 

approximately 2.5 x 10'10 m2/s. This result lies within, but at lower end of, the range of 

diffusion coefficients obtained by Gooddy et al., (1996) for the Lower Chalk. They are 

also close to the value of Da  found for tritium by Brewer et al., (1992) of 1.7 to 

2.9 x 10'10m2/s, suggesting that there is little difference in the diffusion coefficient 

between these two ions, and thus some confidence in the measured values is obtained.

As noted in Section 8.3.1 to maintain electrical neutrality diffusion of ions will depend 

upon both the cation and anion diffusion coefficients. The free water diffusion 

coefficients of potassium and chloride (Table 8.3) are very similar and therefore this 

effect is unlikely to be significant and no correction has been made here.
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Table 8.1 Total organic carbon content for WSA12 and WSA13

Sample Depth Total
organic
carbon

(m bgl) (%)
WSA12
12-055 6.20 0.0708
12-067 6.55 0.0496

12-093 10.00 0.0402
12-116 12.50 0.0445
12-160 12.90 0.0370
12-134 13.20 0.0753
12-185 15.00 0.1620
12-194 15.90 0.0784
12-206 17.40 0.0674
Mean 0.0695
Standard deviation 0.0381
Range 0.1250

WSA13
13-304 3.85 0.0773
13-338 5.15 0.0808
13-351 6.85 0.1060
13-378 7.35 0.0878
13-428 9.50 0.0739
13-468 10.95 0.0840
13-512 13.25 0.0848
13-529 14.50 0.1440
13-546 15.70 0.1870
13-572 16.75 0.0855
13-592 17.05 0.0685
13-616 18.00 0.2450
13-635 19.60 0.0747
Mean 0.1164
Standard deviation 0.0624
range 0.1765
Detection limit (2*blanks) 0.0004
Precision (steel standards) % 0.0150
Precision (CaC03) % 0.011
Precision (duplicates)0/*) 0.004
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Table 8.2 Batch experiment results for the Lower Chalk at Harwell with
TCE as the sorbent at 22 degrees C
Batch
vial

Wgt.
chalk

Volume
chalk
(grain
density =2.5)

Wgt.
water

Cone.
added
solution

Final
conc.

averaged
values

Difference Total Mass 
sorbed 
per kg 
chalk

mass
sorbedcontrol chalk

(No.) (9) (mL) (g) (ug/L) (ug/L) (ug/L) (ug/L) (ug/L) % (ug) (ug/kg)
D1 blank 0 43.61 0 4
D3 control 0 43.27 159 158
D4 30 12 31.38 159 117
D5 control 0 43.83 159 137
D6 30 12 30.68 159 110
average 147 113 34 23 1.06 34.9
D7 blank 0 40.17 0 6
D8 control 0 43.43 318 271
D9 30 12 31.42 318 224
D10 control 0 42.45 318 241
D11 30 12 30.45 318 223
average 256 224 32 13 1.00 32.6
D12 blank 0 43.34 0 4
D13 control 0 42.14 477 459
D14 30 12 31.19 477 366
D15 control 0 43.52 477 417
D16 30 12 31.07 477 368
average 438 367 71 16 2.22 73.7
D17 blank 0 42.34 0 7
D18 control 0 43.58 636 565
D19 30 12 29.61 636 493
D20 control 0 43.21 636 574
D21 30 12 30.19 636 510
average 570 501 68 12 2.03 68.5
D22 blank 0 42.55 0 10
D23 control 0 43.09 795 805
D24 30 12 30.80 795 broken
D25 control 0 43.00 795 787
D26 30 12 30.44 795 762
average 796 762 51 6 2.39 79.8
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Table 8.3 Free water diffusion coefficients o f selected ions at infinite dilution in 
water at 25°C (after Shackleford and Daniel 1991)

Anion Do 
(m2/s 
x lO’10)

Cations Do 
(m2/s 
x 10' 10)

c r 20.3 Na+ 13.3
Er 20.8 K+ 19.6
l' 20.4 Ca+ 7.92
SO42' 10.6

Table 8.4. Calculation o f molar volume and Do o f the chlorinated solvents using 
structural elements

Compound Formula Structural elements Molar volume Do
(volume - cm /mol)

(cm3/mol)C H Cl (m2/s
(16.5) (2 .0 ) (19.5) x 10'9)

TCM CHCI3 1 2 3 77.0 1.17
TCA C2H3CI3 2 3 3 97.5 1.02
CT CCI4 1 0 4 94.5 1.02
TCE C2HCI3 2 2 3 93.5 1.04
PCE C2CI4 2 0 4 111.0 0.94
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Table 8.5 Calculation o f molar volume and Do o f the chlorinated solvents using 
liquid detisity

Compound Relative Liquid Molar Molar Do
molecular density volume volume
mass

(cm3/mol)
(m2/s

(g) (g/cm3) (cm3/mol) x 10'9)
TCM 119.38 1.483 80.5 80.5 1.14
TCA 133.40 1.339 99.6 99.6 1.00
PCE 165.85 1.623 102.2 102.2 1.02
TCE 131.39 1.464 89.7 89.7 1.07
CT 153.89 1.594 96.5 96.5 0.99

Table 8.6 Comparison o f estimated and measured Do values

Compound Estimated D0 
(at 25°C) 

(m2/s x 10'9)

Measured Do 
(m2/s x 10'9)

TCM 1.17 0.98
TCA 1.02 0.80
CT 1.03 0.11
TCE 1.04 0.83
PCE 0.94 0.75

[(a) Dean, J. A. (1973), (b) TetraTech Inc. (1988)] as reported in Cohen and Mercer (1993)

Table 8.7 Calculated effective diffusion coefficients

Compound Da (at 25°C) 
(m2/s x 10’9)

De
(m2/s x  10’10)

TCM 1.17 2.93
TCA 1.02 2.55
PCE 0.94 2.35
TCE 1.04 2.60
CT 1.03 2.58
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Table 8.8 Estimated Kd and Da values for selected chlorinated solvents for a foc o f 
0.001, a bulk density o f 1750 kg/m3 and a porosity o f 0.30 (after Myrand et al., 1992)

Compound Koc*
(mL/g)

Kd
(mL/g)

Do" 
(m2/s 
x 10'9)

R Da 
(m2/s 
x 10'10)

TCM 44 0.044 1.17 1.26 2.79
TCA 151 0.151 1.02 1.88 1.63
CT 437 0.437 1.03 3.55 0.87
TCE 126 0.126 1.04 1.74 1.80
PCE 263 0.263 0.94 2.53 1.11

*after Pankow and Cherry (1996),# from Table 8.4

Table 8.9 Results o f chloride diffusion testing by Gooddy et al., (1996)

Chalk type Porosity

(%)

Gas permeability 

(mD)

Da
(average) 
(m2/s x 10'10)

Upper 48 6.4 5.75
Middle 40 3.4 4.45
Middle 40 7.6 7.70
Lower 32 0.3 3.10
Lower 32 1.8 3.40
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9. Summary and evaluation of the results

9.1 Introduction
This chapter draws together the experimental and field data described in Chapter 5, 

Chapter 6, Chapter 7 and Chapter 8 and incorporates them within the wider data set that 

exists for Harwell Laboratory, introduced in Chapter 4. The purpose is to evaluate the 

processes which may have led to the formation of the observed porewater profiles and 

thus allow a conceptual model to be developed. The conceptual model is described in 

Chapter 10.

9.2 Interpretation of profiles of porewater concentrations 
through the SUZ

9.2.1 Information available

Thirteen porewater profiles of chlorinated solvents have been produced by AEA for the 

Western Storage Area (WSA) and are shown on Figure 4.34. Two of these profiles 

(WSA12 and WSA13) duplicate the work undertaken for this thesis. Seven profiles of 

chloride concentrations in porewater have been produced for this thesis. Chlorinated 

solvent profiles for WSA12 and WSA13 and chloride profiles for WSA7 to WSA13 

have already been described in Chapter 6.

9.2.2 Visualisation of porewater profiles

The information from the individual profiles has been used to create a three dimensional 

view of the porewater chemistry beneath the WSA. Two techniques have been used to 

allow a visualisation of the three dimensional nature of the porewater contamination 

these are the construction of cross-sections and the use of a GIS application. 

Cross-sections

Cross-sections through the WSA have been constructed along the lines A-A’ and B-B’ 

shown on Figure 9.1, assuming that all boreholes have the same surface elevation. The 

lines of section reflect the extremes of the possible direction of groundwater flow. The 

first (section A-A’) is from west to east representing the flow line at low water table. 

The second section (B-B’) is from south to north and represents the flow line at high 

water table. Cross-sections have been constructed for both total chlorinated solvents and 

chloride.
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Chlorinated solvents

The profiles of the concentration of total chlorinated solvents in porewater illustrated in 

Figure 9.2 and Figure 9.3 have been constructed entirely with data gathered by AEA 

Technology (Baker et al., 1996a) for consistency. The information has been taken from 

two separate investigations, one in 1994 and the second in 1995. In the earlier of the two 

investigations, during which boreholes WSA1 to WSA6 were drilled, the concentration 

of chlorinated solvents in porewater was determined at more closely spaced intervals 

than in the later investigation in which WSA7 to WSA13 were drilled. It has been 

assumed that the rate of change in the shape of the profiles is slow relative to this 

difference in time and therefore that the profiles have not changed substantially in the 

intervening period. As contaminants within the matrix porewater move by diffusion, a 

relatively slow process, this is considered a reasonable assumption. Note that the scale 

on the two cross-sections differs, with a greater concentration range being used in 

Figure 9.3 (section B-B’) to accommodate the very high concentrations of chlorinated 

solvents found in porewater in WSA7. A number of porewater profiles (WSA1, WSA2, 

WSA3, WSA4, WSA6 and WSA10) are not shown on the cross-sections, as they do not 

lie along a line of section, but they are referred to in this chapter and can be found in 

Figure 4.34.

The south to north profile (B-B’ Figure 9.3) shows extremely high concentrations of 

total chlorinated solvents, reaching up to 1000 mg/L at WSA7. In this borehole, 

porewater concentrations approach the solubilities of some of the individual chlorinated 

solvents present in this borehole. PCE was found at up to 90% of its reported aqueous 

solubility of 200 mg/L. TCA and TCE were found at 30% and 25% of their respective 

aqueous solubilities of 720 and 1100 mg/L. Solubilities for the chlorinated solvents 

were given in Table 2.3 (taken from Mercer and Cohen 1990). The solubility of 

individual chlorinated solvents in a mixture created by dissolution from a DNAPL is 

often taken to be analogous to Raoult's Law for vapour above a mixed fluid and is 

described by Equation 2.1. From this relationship and a knowledge of the pure phase 

aqueous solubility and the measured concentration an estimated of the mole fraction of 

the individual species in the DNAPL can be made by assuming that field results are 

measuring saturation concentrations. Where the sum of individual mole fractions is 

greater than unity then it can reasonably be assumed that DNAPL is present. For WSA7 

the analysis of porewater at 11.0 mbgl gives concentrations as follows: TCM 313 mg/L,
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TCA 223 mg/L, TCE 268 mg/L and PCE 179 mg/L. From Equation 2.1 these equate to 

mole fractions of 0.04, 0.31, 0.24 and 0.90 or a total of 1.49 and therefore it is 

concluded that DNAPL is present in WSA7 within the SUZ, probably as vertical 

stringers.

Moving away from WSA2 and WSA7, concentrations of total chlorinated solvents in 

porewater fall in all directions. WSA8 and WSA11 are nominally upgradient of the 

source area but concentrations of chlorinated solvents in porewater are up to 52 mg/L 

and 96 mg/L at these locations respectively. Lowest overall concentrations are found at 

the greatest distance from the pits investigated and away from the principal direction of 

groundwater flow. The lowest observed porewater concentrations of chlorinated 

solvents were found in WSA3 (Figure 4.34) which is not directly downgradient of the 

source. The profile at WSA3 shows an unusual and sudden decline in porewater 

concentration at 15 mbgl, the cause of which is unknown but possibly results from the 

presence of a marl horizon. The presence of chlorinated solvents in porewater in the 

upgradient boreholes, WSA8 and WSA11, may result from movement of DNAPL. 

DNAPL movement is generally controlled by structure and as such is capable of moving 

against the prevailing direction of groundwater flow (Fetter 1993). The Lower Chalk 

beneath Harwell has not been sufficiently well characterised to allow the structure to be 

discerned.

Beyond the source area (around WSA7 and WSA2), many of the profiles (e.g. WSA10, 

WSA12 and WSA13) show a similar shape, with relatively low concentrations in the 

upper part of the borehole and an increase in concentration below 7 mbgl. In all these 

boreholes concentrations reach a peak towards the base of the SUZ. All the profiles 

contain significant (less than 20 |ig/L), but relatively low, concentrations of chlorinated 

solvents in porewater in the permanently unsaturated zone. These are believed to result 

from transport of chlorinated solvent in the vapour phase; the opportunity for vertical 

infiltration is limited (see Section 9.11).

Many of the profiles (WSA3, WSA4, WSA5, WSA6, WSA11, WSA12 and WSA13) 

show a marked increase in porewater concentration at a depth somewhere between 5 and 

10 mbgl. This depth is close to the maximum recorded height of the water table of 

approximately 7 mbgl.
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Cross-sections o f  chloride concentration in porewater

Cross-sections of chloride porewater profiles are shown on Figure 9.4 and Figure 9.5. 

The chloride porewater profile for WSA10 is not shown on the cross-sections but can be 

found in Figure 6.20. Chloride profiles fall into three distinct shapes. Chloride 

concentrations in porewater in WSA8 and WSA11, located upgradient of the pits, are 

low and not much above the background concentrations of 16 to 18 mg/L observed in 

groundwater in an upgradient well (BH9) (see Figure 4.13 for location). WSA7, WSA10 

and WSA13, located close to the pits, have similar profiles to each other, characterised 

by a sharp increase in chloride concentration at around 5 mbgl, and a peak concentration 

at between 8 to 10 mbgl. Concentrations of chloride in porewater then decline to around 

200 mg/L at the base of the profile. WSA9 and WSA 12, downgradient of the pits, show 

a distinctive profile shape for porewater concentrations of chloride, consisting of a well 

defined peak concentration in the centre of the SUZ at around 12 to 14 mbgl. These two 

profiles also have very low chloride concentrations in the upper 5 m.

The west to east cross-section (Figure 9.4) shows that upgradient of the pits 

concentrations of chloride are negligible. In the area between the pits (WSA13) 

concentrations are high and located at the top of the SUZ and downgradient peak 

porewater concentrations are found towards the centre of the SUZ.

9.2.3 Visualisation with a geographical information system

Geographical Information Systems (GIS) are tools that allow visualisation of two and 

three dimensional information sets. A GIS visualisation of the porewater data for the 

Harwell site was undertaken by Fatah (1997) under the guidance of the author. The 

package used was Earthvision. Data from both the 1994 and 1995 investigations were 

grouped together to create a large data set. A single visualisation is given on Figure 9.6. 

The shape of the plume is apparent from this visualisation, as is the predominant 

direction of contaminant movement.

Using the GIS system an attempt was made to determine the mass of PCE and TCM 

present in the SUZ. The interpretation proved to be sensitive to both the horizontal 

averaging parameter, Z, and the grid size selected (Fatah 1997). Nonetheless, values 

were obtained, with Z set to 1, which show that the volume of the SUZ contaminated 

with TCM at greater than 2.5 mg/L exceeds 90,000 m3.
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9.2.4 Comparison of inorganic and organic porewater profiles

Profiles of concentration in porewater of both chloride and chlorinated solvent have 

been determined for seven boreholes (WSA7 to WSA 13) and these are compared to 

each other in individual boreholes in Figure 9.7. Some similarity in the occurrence of 

peaks of chlorinated solvent and chloride in the profiles of individual boreholes is 

apparent in WSA7, WSA8 and WSA11, although there are considerable differences in 

detail. The greatest similarity between the chloride and chlorinated solvent porewater 

profiles in an individual borehole is evident in WSA7. In WSA8 some peaks are 

coincident, notably at 10 and 14 mbgl. In WSA11 peaks occur in both profiles at 6, 14 

and 19 mbgl but a significant peak in the chlorinated solvent profile at 10 mbgl occurs 

at the same depth as a trough in the chloride profile and the opposite is true for a 

chloride peak at 8 to 9 mbgl. Chlorinated solvents and chloride are present at similar 

concentrations (in mg/L) in these three boreholes. In the remaining boreholes (WSA9, 

WSA10, WSA12 and WSA13) chloride is present at very much higher concentrations 

than the chlorinated solvents and the chloride profile exhibits a very different shape to 

that of the chlorinated solvents.

The similarity in shape of the chloride and chlorinated solvent profiles in WSA7, WSA8 

and WSA11 suggests that chloride and chlorinated solvents profiles were formed by the 

same process. In a low f oc aquifer only small differences in the behaviour of chlorinated 

solvents in the aqueous phase and chloride might be expected. Pursuing this argument 

the difference in profile pattern in the remaining boreholes must then be due to 

differences in the history of the profile development rather than being due to the 

operation of fundamentally different processes.

It is apparent from the construction of porewater profiles in Chapter 6 that there are 

potential problems in their construction, particularly for chlorinated solvents. The 

comparison of the errors associated with duplicates suggests that chloride analysis is 

more reliable. Sampling for volatile organic compounds is difficult, as the losses during 

sampling cannot be quantified. In addition, analysis of solid samples for volatile organic 

compounds is by necessity indirect and requires that the compound be extracted.

The presence of chlorinated solvents and chloride in porewater at similar concentrations 

in some boreholes might suggest that the chlorinated solvents are in fact the source of 

chloride due to in situ decay. However, the chlorinated solvents and chloride are present 

at quite different concentrations to each other in other boreholes. In detail, there are
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significant differences between the shape of the two profiles, even where the broad 

profile shape is the same. Moreover, chloride profiles are similar in shape to sodium ion 

profiles (Chapter 6 and Appendix 6.3) suggesting that chloride is present in the form of 

sodium chloride, the presence of sodium at concentrations above background suggesting 

that this element has been introduced by contamination emanating from the pits.

9.3 Relationship of porewater profiles to the SUZ
The position of the maximum elevation of the water table (recorded at HWS9) is shown 

on Figure 9.2 and Figure 9.5 at 7 mbgl. The lowest recorded water level is at around 

23 mbgl and is not shown on these figures. These two elevations define the SUZ at 

Harwell and give it a thickness of approximately 16 m. Water table elevations at the site 

have only been recorded at weekly intervals for five years. The maximum elevation of 

the water table may not, therefore, have been recorded, either because it did not occur in 

the last five years or because the monitoring frequency is insufficient to record short 

lived peaks.

Peak chloride concentrations in several boreholes occur towards the centre of the SUZ 

suggesting that a relationship exists between porewater concentration and position 

within the SUZ. WSA7 and WSA13 show high concentrations of chloride even above 

the maximum elevation of the water table. This could reflect vertical infiltration at these 

locations, both of which are close to the contaminant source, or may be indicative of 

local groundwater mounding caused by increased recharge through the pits. This would 

permit accumulation of chloride in porewater by diffusion from contaminated fissure 

water. Alternatively, high concentrations of chloride in porewater at shallow depths may 

indicate that the true water table maximum is almost two metres higher than the 

maximum recorded elevation at approximately 5 mbgl. This is supported by the 

uniformity of the depth (5.50 mbgl) at which there is a rapid rise in porewater 

concentration in WSA7, WSA10 and WSA13.

Porewater concentrations of chlorinated solvents away from the source area tend to be 

high towards the base of the SUZ. Again, the effect of fluctuating water levels on this 

concentration distribution in porewater is likely to be critical, but the different shape of 

the profiles of chloride and chlorinated solvents requires explanation.

The primary difference between the behaviour of chloride and chlorinated solvents in 

the aqueous phase in the Chalk is likely to be the nature of the source. A DNAPL source
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of chlorinated solvent will persist for a very long period of time due to the relatively low 

rates of dissolution (Chapter 2). In contrast, a chloride source will enter groundwater 

rapidly in solute form. This means that chlorinated solvent DNAPL can provide a 

continuous and relatively static source whereas a chloride source will be more mobile 

and tend to decline in concentration more rapidly over time due to advection, diffusion 

and dispersion.

9.4 Porewater profiles in the saturated zone
The object of constructing porewater profiles was to examine the distribution of 

contaminants through the SUZ. However, three porewater profiles are available for the 

permanently saturated zone. These consist of total chlorinated solvent and chloride 

profiles from WSA13 and a total chlorinated solvent profile for HWS3, shown on 

Figure 9.8. The profile from HWS3 was taken in 1990 (Jackson et al., 1990), whereas 

those from WSA13 were taken in 1995. The chloride profile for WSA 13 was obtained 

by the author, the chlorinated solvent profile is taken from Baker et al., (1996b).

These profiles show that for chloride, concentrations in the permanently saturated zone 

are low (less than 100 mg/L) and show little variation. The chlorinated solvent profiles 

are irregular but show a decline in concentration beneath the minimum water table 

elevation and concentrations of chlorinated solvents in the permanently saturated zone 

of HWS3 are lower than in the SUZ.

9.5 Diffusion
Diffusion is believed to be the dominant solute transport mechanism in the Lower 

Chalk, controlling flux between the fissures and the Chalk matrix. Measured values of 

the apparent diffusion coefficient for chloride in the Chalk at Harwell are within the 

range of anticipated values.

9.6 The effect of oil and LNAPL
The presence of oil on fracture surfaces was noted in cores at WSA7 and WSA13. A 

persistent light non-aqueous phase liquid (LNAPL) has been observed in HWS12 / 

HWS27 (HWS27 was destroyed and replaced by HWS12) close to the source area (see 

Figure 4.13 for location). Analysis of the LNAPL from HWS12 has shown that it 

contains 2.4 mg/g TCM, 11.7 mg/g TCA, 3.9 mg/g CTET, 13.6 mg/g TCE and

11.3 mg/g PCE or over 4% by weight of chlorinated solvents (Baker et al., 1996a). 

Table 9.1 shows estimates of the partition coefficient of these compounds between the
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measured concentration in oil and groundwater. There appears to be a reasonable 

correlation between the published partition coefficients and the groundwater 

concentration suggesting that the oil is in local equilibrium with groundwater. 

Partitioning of organic compounds appears to be according to their respective partition 

coefficients. The differences between the observed partition coefficient and the literature 

values are probably due to the groundwater concentration being measured from a bulk 

sample rather than being taken from the groundwater immediately adjacent to the 

LNAPL.

Groundwater and porewater adjacent to the LNAPL appear to be in local equilibrium 

with the LNAPL. The LNAPL cannot then have a role in transporting chlorinated 

solvents, it simply reflects the concentration of these compounds in surrounding 

porewater and groundwater.

The oil found on fracture surfaces in WSA2, WSA7 and WSA13 is very possibly 

trapped there, otherwise it would have been washed away by the drilling flush. If this is 

the case it may behave in a manner similar to organic carbon in retarding the movement 

of organic solutes through the aquifer.

9.7 Physical properties

9.7.1 Porosity

The profiles of porosity derived from moisture content measurements, shown in Chapter 

7 (Figures 7.4) give a relatively uniform distribution through the SUZ of the Lower 

Chalk beneath the WSA, with most of the variation being less than 10% around the 

mean of 30 %. In addition, the porosity shows little variation between boreholes. 

Profiles of porosity derived from moisture content measurements in boreholes WSA1 to 

WSA 13 are combined on Figure 9.9 where consistent small variations within the Chalk 

can be seen. There is a general, overall decrease in porosity with depth, although below 

5 m this is only very slight. Porosity within the SUZ is therefore relatively 

homogeneous. The uniformity of porosity within the Chalk has previously been noted 

by Price (1987).
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9.7.2 Hydraulic conductivity

Hydraulic conductivity has been measured both in cores, (matrix hydraulic 

conductivity) and in the field (bulk hydraulic conductivity). A comparison of these two 

sets of data is shown on Figure 9.10b. Where it can be seen that the bulk hydraulic 

conductivity is three to four orders of magnitude higher that the matrix hydraulic 

conductivity, demonstrating that the transmissivity of the Lower Chalk at Harwell is 

provided by fissures and not by flow through the matrix.

9.7.3 Pore throat sizes

The limited number of pore throat size measurements made indicate that pore throat 

sizes are relatively uniform throughout the SUZ. They also show that the Lower Chalk 

at Harwell has narrow pore throat sizes, restricted to the range 0.01 to 0.4 pm, with a 

modal pore size of 0.3 pm. From Equation 3.6, pore throats of this size can support a 

capillary fringe of up to 100 m, demonstrating that the matrix remains saturated 

throughout the full thickness of the SUZ and the unsaturated zone.

9.7.4 Comparison of physical properties

Matrix porosity and matrix hydraulic conductivity data are compared on Figure 9.10. 

No consistent relationship is apparent, as there is an insufficient density of measurement 

of hydraulic conductivity. There does, however, appear to be a loose relationship 

whereby higher hydraulic conductivity is associated with higher porosity.

9.8 The effect of sorption and organic carbon content
Sorption is generally related to the organic carbon content of aquifer materials. This 

study and other work (Pacey 1989) have found that the organic carbon content of the 

Lower Chalk is low at around 0.1%. The sorption coefficient of the Lower Chalk has 

also been found to be low, both in this work and by Stuart (1989), probably as a direct 

consequence of the low organic carbon content. From these two sets of measurements, 

retardation of chlorinated solvents due to sorption to either organic carbon or aquifer 

solids is considered to be an unimportant process at the scale of interest. At the scale of 

the entire plume, retardation of chlorinated solvents may prove to be significant. The 

effect of degradation in slowing the apparent movement of contaminant has not been 

considered.
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The effect of diffusion in retarding contaminant transport will be extremely significant 

at the scale investigated, governed by the large ratio of matrix porosity to fissure 

porosity.

9.9 Relationship between physical properties and porewater 
profiles
Porewater profiles from WSA12 and WSA13 are compared to the physical properties of 

the matrix on Figure 9.11. It has already been noted that porosity variations are small 

enough for the matrix to be considered homogeneous. There appears to be no obvious 

relationship either between the porewater profiles and the porosity or the porewater 

profiles and matrix hydraulic conductivity. The porewater profiles from WSA13 are also 

compared to the bulk hydraulic conductivity on Figure 9.11.

9.10 Relationship between lithology, discontinuities and 
porewater profiles
Profiles of porewater concentrations are shown against the lithological and fracture logs 

on Figure 9.12 and Figure 9.13 for WSA12 and WSA13 respectively. There does not 

appear to be a relationship between lithology and distribution of contaminants in 

porewater. Visual examination suggests a tendency for peaks in the porewater 

concentrations to be located within solid core blocks and away from fracture zones, for 

instance in WSA12 at 15.00 mbgl a large section of solid core corresponds with a zone 

of elevated chlorinated solvent concentrations. This tendency is dominated by the 

overall trend of the porewater profiles. This probably results from higher concentrations 

persisting longer furthest from fractures due to the slow rate of movement by diffusion 

across large blocks.

Distribution of contaminants across matrix blocks has been examined in detail in 

Chapter 6.

9.11 The effects of vertical infiltration
Porewater solute profiles have been used by others to examine vertical infiltration. The 

profiles reported here bear a superficial resemblance to some profiles resulting from 

vertical infiltration and therefore it is necessary to demonstrate that they do not result 

from this process.

The first and most obvious factor which prevents vertical infiltration is that much of the 

WSA is surfaced in a thick layer of concrete which predates all waste disposal
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operations. Most of the investigation boreholes have been drilled through this concrete. 

Of course this cannot prevent combined horizontal and vertical flow leading to a 

spreading out of the contaminant across the top of a lower permeability layer followed 

by vertical infiltration. The Chilton Stone may represent such a lower permeability 

layer. It is also believed to form the base of the disposal pits and to be the cause of a 

spring line to the south of the WSA (Jackson et al., 1990). Contaminants might then 

have spread out over the top of this layer and infiltrated vertically through it. However, 

a number of factors suggest that this has not happened.

Concentrations of chloride and chlorinated solvents are very much lower in the 

permanently unsaturated zone and so do not mark the passage of high concentrations of 

contaminant. Conversely, high solute concentrations are found in matrix porewater in 

the SUZ in many boreholes, including those some distance from the source zone. 

Contamination therefore occurs in the SUZ even at some distance from the WSA and 

across a wide area. To create this type of distribution by vertical infiltration would 

require that the original contaminant was spread over the surface, rather than placed in 

pits.

The vertical infiltration profiles constructed for analysis of recharge, which superficially 

resemble the porewater profiles presented here, have generally be constructed for the 

Upper and Middle Chalk; profiles in the Lower Chalk are believed to be much more 

poorly developed due to its limited ability to conduct recharge (Geake and Foster 1989). 

Foster and Barker (1981) have suggested that tritium peaks observed in matrix 

porewater of the Chalk could be produced by diffusional exchange with downward 

infiltrating recharge in fissures. However, this hypothesis requires relatively long 

residence times for water in fissures.

9.12 Relationship between vertical profiles and groundwater 
concentrations
A number of the porewater profiles constructed lie close to groundwater monitoring 

wells. From these it is possible to examine the relationship between the elevation of the 

water table, the concentration of contaminants in groundwater and the concentration of 

contaminants in matrix porewater. Figure 9.14 shows relationships between the 

porewater concentration of total chlorinated solvents in WSA4 and WSA12 and relates 

them to groundwater concentrations of these compounds in the nearest monitoring wells 

(BH6 and HWS12/HWS27 respectively). It can be seen that chlorinated solvent
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concentration in groundwater shows a general trend of increasing concentration as the 

water table rises in BH6. This trend is less obvious in HWS12 / HWS27. Sodium and 

chloride concentration in porewater and groundwater are compared for WSA12 and 

BH6 respectively in Figure 9.15. Concentrations of both solutes in groundwater in BH6 

show a marked increase as the water table rises through the peak in solute 

concentrations in porewater in WSA 12. For chloride this results in an increase in the 

concentration in groundwater in BH6 from around 60 mg/L at low water table elevation 

to over 800 mg/L at high water table elevation. Thus for this well / borehole 

combination there is a clear relationship between the porewater profile and groundwater 

chemistry. Concentration of chloride in groundwater will not reach the highest 

porewater concentrations due to the effects of dilution and mixing in the borehole.

The relationship of contaminant concentration in groundwater to the elevation of the 

water table has already been discussed in Chapter 4. A clear relationship between 

chlorinated solvent concentrations and water table elevation has been observed in the 

HWS17 series pumping wells. This suggests that the water which supplies these wells 

comes into contact with porewater containing high concentrations of chlorinated 

solvents.

It should be possible to make at least a qualitative assessment of the location of 

contamination in porewater from observations of concentrations of contaminant in 

groundwater with water table elevation in a monitoring well. It is anticipated that results 

from nested piezometers, sampling discrete intervals, would provide improved 

information over open wells regarding the location of porewater contamination.

9.12.1 Discrete interval sampling

The discrete interval sampling undertaken proved inconclusive due to a lack of recharge 

over the period of the work and the clogging of one of the piezometers. It is nevertheless 

clear from the observations made (Chapter 5), that mobile groundwater rapidly 

approaches an equilibrium state following a rise in the water table. This is taken as an 

indication that porewater dominates groundwater chemistry in the Lower Chalk at 

Harwell. The anticipated volumetric ratio of porewater to groundwater is approximately 

300:1 (see Chapter 12 for more details) and therefore porewater has a much larger 

storage capacity for aqueous phase contaminants than fissures.
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9.13 Conclusions
From the experimental data a number of conclusions can be drawn which form the basis

of the conceptual model developed in Chapter 10.

1. The Lower Chalk at Harwell is relatively uniform and it can be concluded that 

distinct shapes of the profiles of concentrations of contaminants in porewater have 

not resulted from variations in the physical properties. For the purposes of this study 

the physical environment within the Lower Chalk at Harwell may be considered to 

be homogeneous.

2. The observed profiles of porewater distribution in the SUZ did not result from 

vertical infiltration, as much of the WSA is covered by hard standing and thus 

vertical infiltration cannot take place in any significant quantity. Neither do the 

observed profiles result from a combined vertical and horizontal movement of 

contaminants in the unsaturated zone as the Lower Chalk is densely fissured. 

Horizontal flow in the unsaturated zone will therefore encounter a vertical pathway 

within a short distance at which point vertical movement will dominate.

3. Controls on the migration of the two contaminants are likely to be similar, as they 

will both behave as conservative solutes as the effects of retardation on chlorinated 

solvents are likely to be limited at the scale of interest. The differences in their 

respective chemistries are therefore considered insufficient to promote major 

differences in porewater distribution. Differences in the profiles of chloride and 

chlorinated solvents in porewater at some distance from the source disposal pits are 

attributed to differences in the rate of release of contaminants to aqueous solution at 

the source. These differences are likely to be associated with the nature of the 

source, with DNAPL providing a continuous source for chlorinated solvents, 

whereas a chloride source will rapidly move into solution.

4. Porewater profiles of both chloride and chlorinated solvents show elevated 

concentrations of these species within matrix porewater throughout the SUZ which 

was almost entirely above the elevation of the water table at the time of 

investigation. These can only have been introduced by diffusional exchange with 

groundwater at times of high water table. Other possible mechanisms, such as 

vapour transport and vertical infiltration, have been eliminated.

5. The effect of fluctuating water tables within the SUZ has a major effect on 

contaminant distribution and by a process of elimination is proposed as the most
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important factor controlling the distribution of contaminants in this zone. This factor 

is investigated in detail in Chapters 10 to 13.
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Table 9.1 Partitioning o f  chlorinated solvents between LNAPL and groundwater in 
borehole HWS12 (after Baker et al., 1996)

Chlorinated solvent 
TCM TCA CTET TCE PCE

Concentration in LNAPL (mg/g) 2.4 11.7 3.9 13.6 11.3
Concentration in groundwater 16 19 2.7 22 6.3
(mg/L)
Measured partition coefficient 150 620 1400 620 1900
Published coefficient (Kow)# 93 316 437 195 760
Difference between measured 161 196 320 258 250
and published partition 
coefficients (%)
* Assuming density o f LNAPL is approximately 1000 kg/L
# taken from Baker et al., (1996)
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10. Conceptual model of groundwater and 
contaminant movement in the SUZ of the Chalk at 
Harwell

10.1 Introduction
The information gathered in Chapter 5, Chapter 6, Chapter 7 and Chapter 8 and 

interpreted in Chapter 9 is used here to construct a conceptual model for the role of 

fluctuating water tables in the distribution and movement of aqueous phase 

contamination in the SUZ of the Chalk aquifer beneath the Western Storage Area at 

Harwell Laboratory. This conceptual model will be used to examine the main features of 

the porewater profiles and to relate this to the flux of contaminants in groundwater. The 

conceptual model forms the basis of the semi-analytical model developed in Chapter 11. 

The conceptual model concentrates on the role of the fluctuating water table in the 

formation of the observed distribution of chloride and chlorinated solvents in the SUZ. 

A conceptual history of contamination is first constructed as the origin of contamination 

at the site lacks detail and the history of contamination may play a significant role in the 

development of the observed distribution of contaminants in mobile groundwater and 

porewater. The contaminant source zone is not explicitly considered. The conceptual 

model is constructed in broad terms to allow its application to be general. Inevitably the 

conceptual model requires some speculation where the facts are unclear.

10.2 A conceptual history of the Western Storage Area at 
Harwell

10.2.1 Origin of contamination 

Chlorinated solvents

The history of waste tipping has been described by Jackson et al., (1990) and reviewed 

in Chapter 4. From this historical record it is clear that the bulk of the chlorinated 

solvent disposal occurred during the years 1972 to 1977, when the pits were operated as 

a commercial waste disposal facility, accepting waste from many sources. Jackson et al., 

(1990) estimated that, during that time, between 10 and 20 tonnes of chlorinated 

solvents were deposited in the pits. Disposal ceased in 1977. Disposal of chlorinated 

solvents before 1972, prior to the site being operated as a commercial landfill site, is 

assumed to have contributed only a small proportion of the total chlorinated solvents, as
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only waste from the Harwell Laboratory site was being disposed to the pits at that time. 

The volumes of chlorinated solvents are large and it is probable that this volume is 

sufficient to permit them to exist as DNAPLs. Field evidence from WSA7 suggests that 

DNAPL was present, or had recently been present, at the site in 1995.

Source o f chloride

The source of chloride at the site has not been identified. However, there is strong 

evidence that it originates from the same disposal pits as the chlorinated solvents on 

account of the highest chloride concentrations in porewater being close to the pits. The 

present day concentrations of chloride in porewater are highest in WSA7, WSA9, 

WSA10, WSA12 and WSA13. These boreholes are located close to and between the 

pits or downgradient of the pits. The two boreholes which lie upgradient of the disposal 

pits (WSA8 and WSA11) show only relatively low concentrations of chloride, not much 

above background. Therefore the source of chloride must lie downgradient of WSA8 

and WSA11 but upgradient of WSA7, i.e., the location of the waste disposal pits.

The chemical origin of chloride contamination has previously been discussed in detail in 

Chapter 9. It is believed to originate from inorganic chemical wastes, arising from the 

original waste disposal operation.

10.2.2 Post disposal history

The pits were sealed with a plastic membrane cover to prevent further infiltration after 

the contamination became evident in the early 1990’s. Before this the pits had simply 

been backfilled. The presence of open, or poorly sealed pits will have allowed direct 

recharge to the underlying Chalk, with little interception or evapotranspiration, possibly 

causing recharge mounds to form beneath the pits.

10.2.3 DNAPL migration in the subsurface

Chlorinated solvent, as DNAPL, is proposed to have moved downwards under gravity 

entirely through the fissure network, but is not considered to have been able to build 

sufficient head to overcome capillary forces and penetrate the matrix (Lawrence et al., 

1992, see Chapter 3).

The conceptual models of Feenstra et al., (1996) suggest that in fractured media, 

DNAPL will move downwards through fractures. The low viscosity, high density and 

low water/DNAPL interfacial tensions permit rapid penetration to depth. Feenstra et al., 

(1996) suggest that it is difficult to predict the maximum depth of penetration, even
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where detailed information on fracture characteristics is available, mainly due to the 

problems associated with estimating fracture aperture. Therefore the maximum depth of 

penetration must be inferred from the pattern of contamination. The exact pathway 

taken by the DNAPL will depend upon the details of the fracture geometry and fracture 

aperture.

DNAPL is proposed to have reached the water table and to have penetrated deep into the 

saturated zone. Movement of solvent is believed to have been arrested as it encountered 

the LI low permeability layer (a chalk marl) which lies at approximately 30 to 35 m 

depth (Jackson et al., 1990) and only low concentrations of chlorinated solvents are 

found in the H2 aquifer which lies beneath this layer (see Chapter 4). The solvent is 

thought to have accumulated in fissures terminating at the top of the LI layer. To block 

the downward passage of DNAPL effectively, the LI layer must contain fewer fissures 

and this is illustrated by its low transmissivity relative to the aquifer layers, HI and H2 

(Chapter 2). More importantly, those fissure which do exist must have small apertures. 

Stringers of solvent left in dead-end fissures and as residual accumulations will have 

resulted from the passage of the DNAPL through the fissures and are proposed to form 

primary sources of solvent contamination. The high concentrations of chlorinated 

solvents in matrix pore water in WSA7 demonstrate that DNAPL is present in fissures 

adjacent to the sampled matrix. This DNAPL marks the downward passage of 

chlorinated solvents through the SUZ.

Dissolution of the DNAPL is proposed to have taken place into both the mobile fissure 

water and into static matrix porewater adjacent to fissures containing DNAPL, as 

described in Chapter 2, and by Parker et al., (1996). Dissolution of the DNAPL has 

created a plume of contaminated groundwater several hundred metres long which 

extends away from the source in the prevailing direction of groundwater flow.

Residual saturation of DNAPL has been shown by Schwille (1988) to be low in fissured 

media. Therefore the bulk of the DNAPL might be expected to have moved downwards 

under gravity to lie just above the low conductivity layer which caused its movement to 

be arrested. From this it is clear that the primary source of chlorinated solvents at 

Harwell is likely to reside in the permanently saturated zone, although a proportion must 

persist at residual saturation in both the SUZ and in the permanently unsaturated zone.

375



Calculation o f DNAPL persistence in fissures

Conceptual models for the behaviour of DNAPL in fissured media invariably suggest 

that the DNAPL travels exclusively via the fissure network, under the influence of 

gravity, accumulating within fissures as ganglia (e.g. Lawrence et al., 1992).

Using the approach of Parker et al., (1996) (see Chapter 2) the time for diffusive 

disappearance of DNAPL in Chalk can be estimated. Parameters are as follows: fissure 

apertures range from 10 to 1000 pm (Price 1987); porosity is 0.3 (Chapter 7), measured 

Da  of chloride is 2.5 x 10'lom2/s (Chapter 8) and documented values for density and 

solubility of chlorinated solvents as given in Chapter 2. The results of the analysis are 

illustrated in Figure 10.1.

For reasonable values of fissure aperture, diffusive disappearance can be relatively rapid 

for some of the DNAPL compounds, but only a small increase in fissure aperture results 

in a significantly longer time for dissolution. The fissure apertures at Harwell have not 

been measured and the range of possible values is large, although the relatively low 

transmissivity points towards fissure apertures being small. Therefore the uncertainties 

in the time for diffusive disappearance are also large. The analysis of Parker et al., 

(1996) assumes a simple, easily defined geometry with a single component DNAPL. In 

reality the situation is much more complex, particularly as the relative solubility for 

each compound will affect the rate of dissolution of a mixed DNAPL and leave a 

progressively lower solubility mix behind.

10.2.4 Chloride source

The source of chloride has been not identified. However, evidence gathered in Chapter 6 

suggests that it is an original contaminant, rather than a product of degradation of 

chlorinated solvents. Assuming that it was disposed of to the pits in the same way as the 

chlorinated solvents, then it is proposed to have entered the subsurface in the form of a 

brine, as the concentration at which chloride in matrix porewater is found at the present 

day (up to 2000 mg/L in WSA12) are indicative of an even higher concentration being 

present in fissure water in the past. A brine solution would have been denser than native 

groundwater and therefore it would be expected to sink towards the base of the 

permanently saturated zone, where it proposed that the source of chloride contamination 

to mobile fissure water resided. A proportion of the chloride will have moved into the 

matrix during the downward passage of this brine, by diffusion.
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10.2.5 Recharge and fluctuating water tables

Residual accumulations of DNAPL in the unsaturated zone will have undergone 

dissolution into recharging water and diffusion into matrix porewater. Before the pits 

were covered in the 1990’s they may have caused enhanced recharge, particularly as 

they are surrounded by an area of hardstanding. A proportion of the precipitation falling 

on the hardstanding will almost certainly have found its way into the pits, possibly 

leading to groundwater mounding.

However, widespread vertical recharge over much of the WSA is likely to be negligible 

due to the hardstanding covering much of the surface. Upgradient of the WSA, to the 

south and south-east, lie open fields and, more significantly, further to the south lie the 

Chalk downlands. The downs are the most probable source of recharge to the site and 

direct recharge is anticipated to take place there. This recharge leads to rising water 

table elevation on a regional scale as water moves from the recharge area to the 

discharge area.

For the purposes of the conceptual model recharge is assumed to produce a temporally 

and spatially uniform rise in the water table across the area of contamination. The 

justification for this is that the hydraulic gradient shows only a small increase during 

periods of rising and high water table compared to the gradients at low water table. In 

addition, there is a good match between the timing of the water table rises and falls at 

the Aldfield Farm and HWS9 monitoring wells, despite these being separated by over 

800 m (Chapter 4).

10.3 The conceptual model domain
The domain of the conceptual model is the SUZ, defined as the part of the aquifer 

between the lowest and highest recorded water table elevations. Additionally, the 

domain of interest is positioned downgradient of the source such that groundwater flow 

and solute transport into the domain are horizontal. The contaminant source zone and 

the processes occurring there are not explicitly considered. The model domain has only 

a limited horizontal extent.

Physically, the conceptual model domain consists of a homogeneous porous matrix 

divided into blocks by a well developed set of fissures. Physical properties have been 

found to show only small variations across the SUZ (Chapter 7, Chapter 9). The fissures 

are considered to be relatively closely spaced, uniform in aperture and equally 

conductive, as the bulk hydraulic conductivity encountered in WSA13 and throughout
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the Western Storage Area (Chapter 5), shows no evidence of individual well developed 

fissures, indicating that transmissivity is a factor of saturated thickness alone. Figure 

10.2 shows a one-dimensional representation of the model domain.

10.3.1 Conceptual groundwater flow

Groundwater flow enters the model domain entirely through the fissure network and is 

horizontal. Matrix porewater is immobile due to the low hydraulic conductivity 

(Chapter 7) and the low prevailing hydraulic gradient (Chapter 4). Mechanical 

dispersion is likely to be unimportant at the scale of the model and is ignored. 

Groundwater flow velocity is uniform and equal in all fissures and groundwater flow 

takes place through the entire saturated thickness of the model domain. The hydraulic 

gradient operating is low and constant. The direction of groundwater flow is also 

constant.

10.3.2 The position of the water table

The water table fluctuates seasonally. The conceptual model sets upper and lower 

bounds for the position of the water table. The seasonal fluctuation applied to the model 

is that of the observed hydrograph (Chapter 4) which typically consists of an annual rise 

in the elevation of the water table in the early part of the year followed by a recession 

for the remainder of the year. The rise and fall of the water table represent the filling and 

draining of the fissures, as the matrix remains saturated throughout the SUZ at all times.

10.3.3 Solute transport

The conceptual model domain is downgradient of the contaminant source and therefore 

the contaminant arrives in the form of aqueous phase solute. The groundwater which 

arrives in the model domain is well mixed. The solute in the conceptual model, 

representing either chloride or chlorinated solvent, is considered to be conservative and 

therefore does not undergo decay, sorption or volatilisation. Sorption has been found to 

be negligible (Chapter 8) and is therefore ignored. Volatilisation is not incorporated, to 

retain the simplicity of the model. The pattern of solute concentration introduced into 

the model domain with time is established as a representation of the interpreted history 

of contaminant release from the source zone.
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Complications in the vertical distribution of contaminants in the source zone which 

might arise due to the presence of residual accumulations of DNAPL are ignored. The 

pattern of residual DNAPL distribution is a feature that will depend upon several 

factors, including fracture geometry, volume and mode of DNAPL emplacement and the 

time over which it took place. The location of contaminant will influence the solute 

concentration of groundwater arriving in the model domain. To maintain simplicity the 

contaminant source is assumed to be lie in the permanently saturated zone beneath the 

pits.

Solute exchange between matrix porewater and fissure water and solute movement 

within matrix porewater is by diffusion alone as described by Fick’s second law. The 

mass of solute transferred between matrix porewater and water in fissures in the SUZ is 

thus proportional to both the concentration gradient and the time available for diffusion 

(the duration of time for which fissures are saturated). Solute in the fissures moves with 

the rising and falling water table and with horizontal advection but undergoes no 

dispersion.

10.3.4 The conceptual model and seasonal fluctuations in the water table

Having constructed a conceptual model domain the effects of fluctuations in the 

elevation of the water table on contaminant distribution over time are examined.

Initial conditions

Initially the water table lies at the base of the SUZ. The matrix above this is saturated 

but free of contaminant, and the fissure pore space in the SUZ is drained. Contaminant 

resides only in the permanently saturated zone which is not strictly part of the model 

domain.

Rising water table (early time)

At low water table solute enters the model domain in the permanently saturated zone. A 

rising water table carries solute into the SUZ.

The source term will depend upon the nature of the contamination. For DNAPL, which 

is expected to have had a long history of continuous supply to groundwater, the source 

term can be approximated as uniform contaminant concentration during the existence of 

DNAPL, followed by a long tailing as the residual contamination is removed by 

diffusion limited dissolution and diffusional exchange with matrix porewater. For 

chloride, the source is expected to give an initially rapid rise in chloride concentration in 

groundwater which will then decay over time, much like an extended tracer test.
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Diffusional exchange between the rising fissure water and matrix porewater leads to 

mass accumulating as solute in the matrix porewater, and a depletion of solute mass in 

water in fissures. Concentration gradients reduce as fissure water with depleted solute 

concentration is carried further up the profile, all the time losing mass to the matrix, 

leading to a reduced rate of mass transfer in the upper part of the SUZ. Higher in the 

profile the fissures remain saturated for proportionally less time, reducing the 

opportunity for mass transfer to the matrix. Figure 10.3 illustrates the build-up of mass 

in the porewater. Advection of groundwater in fissures carries contaminants 

downgradient and brings in groundwater from upgradient. However, as the conceptual 

model only considers a limited horizontal extent, with contaminated aquifer both up and 

downgradient, the fissure water arriving in the model domain by advection will be at 

similar concentration to that leaving and thus not have a great effect on matrix 

concentrations. For a low hydraulic gradient the number of volume changes in the 

fissure due to advection will be small during a single annual cycle.

Falling water table

When the water table falls the matrix porewater in blocks above the water table is 

isolated from both the mobile fissure water from the matrix porewater in other blocks. 

Concentrations of contaminants will proceed towards equilibrium across matrix blocks 

by diffusion (Figure 10.4). Falling fissure water may not be in local equilibrium with the 

matrix porewater and therefore further mass transfer will occur as the water table falls. 

The direction of mass transfer will depend upon the relative concentrations of matrix 

porewater and fissure water.

Successive annual cycles

Successive seasonal rises and falls of the water table will lead to an accumulation of 

mass within matrix porewater of the SUZ. A greater proportion of this mass will 

accumulate towards the base of the SUZ, as the time spent beneath the water table in 

contact with contaminated fissure water will be greatest here. Thus the profile of 

porewater concentrations will show an approximately triangular distribution. A major 

consequence of the rising and falling water tables is to disperse contaminants, at varying 

concentrations, through the matrix porewater across the entire thickness of the SUZ.

As contaminant is removed from the source zone, the source is gradually depleted and 

eventually contaminant concentrations in groundwater in the permanently saturated 

zone will start to decline. Once concentrations in fissure water fall below those in matrix
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porewater the direction of mass transfer will be reversed (Figure 10.5). The mass 

transferred will be concentration and time dependent and as a result that part of the SUZ 

with greatest concentration gradient and longest duration of time beneath the water 

table, the base of the profile, will experience the most contaminant loss from the matrix. 

Additionally, the effect will be to give concentration maxima in groundwater at high 

water table, as seen in Figure 4.30. Note however, the onset of the reversal of mass 

transfer will not occur everywhere in the profile at the same time, as concentrations in 

the matrix will vary.

10.3.5 Limitations

The conceptual model has many limitations but those of particular significance are 

noted below.

The role of the floating layer containing oil and its high concentrations of chlorinated 

solvents (Chapter 9) has not been considered in this conceptual model but is not 

anticipated.

The hydraulic containment scheme has only been in operation for 4 years and therefore 

it will not have had a major effect on the long-term history of SUZ profile development. 

In addition, the containment scheme is also dominated by the seasonal rises and falls in 

the water table. The main effect of the scheme will be to increase hydraulic gradients 

locally.

The groundwater flow direction at Harwell changes radically depending upon the water 

table elevation and this seasonal effect that might have a major impact on the supply of 

contaminant but has not been included in the model.

10.4 Conclusions
A conceptual model has been presented which can explain the main elements of both the 

observed porewater profiles and the trends in groundwater chemistry over time using 

relatively simple assumptions. The conceptual model ignores some of the complexity of 

the Harwell site, but is proposed as a basis for exploring the dominant pattern of 

development of matrix porewater and groundwater contaminant concentrations under 

the conditions observed.
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11. A semi-analytical model for the SUZ

11.1 Introduction
Modelling has been undertaken to assess the role of matrix diffusion and fluctuating 

water levels on the development of the observed profiles given in Chapter 6 and 

discussed in Chapter 9. The model was also developed to investigate the effects of these 

processes on mobile groundwater quality and to study the long-term consequences of 

the contamination. The intention of the modelling was to examine the processes 

involved rather than to produce an exact simulation of contaminant transport at Harwell. 

However, the contamination at Harwell forms the basis of the model simulations 

described in Chapter 12 so as to permit a comparison between model results and field 

data gathered for the site. As a result, no attempt has been made to calibrate the model 

to field data. Nonetheless, the formulation of the model developed is general and may be 

applicable to other sites on the Chalk and to other dual-porosity media. The model 

simulations are described and discussed in Chapter 12.

The model code was developed and written for this project by Barker (pers. comm.) and 

was based on an earlier code developed for work on aquifer storage and recovery 

systems (Barker et al., 1997). It is a semi-analytical, one-dimensional code which allows 

the position of the water table to be moved up and down, whilst permitting diffusional 

exchange between porous matrix blocks and fissure water. The model has been given 

the acronym SUZIE (Seasonally Unsaturated Zone Inundation and Elution). The 

description of the model given here has not been presented elsewhere previously.

11.2 Basic concept
The conceptual model described in Chapter 10 has been developed mathematically by 

using a number of simplifying assumptions.

The model is divided into layers, each layer consisting of units of matrix and fissure 

spaces. The fundamental basis for the model, which permits an analytical solution, is 

that water moves upwards or downwards in discrete jumps. Each jump involves the 

same volumetric movement of water and the volume of water defines the layers of the 

system. When a jump occurs, water in the fissures of one layer is replaced by water 

from a neighbouring (underlying or overlying) layer. This becomes a better
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approximation to real situations as the pulse interval gets smaller or (equivalently) the 

layer volume gets smaller.

The complete analytical solution is given in Appendix 11.1. The solution takes the form 

of a summation over Green’s functions. Implementation is via a computer programme 

so the model is semi-analytical.

11.2.1 Assumptions

As with any model a number of assumptions are required to permit the description of 

the model domain in mathematical terms. The model assumptions are given below:- 

Aquifer conditions

All layers have the same fissure volume and the ratio of matrix to fissure porosity is 

uniform throughout the model domain, although this restriction is not strictly necessary. 

Groundwater flow and solute transport

Steady state flow conditions are established instantaneously in the fissures at each time 

step so that movement of water can be considered to be by ‘piston’ flow.

There is no water movement within the matrix porewater. Solute movement within the 

matrix is entirely by diffusion as described by Fick’s second law and characterised by an 

apparent diffusion coefficient, DA-

There is complete mixing of fissure water such that the fissure water within a single 

layer remains at a uniform but changing concentration during each time step.

Mechanical dispersion is negligible and can be ignored.

Density effects on groundwater flow are unimportant and can be ignored.

There is no vertical component to diffusion and therefore no mixing between layers.

11.3 Model Description

11.3.1 The model domain

The model domain consists of a one-dimensional vertical column. This domain is 

divided into layers of uniform thickness. Each layer contains elements of both fissure 

and matrix. The properties of the fissure and matrix are uniform throughout the model 

domain.

A single layer is shown in Figure 11.1. As the water table rises and falls contaminant 

mass enters and leaves the fissure component. This can be envisaged as a source (or 

sink) term in the mass balance equations, such that neighbouring layers need not be 

considered explicitly.
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The current model code incorporates two different geometries of matrix blocks of either 

spheres or slabs. It is also possible to alter the code to incorporate pre-defined block size 

distributions, although this has not been done.

11.3.2 Mathematical formulation

The mathematical formulation for the model is given in full in Appendix 11.1. An 

introduction is provided here, after Barker (pers. comm.). The geometry of a model cell 

is shown on Figure 11.1.

The model is best described for a specific matrix geometry, and this is the approach 

used below and in Appendix 11.1. This leads to a general case into which other 

geometries can be inserted. The geometry adopted is that of parallel identical slabs of 

matrix separated by a uniform fissure as shown on Figure 11.1. The unit considered here 

extends from the centre of one matrix slab across to the centre of a neighbouring block. 

The fissures have an aperture of a while the blocks have a (total) thickness of 2b.

The concentrations within the fissure and matrix for a cell are denoted by cf (t) and 

cm(z,t), respectively. Equating the change of mass per unit area in the fissure with the 

sum of the diffusive flux and the source gives

dcf dc„
a —— = 2D,.- + aS(t)  (11 .1)

=odt E dz

where a is the fissure aperture, Dj7 is the effective diffusion coefficient and S(t) is the 

mass produced per unit volume per unit time.

The initial concentration in the fissure is assumed to be known, such that

cf  (0) = 0 (11 .2)

Within the matrix, mass balance is described by the diffusion equation

O U )

where Da  is the apparent diffusion coefficient.

As there is no diffusion across the centre of a matrix block (by symmetry):

= 0 (11.4)
=bdz

At the matrix / fissure interface the matrix and fissure water concentrations are assumed 

equal, giving

cm(z,0) = cf (t) (11.5)
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The initial concentration in the matrix is assumed to be independent of position within 

the matrix, so that

U O .z) = c„,0 (U.6)

Dimensionless time and distance variables are introduced and are given by

T = (11.7)

and

So Equation 11.3 becomes

d c „ . d 2 c..
(11.9)

d z  dC ,2

The solution is given by taking Laplace transforms (Appendix 11.1).

The aquifer properties are characterised by two parameters, a  and where

cr = ib £ iL  ( I U 0 )
aDA

‘c = ^ r  (11-11)
^  A

tc can be thought of as the characteristic time for diffusion across a matrix block, 

cr can be thought of as the ratio of matrix porosity to fissure porosity assuming that there 

is no retardation and that the porosity for the effective diffusion coefficient (the through 

diffusion porosity) and the porosity for the apparent diffusion coefficient (volumetric 

porosity) are equivalent.

11.3.3 Unsaturated conditions

The transition from saturated to unsaturated conditions is problematic as it involves a

change in boundary conditions for the matrix blocks. Barker (pers. comm.) has

formulated a ‘weak solution’ which requires that there is no net mass change in the 

matrix over each time step. Details are given in Appendix 11.1. This weak solution adds 

sufficient mass to the fissure ‘water’ in the unsaturated zone such that there is no net 

gain in mass in the matrix. There will be an initial mass gain by the matrix, followed by 

a mass loss, during the course of each time step.
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11.3.4 Water movement

The movement of the water table over time is divided into time steps, At. For each time 

step the top of the saturated zone in the fissures (water table) can either move up one 

layer (if not at the top of model domain), move down one layer (if not at the lowest 

layer) or remain at the same layer. No other form of movement is permitted. The 

number of layers and the time step size thus control the rate of movement of the water 

table that it is possible to simulate. This method allows patterns of water table 

movement observed in hydrographs to be specified. Figure 11.2 illustrates how a 

hydrograph can be simulated; here the time step has been chosen to simulate the rising 

limb of the hydrograph, given a model with 10 layers. For a water level rise that takes 

place over 120 days, a maximum time step of 12 days would be selected. The rate of fall 

of the water table is specified by successive downward and static steps for the 

subsequent time duration of 240 days.

11.3.5 Contaminant concentration 

Starting concentration

Contaminant can be introduced into the model domain in two ways. The model permits 

the initial concentration in matrix porewater to be specified either as a vertically 

uniform concentration or as individual concentrations for each layer.

The model also allows the concentration of contaminants in fissure water to be specified 

at the point where it enters the domain. This means that contaminated fissure water can 

be introduced only when the water table is rising. When contaminated water is 

introduced at the base it is then allowed to exchange with the matrix by diffusion. At the 

end of the time step the fissure water with its remaining contaminant is carried up into 

the next layer, provided that the water table is still rising.

The fissure water concentration entering the model at the base can be specified for each 

time step but cannot be changed at any other location within the model domain. This 

means that any contaminant input into the model can only be entered via the base and 

must then be carried up with rising groundwater. Considering a rising water table, for 

each time step that the water table is moved upwards water is carried upwards one layer 

into the unsaturated zone. The water that is moved up takes the mass or concentration 

that it had at the end of the previous time step and this becomes the starting 

concentration for the next time step.
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11.4 Verification
Verification of the model has been undertaken using simple checks. These have 

included a mass balance and comparison to an alternative analytical solution for a 

particular model scenario. Verification is given in detail in Appendix 11.2.

11.5 Using the model
A guide to using the SUZIE model written by the author of this thesis, is given in 

Appendix 11.3. The guide explains how the data input files are specified, how to run the 

model and the nature of the output files.

Readers wishing to use the model can obtain copies of the code from the author or from 

John Barker at UCL and are advised to read Appendix 11.3.

11.5.1 Data requirements

The data required to run the model is considered in this section 

Porosity ratio

The porosity ratio, a , is the ratio of matrix porosity to fissure porosity and requires 

values of both these properties.

Characteristic time

The characteristic time, tc, has been defined in Section 11.3.1. Values of the distance 

across which diffusion takes place (the half block thickness) and the apparent diffusion 

coefficient are required.

Water table elevation at start

The layer in which the water level starts for each model run can also be defined. 

Normally this will be in the lowest layer at the start of an annual cycle of rising and 

falling groundwater.

Number o f layers and time steps

This can be specified to suit the user requirements, although using more layers rapidly 

increases the size of the output file. It is therefore necessary to establish a compromise 

between using a large number of layers to give small time steps and to more closely 

simulate the hydrograph and using a small number of layers giving manageable data 

files. Sensitivity of the model to the number of layers is discussed in Section 11.6.
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Hydrograph

A hydrograph needs to be defined.

Contaminant concentration

The model permits contaminant concentration in the matrix in each layer to specified as 

a starting condition. Thereafter, contaminant can only be introduced at the base of the 

model and can only enter the model domain during periods of rising water table.

11.6 Sensitivity analysis
A number of the inputs have a range of possible values and therefore it is necessary to 

conduct a sensitivity analysis to determine how the output varies across the range.

The major variables in the model input are porosity ratio (a), characteristic time, tc, and 

time step, At. Sensitivity of the model to varying cr and tc can be mapped out using a 

contour plot such as that shown in Figure 11.3. The simulation used is one in which 

contaminant is added to fissure water at the base for 10 years and then clean water is 

flushed through for a further 20 years. The model has then been run 100 times to allow a 

contour plot to be drawn of average matrix concentration in the lowest layer of a 10 

layer system. From this plot it can be seen that in the range of probable values for the 

Chalk the model is sensitive to the value of a  used but is very insensitive to tc . At very 

large values of tc, outside the expected values for the Chalk, the sensitivity is reversed, 

with the value of tc becoming the more important factor. Characteristic times of this 

order are indicative of very large blocks or very low diffusion coefficients. Sensitivity 

for significantly different simulations will require further analysis.

The relationship between time steps and the number of layers may influence the 

sensitivity of the model. However, it is difficult to assess this, as model simulations with 

different numbers of layers cannot be compared directly. All else being equal, 

simulations using a larger number of layers will give a better approximation to reality. 

At the gross scale, changing the number of layers does create fundamental differences in 

the model output. Figure 11.4 illustrates the same model run for different numbers of 

layers. It is clear that increasing the number of layers effectively reduces the mass of 

contaminant able to reach the upper layers by permitting increased mass accumulation at 

the base of the profile. The cause of this effect is the relationship between the time steps, 

moving contaminant upwards, and the rate of diffusion.
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11.6.1 Limitations

In constructing the model a number of assumptions have been made and these impose 

limitations on value of the model output. These are considered in this section.

The model does not allow mixing between adjacent layers in the fissure system or the 

matrix in an explicit sense. A form of averaging is achieved by the way in which the 

water table is moved which will smooth out any exaggerated differences specified at the 

start of the model. Additionally, in the matrix, ‘mixing’ is achieved by diffusional 

exchange which is a slow process relative to the rate of water table movement and 

therefore may not be particularly important.

The model does not allow lateral groundwater movement by advection. Two processes 

may be important in this respect. In the saturated zone, horizontal flow of groundwater 

does occur, although at Harwell gradients are low (0.0008 to 0.003) and values of 

hydraulic conductivity are low, in the range 1 x 10*4 to 1 x 10‘6 m/s. However, the 

fissure porosity has been determined as only 0.1% (see Chapter 12) and this gives 

groundwater flow rates of 0.70 to 26 m/d. These are considerably higher that the 

estimated rate of water table rise (0.08 m/d) and fall (0.04 m/d) (Chapter 4). It is likely 

therefore that advection is an important process, although, as the model consists of a 

vertical column, it will be sandwiched between similar vertical columns and the water 

entering by advection will be at similar concentration to that leaving. The hydraulic 

containment operation may increase gradients locally.

In the unsaturated zone, vertical movement of matrix porewater may be important. 

Studies of the unsaturated zone of the Chalk (Smith et al., 1970, Wellings and Bell 

1980) have demonstrated that vertical movement occurs within the Chalk matrix 

porewater at rates of up to 1 m per year in the Upper Chalk. The rate of movement in the 

Lower Chalk will be much lower. Taking the matrix hydraulic conductivity as 

1 x 1 O'9 m/s (0.03 m/yr.) and the effective porosity as 30%, then the rate of water 

movement is approximately 0.1 m/yr. Thus over longer time periods this may become 

important. However, the model domain alternates between saturated and unsaturated 

conditions and therefore the time available for vertical flow is limited, particularly in the 

deeper layers. The effect of vertical movement may become important if the model is 

applied to Upper Chalk but is thought to be unimportant in the context of the Lower 

Chalk.
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12. Simulating contaminant distribution in the 
zone of water table fluctuation using SUZIE

12.1 Introduction
The aim of constructing the semi-analytical model SUZIE described in Chapter 11 was 

to investigate the principle processes responsible for the seasonally unsaturated zone 

(SUZ) porewater profiles described during the course of this work. Of particular interest 

are the causes of the differences between the observed chloride and chlorinated solvent 

porewater profiles. To achieve this aim a number of cases have been simulated using 

SUZIE and evaluated with respect to conditions at the site. The simulations have been 

constructed on the basis of what is known of the site history, the results of research 

described in this thesis and by making sensible assumptions where information was not 

available.

12.2 Data requirements
The model requires that a number of parameters are specified. The values used for the 

simulations are justified in this section.

12.2.1 Porosity ratio, a

Sensitivity analysis in Chapter 11 has demonstrated that the model is particularly 

sensitive to the ratio of matrix to fissure porosity (a) and therefore care is needed to 

ensure that reasonable values are used.

Matrix porosity

The matrix porosity at the study site is well defined from the work described in Chapter 

7. The range in values is from 0.16 to 0.65, with an average derived from moisture 

content analysis of 0.30 or 30%.

Fissure porosity

The fissure porosity is much harder to quantify than the matrix porosity as it has not 

been directly measured. Values of fissure porosity for the Chalk have been given by 

Headworth et al., (1980) as 1.3% (Upper Chalk), by Giles and Lowing (1990) as 0.5 to 

1.0% (Upper and Middle Chalk) and by Price et al., (1993) as 10-4. This is a very large 

range of possible values and for the model to be of use a narrower range is required.

The fissure porosity of the Chalk at Harwell Laboratory has been estimated by Tindal 

(1995) using arrival times for tracer tests in forced gradient, two well tests. Fissure
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porosity, also known as kinematic porosity or effective flowing porosity, ne, is 

calculated from the arrival time of the peak tracer concentration at the pumping well,

where tj is the travel time of the tracer between the injection and pumping well, Q, is the 

pump rate, L is distance between the two wells and D is the aquifer thickness.

Tindal (1995) found that effective porosity in the upper aquifer (HI) unit was in the 

range 0.1 to 0.2%, but noted that effective porosity will be less than fissure porosity. 

Tindal (1995) also estimated fissure porosity, or specifically fissure storage coefficient, 

in constructing a flow model of the Harwell region. He found that a value of 1% was 

required to give a reasonable fit to the observed data. This value probably represents an 

upper bound to the fissure porosity as it addresses the Chalk on a regional scale, 

including the Upper Chalk which forms the crest of the Berkshire Downs to the south of 

Harwell Laboratory.

For a two-well test in which the downgradient well is pumped at a constant rate, Q, 

Stephens et al., (1998) present a method for calculating effective porosity from tracer 

test data. For confined aquifers this is the same as that proposed by Tindal (1995). 

However, for an unconfined aquifer, in which there is negligible natural hydraulic 

gradient, drawdown at the pumping well needs to be accounted for. Effective porosity, 

ne, is then defined as

is appropriate if the wells are open through the saturated thickness of the aquifer and if L 

is greater than h. Four tracer tests in the HI aquifer at Harwell Laboratory have been 

analysed using this method and the results are tabulated in Table 12.1. The wells used in 

these tracer tests are situated in the Southern Storage Area which is shown on Figure

The effective porosity is thus estimated here as being in the range 0.1 to 0.2 %. The 

value of 0.1% has been taken as a lower bound, giving a maximum value for a  of 300

where tracer has been injected at a different well within the radius of influence.

(12. 1)

n Of, (12.2)

where h is the head in the injection well and k is the hydraulic conductivity. The method

4.2.
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when matrix porosity is 30%. The minimum value for a  is taken as 30, equivalent to a 

matrix porosity of 30% and a fissure porosity of 1%.

12.2.2 Characteristic time

Characteristic time is a measure of the time taken for diffusion across a matrix block. 

Sensitivity analysis (Chapter 11) has found that the model is insensitive to this 

parameter under the conditions specified. Nonetheless a sensible value must be 

specified. From Equation 11.11 it can be seen that values of b and D[4 are required to 

specify tc.

An average vertical fissure spacing of 0.12 m has been found from the borehole logs 

(Chapter 5). This value compares well to that obtained by Priest and Hudson (1976) for 

Lower Chalk of 0.105 to 0.114 m. This leads to a half block thickness, b, of 0.065 m. 

The diffusion coefficient of potassium chloride in the Lower Chalk from Harwell has 

been found to be approximately 3 x 10'10 m2/s (Chapter 8). Combining these parameter 

values gives a characteristic time, tc, of 163 days.

Black and Kipp (1983) present a method for determining the median block size by 

weight using a synthetic sieve analysis on fissure data obtained from boreholes. This 

method assumes that recorded fissures divide the matrix into equi-dimensional blocks. 

The observed fissure frequency plot is then divided into equally spaced segments and 

the average block size for each is calculated by squaring the mean fissure spacing. 

Equivalent weights for the blocks in each segment are then calculated and converted to a 

percentage of the total weight to give a synthetic particle size distribution. This method 

has been applied to the data described in Chapter 5 (Figure 12.1) using a density of 

1800 kg/m3. A median block size of 0.27 m was obtained, resulting in a value of tc of 

703 days. Using the same analysis in a single borehole at Harwell, Black and Kipp 

(1983) obtained a median block size of 0.45 m.

A value for tc of 163 days has been adopted for the simulations described here, in the 

absence of definitive information on matrix block sizes and the lack of sensitivity of the 

outcome to the value of tc.

12.2.3 Number of layers

As discussed in Chapter 11, the choice of the number of layers used represents a 

compromise between the greater accuracy provided by a large number of layers, the 

processing power of the available computer and the volume of data produced. A value
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of 10 layers was selected as this was found to be the largest practical number for 

simulations of up to 40 years. For longer simulations of up to 100 years, a 5 layer model 

was used.

12.2.4 Time step

The number of layers and the duration of the water table rise (120 days, see Section 

12.2.5) dictate the maximum time step that can be used. For a 10 layer model with a 

rising limb of the hydrograph of 120 days, the time step is 12 days, such that during 

rising water tables the water table moves up one layer for each time step. For a 5 layer 

simulation the time step was increased to 24 days for the same hydrograph pattern. It 

should be stressed that it is only the water table that moves in jumps defined by the time 

steps; all other aspects of the model are continuous through time.

12.2.5 Hydrograph

The hydrograph used is an average of the observed and synthetic hydrograph described 

in Chapter 4. This consists of a rise of the water table through the SUZ over 120 days 

and a regression of 240 days, giving a model year of 360 days. To input this into the 

model, the fall consists of pairs of time steps one in which the water table falls and a 

second in which it remains static. The actual observed / synthetic hydrograph has been 

used in simulation D, to demonstrate differences with the idealised hydrograph. Use of 

this actual hydrograph is problematic as it can only be crudely imitated by the model, 

and requires a small time step and many periods of static water table, which may be 

unrepresentative of reality. As the model is not intended to simulate an actual situation, 

the additional complexity added by incorporating the actual hydrograph is likely to 

provide an unnecessary complication.

12.2.6 Contaminant input

Many of the simulations used require the contaminant to be added to the model domain 

via the fissure system. There is a requirement to specify the source term for this 

contaminant input. However, as the model is very simple in its approach there is little 

value in attempting to construct a true and realistic contaminant source term for the 

Western Storage Area at Harwell particularly given the uncertainties surrounding the 

history of contamination. In fact, the use of a simple source term allows a better 

understanding of how the system behaves. For this reason the model has been used with 

a pulse of contamination which is switched on at the start of the first rise in the water
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table and switched off after a predetermined time, usually several years. The duration of 

contamination input is varied according to the requirements of the model run. The term 

contaminant used throughout this Chapter refers to a conservative solute.

12.2.7 Time span to be modelled

Given sufficient computing resources, the model can run with almost any combination 

of number of layers and time steps. The practical limit for the model is the size of the 

output file. Models have been run for two time lengths. The first represents the recent 

past, including the time of contamination and near future and therefore runs for 30 or 40 

years, allowing detail of this period to be examined. The second runs for 100 years to 

examine long term effects, but uses a large time step and reduced number of layers to 

keep output files to manageable proportions.

12.3 Model simulations
A number of different simulations have been modelled representing a variety of 

problems of interest, most simulations being run for two values of porosity ratio, 30 and 

300, spanning the range of probable values. The various simulations are summarised on 

Table 12.2. An example data input file (SUZIE.DAT) is given for Simulation A in 

Appendix 12.1.

12.3.1 Simulation A (clean matrix, contamination in groundwater)

Here the model domain represents the aquifer downgradient of a contaminant source. 

Initially the matrix is assigned a zero contaminant concentration and contaminants enter 

the model domain via the fissure water at times of rising groundwater only. The length 

of time of contaminant input has been varied to assess the effect on overall 

concentrations in the matrix at different levels of the seasonally unsaturated zone.

12.3.2 Simulation A2 (contaminant input based on output from Simulation A)

Simulation A2 takes the contaminant concentration leaving Simulation A at its base and 

uses this as the input for a second simulation with the same starting conditions as 

simulation A. This was done to investigate whether the shape of the source term has a 

significant effect on the development of the profiles of porewater concentration, 

particularly for long ‘tails’ of contamination.

12.3.3 Simulation B (20 years source term)

This simulation is essentially the same as simulation A, with the exception of the 

duration of the contaminant source term which is increased from 10 to 20 years. The

405



model is also run for an additional 10 years so that the period of elution with clean water 

is the same as for simulation A.

12.3.4 Simulation C (long term effects)

For this simulation the model was run for the much longer time period of 100 years, 

using a 5 layer model, but otherwise with the same conditions as described in simulation 

B.

12.3.5 Simulation D (actual hydrograph)

The previous simulations used an idealised hydrograph, developed in Chapter 4 to 

simulate the model domain. In simulation D a simplified version of the actual observed 

and synthetic hydrographs has been used to examine the effect of the natural 

irregularities on contaminant concentration. The matrix was initially clean and 

contamination allowed to enter via the fissure water over a 10 year period, as in 

simulation A. Only 23 years of data was available for this simulation.

12.3.6 Simulation E (active source, contaminant entering model domain at top)

The model does not allow for contaminant to enter the top layer explicitly but the 

behaviour of vertically infiltrating contaminant in the source zone is of interest. To 

simulate this effect crudely, contaminant has initially been placed in the two top-most 

layers and then the model has been run with the average hydrograph bringing in clean 

water at the base.

12.3.7 Evolution of matrix concentration

The model also allows simulation of porewater concentration within matrix blocks in 

each layer for each time step. Simulation A was used to examine the evolution of the 

profile of matrix concentration over time for blocks in all 10 layers.

12.4 Model results
The results of each of the simulations described above are given in three forms. The first 

is a graph showing the distribution of contaminant mass with time. The second gives the 

concentration of contaminant in matrix porewater, per layer over time and the third 

depicts the development of the profile of porewater concentration in the SUZ with time.

12.4.1 Results of Simulation A

The output from this simulation are shown on Figure 12.2 and Figure 12.3 for cr = 30 

(A30) and a  = 300 (A300) respectively. Contaminant was introduced for 10 years
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leading to an accumulation of mass in matrix porewater amounting to 50% of the total 

mass passing through the model domain. Once contaminant input ceased, the mass in 

the matrix initially fell rapidly but the rate of mass loss slowed considerably after a 

small number of annual cycles.

A30

The vertical profile shows that during the initial period of contaminant introduction the 

greatest proportion of contaminant mass accumulates in the lower part of the profile 

(Figure 12.2). Much of this mass is flushed during the years following the ending of the 

source of contamination. Mass accumulates more slowly in the upper layers, but 

concentrations continue to increase long after the original source has ceased to supply 

contaminant in the mobile fissure water. The relatively rapid reduction of concentrations 

in porewater in the lower part of the profile, once the supply of contaminant has ceased, 

leads to the peak concentration moving upwards within the profile over time.

A300

Figure 12.3 shows the output where sigma has been increased to 300 reflecting a 

reduction in fissure porosity. For this simulation, the matrix retains a much higher 

percentage of the contaminant introduced into the model domain, some 85% after 10 

years, and releases it more slowly, with a reduction of approximately 35% from peak 

mass storage after 20 years of flushing with clean water. It is also apparent that little of 

the contaminant reaches the upper part of the profile, due to the larger storage capacity 

of the matrix compared to the that of the fissures and therefore the profile retains a 

similar shape throughout its history with highest concentrations at the base of the 

profile.

12.4.2 Results of Simulation A2

The contaminant output from the base of simulation A, (with uniform concentration 

pulse input) was taken as the input for a second simulation. The new source term is 

shown in Figure 12.4. It has a long ‘tail’ of slowly reducing contaminant concentration. 

The differences in the results of simulation A2, compared to A30 are only slight, the 

implication being that the precise pattern of the source term is not of first order 

significance.
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12.4.3 Results of Simulation B

Figure 12.5 and Figure 12.6 show the results of simulations run for a contaminant input 

period of 20 years with a porosity ratio of 30 (B30) and 300 (B300), respectively.

B30

These results show that the rate of mass accumulation in the matrix for a porosity ratio 

of 30 reduces with time, as the matrix porewater concentration approaches that in the 

incoming fissure water. The matrix retains a relatively smaller proportion of the total 

mass passing through the system (less than 40%) than simulation A30, but this is only 

flushed slowly with a reduction of around 50% after 20 years of flushing clean water 

through the system. The profile shows a similar pattern of development to the 10 year 

contaminant input simulation (A30).

B300

In this simulation, the effect of the large porosity ratio is that the rate of accumulation of 

contaminant mass in the matrix in the lower layers does not reduce over time. Profile 

development is very similar to the 10-year contaminant input simulation with a porosity 

ratio of 300 (simulation A300).

12.4.4 Results of Simulation C

Figure 12.7 and Figure 12.8 show the results of a 100 year simulation, with the porosity 

ratio set to 30 (C30) and 300 (C300) respectively.

C30

For a porosity ratio of 30 the most significant result of the long-term simulation is that 

the shape of the profile reverses with time from having peak concentrations in porewater 

at the base to having peak concentrations in porewater at the top of the profile. Once this 

profile has matured, very little contaminant leaves the system and the rate of change of 

mass held in the matrix is negligible. Also of note is that the matrix retains 

approximately 20% of its peak mass even after flushing with clean water for 80 years. 

C300

For a porosity ratio of 300 the profile takes longer to evolve, and it is still evolving after 

100 years (Figure 12.8). Concentrations are still increasing in the upper layers whilst 

reducing in the lower layers. It is anticipated that eventually they will approach a similar 

shape to those of the simulation with sigma set to 30. The mass in the matrix is reduced 

to only 45% of its peak after 80 years of flushing.
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12.4.5 Results of Simulation D

A simulation was run using the actual hydrograph (Figure 12.9), simplified to allow 

input into the model, with a porosity ratio of 30. The purpose of this was to evaluate the 

effect of averaging the actual annual hydrograph. The results, in comparison to 

simulation A30, show that the differences between an actual hydrograph and the average 

hydrograph are only minor. The main difference is that the proportion of contaminant 

mass accumulating in the matrix is reduced, particularly for upper layers. Some of the 

differences in concentrations will result from the need to use a smaller time step in 

simulating the actual hydrograph.

12.4.6 Results of Simulation E

Results are shown on Figure 12.10 and Figure 12.11 for simulations that crudely address 

the case of contamination infiltrating the profile from above, with values of porosity 

ratio 30 and 300 respectively. Both simulations show that negligible quantities of 

contaminant leave the model domain over 30 years of flushing clean water through, as 

the storage capacity of the matrix far exceeds the mass of contaminant introduced. 

However, for sigma of 30 the profile develops a distinct downward tail of contaminant 

concentration in the matrix which approaches the permanently saturated zone.

12.4.7 Evolution of contaminant concentration in the matrix of the SUZ

Results of the simulations described above have been given in terms of average 

porewater concentration within matrix blocks but the model also predicts the 

concentration within matrix blocks. In its present form the model gives concentrations at 

5 points from the surface of a matrix block to the centre, or 10 points across an entire 

block, but it can be modified to give increased detail. The concentration distribution 

within matrix blocks of each layer for simulation A30 are illustrated in Figure 12.12, 

Figure 12.13 and Figure 12.14. It is important to note that these figures show the 

distribution of contaminant concentration in porewater within matrix blocks within each 

layer, and not the concentration distribution across that layer.

Three cases are illustrated. In Figure 12.12 the distribution within blocks at low water 

table are given. Figure 12.13 presents similar information for the highest water stand 

and Figure 12.14 gives the evolution of concentration distribution over a full year of the 

model simulation.

Figure 12.12 demonstrates that matrix porewater approaches equilibrium rapidly once 

the water table has fallen below that particular layer and by the time it has reached the
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lowest stand, all but the lowest layers are close to equilibrium. Equilibrium being 

represented by a vertical line depicting concentration. At high water table (Figure 

12.13), most layers no longer have an equilibrium distribution of contaminants. Under 

these conditions, for early model time, when contaminant is being introduced, the 

concentration profiles across blocks indicate that contaminant is entering the matrix 

from the fissure water. The concentration profile across the block gives highest 

concentrations at the margins of the block and lowest in the centre As time progresses, 

for example at 15 years, the concentration profiles in the blocks in the lower layers is 

reversed indicating contaminant is being lost to fissure water whilst for the upper layers 

contaminant is still moving into the matrix from fissure water. The reversed 

concentration profile gives highest concentrations in the centre of the block and lower 

concentrations at the margins. For later times (20 years and onwards), the concentration 

gradient across matrix blocks reduces, although lower layers are still losing contaminant 

and upper layers are gaining it.

The annual cycle shown in Figure 12.14 (year 15, simulation A30) shows that as the 

water table rises, initially fissure water is contaminant-free and therefore mass is lost 

from matrix porewater in the lower layers to the fissure water. Further up the profile, as 

the water table rises, the direction of mass transfer is reversed, because at this elevation 

the fissure water has accumulated some contaminant from the matrix through which it 

has passed and the matrix porewater concentration at the higher elevations falls below 

that of the fissure water. During times of falling water tables, concentration gradients 

within the matrix blocks are less pronounced, but some of the middle layers lose 

contaminant mass to fissure water, and the lowest layer gains a little.

12.5 Comparison of model results with observed porewater 
profiles
Simulations A, B and C represent approximations of the contaminant incident at the 

Western Storage Area at Harwell as experienced by the area downgradient of the waste 

disposal pits. From these simulations a number of interesting observations can be made 

with implications for the Western Storage Area.

At early time, with the contaminant source still active, highest contaminant 

concentrations in matrix porewater are found at the base of the profile. Over time, with 

continued supply of contaminant, the peak concentration in matrix porewater increases 

and a greater thickness of the SUZ is contaminated. Even after 20 years of contaminant
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input the matrix concentration only approaches the incoming fissure water concentration 

in the lowest layer, even with a relatively small porosity ratio, demonstrating the 

enormous contaminant storage capacity of the matrix relative to that of the fissures. 

Many of the observed profiles of chlorinated solvent concentrations in matrix porewater 

(WSA1, WSA4, WSA5, WSA6, WSA9, WSA10, WSA12 and WSA13, see Figure 

4.34) show peak concentrations towards the base. Comparing these observed profiles to 

the model output (e.g. Figure 12.2 and Figure 12.7) suggests that either the source of 

chlorinated solvent contamination is still active, or that it has only recently begun to 

decline in concentration, such that the peak resembles the model output from simulation 

A30 at 15 or 20 years, 5 to 10 years after the peak contaminant concentration has 

occurred in fissure water. Evidence from WSA7, discussed in Chapter 9, suggests that 

DNAPL is still present and therefore that there is a continuing source of chlorinated 

solvent, although this may be supplying a declining mass of contaminant.

Profiles which produce a peak concentration towards the centre of the SUZ can be 

simulated using a porosity ratio of 30, after the source has ceased to provide 

contamination to the model domain and clean water is being flushed through the fissure 

water (Figure 12.2 and Figure 12.7). These profiles resemble the pattern of chloride 

concentrations in porewater found in boreholes WSA9 and WSA12 (Figure 6.19 and 

Figure 6.15). Matrix porewater profiles at WSA10 and WSA13 have a peak 

concentration at the top of the SUZ (Figure 6.20 and Figure 6.16) and this may be 

indicative of a component of downward migration of contaminant at these locations, 

equivalent to the model simulation E.

The model output for the 10 layer system (simulation A30, Figure 12.2) is compared to 

the porewater profile of chloride observed at WSA12 in Figure 12.15. It is apparent that 

the peak in matrix porewater chloride concentration in WSA12 is higher within the SUZ 

compared to the model output after 30 years of the simulation. To raise the position of 

the peak concentration requires either a longer period of time in which clean water is 

flushed through the system, as can be seen for the output from simulation C30 (Figure 

12.7), or a lower value for the porosity ratio, as seen by comparing the respective 

outputs for sigma of 30 (Figure 12.2) and 300 (Figure 12.3).

The observed chloride profile from WSA13 is compared to the model output from 

simulation C, in Figure 12.16, where it can be seen that the model output and the
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observed profile are similar, if the water table is allowed to move up to 5 mbgl (some 

2 m higher than the maximum recorded elevation at HWS9, see Chapter 4).

The source of chloride in the WSA is not known, and it is possible that it was deposited 

prior to the chlorinated solvents. Thus the age of contamination may be greater than that 

simulated in this chapter, in part explaining the model time required to approach the 

observed simulation in WSA13 (also WSA7 and WSA10). Decreasing the value of the 

porosity ratio to below the minimum value applied of 30 could also lead to a more rapid 

approach to the profile which most closely resembles the observed distribution. A 

decreased porosity ratio implies that advection may be important as the value of 30, 

represents a lower bound for probable ratios of matrix to fissure porosity. The effect of 

advection is to increase the effective fissure porosity, by replacing the fissure water 

more frequently.

It is apparent from the fundamental simulations (A, B and C), in which contamination is 

introduced by entering the SUZ in fissure water from below, that the profiles develop 

towards a broadly similar endpoint, irrespective of the value of porosity ratio selected 

(see Figure 12.2, Figure 12.5 and Figure 12.7). The general pattern of development is 

from a profile where peak concentrations are at the base of the SUZ, through the 

situation where the peak is in the centre of the SUZ, to peak concentrations being 

located towards the top of the SUZ. The porosity ratio controls the time taken for this 

evolutionary process, with high values requiring very long times to reach the endpoint 

and lower porosity ratio values requiring comparatively short times. Additionally, the 

porosity ratio will dictate the ultimate concentration in the matrix porewater. Additional 

profile development from Simulation C using values of porosity ratio of 10 and 100 

(Figure 12.17) illustrate the effect of varying porosity ratio on the rate of evolution of 

the porewater profile.

If it is accepted that the SUZ chloride profiles observed at Harwell are in fact highly 

evolved, then the model profiles from the long-term simulation C, with a low value of 

porosity ratio (Figure 12.17), are the most appropriate for comparison. These give 

maximum concentration at the highest elevation of the water table and such a situation 

is observed in WSA7, WSA10 and WSA13. The sharp changes in concentration which 

marks the top of these profiles is then easily explained as marking the absolute limit of 

the water table.
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With the porosity ratio set to 300 (Figure 12.3, Figure 12.6 and Figure 12.8) the profile 

shape evolves very much more slowly and does not approach the profile of chloride 

concentration observed at the field site within the modelled time. This suggests that the 

ratio of matrix to fissure porosity at Harwell is in fact less than 300. Alternatively it may 

be that advection effectively increases the volume of fissure water which is in contact 

with the matrix at a particular elevation. Advection is not considered in the SUZIE 

model.

Within the bounds of the values of porosity ratio used, the storage capacity of the matrix 

far exceeds that of the fissure water and this results in contaminants having a very long 

residence time in the matrix and only being removed by diffusion very slowly. For a 

higher porosity ratio the rate of removal is very much reduced.

Simulation C shows that the residence time of contamination in the SUZ may be 

extremely long when diffusional exchange is the only mechanism available to permit 

contaminant removal. For the long-term behaviour, where the retained contaminant 

mass concentrates towards the top of the profile in an inversion of the early time 

contaminant distribution, the contaminant becomes increasingly less accessible to 

mobile fissure water.

The evolution of the SUZ matrix porewater concentration profiles indicates that after the 

decline of the contaminant source, the SUZ retains higher concentrations of contaminant 

that the permanently saturated zone. Therefore at some stage the SUZ may contain a 

greater proportion of the contaminant mass than the saturated zone. The time taken to 

reach this stage will depend upon the thickness of the saturated zone compared to the 

SUZ. Once this situation has been reached then the SUZ can be considered as acting as 

a secondary source of contamination, which has been shown in Simulation C to persist 

for many decades.

12.6 Seasonal changes in fissure water concentration
The simulations illustrate how, where contaminant is introduced via mobile fissure 

water, during the period of time for which the source is active, the concentration in 

fissure water will decline as the water table rises and mass is lost to the matrix.

For times after the source of contamination has begun to decline in concentration, 

fissure water will come into contact with matrix porewater with a much higher 

concentration as the water table rises, which inevitably leads to an increase in fissure
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water concentration. This will be reflected as higher concentrations of contaminant in 

groundwater at high water table elevation than at lower water table elevation. The 

seasonal changes in fissure water concentration therefore reflect the state of the source.

12.6.1 Limitations of model

The results of the modelling should be viewed with the models limitations in mind. 

These have been stated previously in Chapter 11 but need to be reconsidered in the 

context of the results of the simulations described in this Chapter.

The model does not account for the effects of advection of groundwater although this 

may be important in the context of contaminant exchange between matrix and fissures. 

Rates of groundwater flow are estimated to be in the range 1 to 25 m/d (Section 11.6.1) 

and therefore much of the fissure space in the SUZ will be flushed by more than one 

volume during the course of a seasonal cycle, with increased flushing at the base of the 

SUZ and less further up the profile. This continuous flushing may result in the fissures 

maintaining an effectively uniform concentration rather than moving towards 

equilibrium with the matrix and therefore permitting increased diffusional exchange 

between matrix and fissure water. The net result of this effect is to give an apparent 

increase in the fissure porosity as the volume of fissure water coming into contact with 

the matrix is larger than a single volume of fissure porosity.

The mechanism by which the water table rises and falls is complex. The model has 

necessarily simplified the situation to permit mathematical solution. In the model the 

water table moves vertically upwards and downwards by addition or removal of water 

from the base. In reality water table rise will involve elements of both horizontal and 

vertical flow although the contribution of each will depend upon hydrogeological 

situation. At Harwell, the thin nature of the aquifer will preclude any deep vertically 

upwards gradients and vertical movement is likely to be achieved by an increase in 

inflow along dominant sub-horizontal bedding plane fissures leading to changes in 

storage and thus filling of vertical fractures. A result of this may be that individual 

blocks within the Chalk experience longer saturation times and hence diffusion 

exchange times on one face than the other. This effect could be explored using a more 

geometrically exact model.

The appropriateness of the method by which the model raises and lowers the water table 

must be considered. In particular, the method used does not permit local recharge and 

therefore does not allow consideration of the effect of vertical infiltration in fissures on
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matrix porewater concentration. However, the relative importance of local recharge at 

the source of contamination at Harwell is thought to be low because of the extent of the 

paved area and the hydrogeological context of the site, immediately downgradient of the 

large recharge area represented by the Berkshire Downs.

The method of specifying the water table rise and fall does not permit the permanently 

saturated zone to be incorporated in the model. All fissure water in the model is moved 

upwards during a rise in the water table and similarly all fissure water is moved 

downwards during a fall in the water table. Thus, if permanently saturated layers are 

incorporated, the fissure water concentration is being changed throughout the seasonal 

cycle of the hydrograph. This means that any such layers will experience a similar 

regime to that of lowest layer of the SUZ. However, the permanently saturated zone is 

anticipated to behave in such a way that the matrix and fissure water are close to 

equilibrium, as it has been shown that the matrix approaches an equilibrium 

concentration relatively rapidly, compared to the length of the model time step used.

12.7 Modelling conclusions
The modelling has demonstrated that by making simple assumptions regarding the 

processes controlling contaminant transport in the SUZ the principle features of the 

observed porewater profiles can be explained. The two processes that the model uses are 

diffusional exchange between immobile matrix porewater and mobile fissure water and 

movement of the water table through the profile.

There is some evidence that advection also exerts an influence over the profile 

development, as the model runs which most closely resemble certain of the observed 

chloride porewater profiles require a lower value of the ratio of matrix to fissure 

porosity than is estimated from measurements made. The required value of porosity 

ratio cannot be accounted for if fissure water is static. The implication is that fissure 

water is moving, by advection, at a rate which is significant compared to the rate of the 

rise and fall of the water table.

The modelling has also demonstrated that the overall process is strongly dispersive and 

that seasonal fluctuations of the water table within a dual-porosity medium lead to 

contaminant spreading over the full thickness of the SUZ.

The long-term nature of contamination of the SUZ has also been demonstrated, as has 

the development of the SUZ as a secondary source of contamination.
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Table 12.1 Estimates offissure porosity from tracer test data in the HI aquifer at 
Harwell Laboratory using the method o f  Stephens et al., (1998)

Tracer test
units WIT952 WIT953 WIT954 WIT954S

Injection well 
Abstraction well

HWS25
HWS6B

HWS25
HWS6

HWS25
HWS6

HWS25
HWS6B

Time to peak 
Concentration

n secs 65880 79920 71100 42300

Saturated aquifer 
Thickness

h m 30 30 30 30

Pumping rate Q m3/s 
X  10-3

5.52 5.78 4.17 5.48

Hydraulic
conductivity+

K m/s
xlO'3

1 1 1 1

Distance between 
wells

L m 54.8 47.9 47.9 54.8

Effective porosity 
(calculated)

”e 0.13 0.21 0.14 0.08

Arithmetic mean o f 14 packer test results between 12 and 30 m bgl in HWS6 and HWS25
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Table 12.2 Summary o f model simulations

Simulation G
(days)

time
step

(days)

No. of 
layers

run
length
(years)

Distinguishing feature

A30 30 163 12 10 30 contaminant input for 
10 years

A300 300 163 12 10 30 contaminant input for 
10 years

A2 30 163 12 10 30 contaminant input 
uses output from A30

B30 30 163 12 10 40 contaminant input for 
20 years

B300 300 163 12 10 40 contaminant input for 
20 years

C30 30 163 24 5 100 contaminant input for 
100 years

C300 300 163 24 5 100 contaminant input for 
100 years

D30 30 163 3 10 24 actual hydrograph, 
contaminant input for 
10 years

E30 30 163 12 10 30 contaminant initially 
in top 2 layers of 
matrix

E300 300 163 12 10 30 contaminant initially 
in top 2 layers of 
matrix

417



Le
ng

th
 

of 
cu

be
 

ed
ge

 
(m

)
0.

01
 

0.1
0 

1.
00

CN
O

H-

"O

o  o  o  o  o  o  o  o  o  O O O I ^ - C O L D ^ f r C O C M T -
(jl|6!0M Aq) j* ^

azjs u 0 a i6  ueq} J0||eius ©jo o  6u!sudiuoo ©jo o  jo abejuaojad ©AjieiniunQ ^

o
CO

o
CM

o
o

418



100

cumulative mass added60(/)a)05 ’mass in matrix

cumulative mass leaving

10 20 25 30150 5
Time (years)

03

0.8

0.6

0.4

layer 2
layer 3
layer 4
layer 5
layer 6
layer 7

10 15
Time (years)

20 25 30

0
03

5 years 
10 years 

" 15 years 
20 years 
25 years 
30 years

0.00 0.20 0.40 0.60
Average concentration in matrix (units)

0.80 1.00
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13. Implications of water table fluctuations for 
contamination in the Chalk and other aquifers: A 
discussion

13.1 The SUZ process
By drawing together the observed porewater profiles, groundwater concentrations and 

model results, the role of fluctuating water tables in the contaminant transport process 

has been determined. This process, the SUZ contaminant distribution and transport 

process, or SUZ process, is described here.

Having established in Chapter 12 that the profiles simulated by the model output and 

those from the field site are similar, the processes included in the model, solute 

diffusion and water table fluctuation, are considered to be the primary processes which 

operate to form the observed profiles. It is nevertheless noted that the high value of 

porosity ratio required by the model to generate the profiles closest in shape to those 

observed at the Harwell site suggests a significant role for advection. In this section the 

model output and observations from the field site are drawn together to form the basis of 

a new paradigm proposed to describe the role of the SUZ and fluctuating water levels on 

contaminant distribution and transport.

13.1.1 Recognising the SUZ process

The profiles of porewater concentration observed at the field site and successfully 

simulated by the model can be divided into three categories on the basis of shape. Each 

of these categories is indicative of a particular stage of development of the contaminant 

plume both in time and position. The categories are here divided on the basis of time, as 

the SUZIE model does not incorporate distance. The categories are:-

1. Early time. The porewater profile is characterised by having highest solute 

concentrations in porewater at the base of the SUZ and in the permanently saturated 

zone. Concentrations decrease with elevation upwards from the base of the SUZ. This 

profile shape indicates that contaminant concentrations in fissure water are increasing 

with time.

2. Medium time. The profile shows a concentration peak in matrix porewater some 

distance above the base of the SUZ. The presence of a peak in matrix porewater solute 

concentration above the base of the SUZ indicates that the contaminant concentration

436



entering the SUZ profile in fissure water has passed it maximum and is in decline. 

Concentrations in mobile fissure water arriving from the source zone are decreasing, 

leading to loss of contaminant from matrix porewater where concentration in the matrix 

exceeds that of the fissure water. The elevation of the peak relative to the thickness of 

the SUZ is an indicator of the time that has passed since the onset of declining solute 

concentration in fissure water.

3. Late time. Maximum concentrations in matrix porewater are found towards the top of 

the profile, and concentrations in matrix porewater decrease with depth through the 

SUZ. A profile of this shape indicates that considerable time has passed since the peak 

solute concentration in fissure water. The profile shape is mature and no further 

significant change in shape will occur, although concentrations will gradually decline 

over time.

These categories have been described as a time series but equally apply to positions 

arranged along a flow line through a contaminant plume. They would then relate to the 

aquifer towards the front of the plume (‘early time’), the aquifer lying behind the 

maximum concentration of the plume (‘medium time’) and the tail end of the plume 

respectively (iate time’).

13.1.2 Classifying the observed profiles

A total of 21 porewater profiles have been presented in this thesis for the Harwell site. 

Fourteen of these are for chlorinated solvents (WSA1 to WSA13 and HWS3, Figure 

4.34) and 7 for chloride (WSA7 to WSA13) (Figures 6.15 and 6.21). These profiles can 

be grouped according to the classification described above, although the irregularity of 

the chlorinated solvent profiles makes interpretation difficult. It is also noted that most 

of these profiles terminate at 20 mbgl, and so do not penetrate the full thickness of the 

SUZ. The chlorinated solvent profiles, where a distinct shape is apparent, (WSA1, 

WSA3, WSA4, WSA5, WSA6, WSA9, WSA10, WSA12 and WSA13) appear to belong 

to category 1 or the early stages of category 2, with highest concentrations close to or at 

the base of the SUZ, with the exception of WSA3, although several of the profiles have 

a band of higher concentration further up the profile (e.g. WSA3, WSA4 and WSA5). 

The complex shape of the chlorinated solvent profiles may reflect the complex history 

associated with variable dissolution of a DNAPL source over time, due to the complex 

distribution that a DNAPL might assume in a fractured medium such as the Chalk.
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The chloride profiles of matrix porewater show a more consistent pattern. Boreholes 

WSA7, WSA10 and WSA13 clearly fall into category 3 and these are located closest to 

the source area where the contamination originated and has therefore been present for 

the greatest length of time. Profiles from downgradient boreholes WSA9 and WSA12 

have a peak in matrix porewater concentration in the centre of the SUZ and therefore 

fall into category 2.

13.1.3 The effect of the SUZ process on groundwater concentrations

During the development of the observed profiles the effect of the distribution of 

accumulated contaminant in the matrix on concentrations in groundwater will vary. At 

early time, contamination is higher within the mobile groundwater than the matrix, and 

higher in the porewater of the permanently saturated zone than in the SUZ. Therefore, 

concentrations in groundwater will reduce as the water table rises due to the effects of 

dilution and loss to the matrix. Later, once the source has begun to decline in 

concentration, then the peak concentration in matrix porewater is no longer in the 

permanently saturated zone. As a result, rising fissure water will encounter matrix 

porewater that is at higher concentration. Concentrations in groundwater sampled from 

wells will then increase as the water table rises, due to contaminants leaving the matrix 

by diffusion. This trend will be reinforced as time progresses and the porewater profile 

evolves. Again, distance can be substituted for time, with early time equating to the 

leading edge of the plume and late time to the tail. As an example, at the leading edge of 

the plume a rise in the water table leads to a reduction in contaminant concentration 

measured in groundwater; at the tail end of the plume the reverse is true.

13.2 Implications for the Chalk

13.2.1 Extent of the SUZ process

This thesis has presented a mechanism (the SUZ process) by which seasonal 

fluctuations of the elevation of the water table can dominate the distribution and flux of 

contaminants in the Chalk. The proposed mechanism has been evaluated for a site on 

the Lower Chalk at Harwell, but is applicable over much of the Chalk outcrop and in 

other geological environments provided a number of conditions are met.

For the SUZ process to operate there should be a significant seasonal change in the 

position of the water table to create a thick SUZ, within a lithology containing multiple 

elements of porosity. A SUZ which has a thickness which is large relative to the total
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permanently saturated thickness will result in the SUZ process coming to dominate the 

evolution of contaminant concentration in groundwater and the SUZ having a 

significant storage capacity for solute. The thickness of the SUZ is a factor of the 

aquifer specific yield, the transmissivity and the quantity and temporal concentration of 

recharge. Price et al., (1993) suggest that for the Chalk the aquifer in general only 

occupies the uppermost 60 m or so of the Chalk sequence at any location. Seasonal 

changes in water table elevation in the Chalk, which can exceed 30 m (see Figure 3.1), 

are therefore extremely significant. In a single catchment study in the Hampshire Chalk, 

Giles and Lowings (1990) produced an isopachyte map that illustrates the very large 

variation in the thickness of the SUZ even at a small scale (Figure 3.2). From this it is 

apparent that the presence of a significant thickness of SUZ will be site specific. Giles 

and Lowing (1990) suggested that a thick SUZ may in fact be dependent upon 

transmissivity, rather than specific yield, as it is transmissivity which dictates the rate at 

which recharge is transmitted through an aquifer.

Also required for the SUZ process to operate is a matrix capable of sustaining a 

capillary fringe that exceeds the maximum elevation of the water table and so permits 

the matrix to store dissolved contaminants above the water table. A matrix in which the 

pore spaces are small will provide a thick capillary fringe. Price et al., (1976) have 

demonstrated that pore throat sizes throughout the Chalk are nearly all in the range 0.1 

to 1.0 (am, indicating that the Chalk can sustain a capillary fringe of at least 30 m 

thickness in all localities.

The more permeable Upper Chalk may differ from the Lower Chalk as there is evidence 

that vertical migration of porewater of the order of 1 m/year occurs in the matrix of the 

unsaturated zone (e.g. Smith et al., 1970). Further work is required to investigate the 

effect of this vertical migration.

13.2.2 Evidence for the SUZ process from other investigations of the Chalk

A limited number of investigations into contamination of the Chalk are described in the 

literature and those relevant to this thesis were reviewed in Chapter 3. From these 

investigations there is evidence that the SUZ process, described here, occurs at other 

sites although it has not necessarily been recognised as such by the authors.

The strongest evidence for the SUZ process operating at another site on the Chalk 

aquifer comes from an investigation described by Lawrence et al., (1992). They 

investigated a site where aqueous phase chlorinated solvent (TCE) from an aircraft
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maintenance facility leaked into the Upper Chalk via a soakaway. The Chalk at this 

unidentified locality is overlain by an 8 metre thick clay layer. No TCE was detected in 

the clay layer, leading to the conclusion that it had reached the Chalk via a soakaway. 

The water table at this site fluctuates within the Chalk at depths between 9 to 15 mbgl. 

Concentrations of TCE in groundwater were found to fluctuate, with high concentration 

found at high water table and low concentration at low water table. Porewater profiles 

through the Chalk identified the SUZ as the source of groundwater contamination. 

Figure 13.1 shows the observed distribution of chlorinated solvent concentrations in 

porewater in the SUZ at the site, showing that peak TCE concentrations occurs there. 

The data as presented clearly demonstrate that the SUZ process is a plausible 

explanation of contaminant behaviour at this site. This is of particular note as it can be 

seen that vertical infiltration, discussed in Chapter 9 for the Harwell site, is very 

unlikely here due the presence of a thick clay layer overlying the Chalk and therefore 

can be dismissed as an explanation of the porewater profile. The well-developed peak in 

chlorinated solvent concentration in the SUZ porewater is very similar to the model 

output for long times presented for the Harwell site in Chapter 12. Contamination at this 

unidentified site is believed have occurred some 25 years before the investigation, as the 

aircraft maintenance facility believed to be source had been closed for that length of 

time. This further illustrates the long-term nature of chlorinated solvent contamination 

in the Chalk aquifer. The size of the contaminant plume was also found to increase 

dramatically depending upon the position of the water table (Figure 13.1) and the effect 

of storage of TCE in the SUZ, its absence from the permanently saturated zone.

A study of chlorinated solvent contamination in the Chalk beneath the Luton and 

Dunstable areas described by Longstaff et al., (1992) included construction porewater 

profiles of chlorinated solvents through the SUZ. One of the two profiles given (Figure 

13.2) shows a characteristic peak in solvent concentration in matrix porewater in the 

SUZ which the authors attribute to the presence of a marl band. The porewater profile is 

very similar to some of the observed profiles from the Harwell site and therefore it is at 

least possible that the SUZ processes are occurring here and the marl band, for which no 

supporting information is given, is not important. The Chalk aquifer beneath Luton was 

reported by Longstaff et al., (1992) to be extensively polluted by chlorinated solvents, 

and therefore an understanding of the SUZ process will in any case be important in 

predicting future contaminant movement in this area. Longstaff et al., (1992) report
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groundwater concentrations for a limited time period only but this record is not of 

sufficient length to permit trends to be determined.

Seasonal variations in tritium in groundwater in the Chalk near Brighton were 

investigated by Downing et al., (1978) who suggested the cause of the seasonal 

variations to be changes in the rate of recharge. However, the observations are also 

consistent with the SUZ process. Downing et al., (1978) note that the total dissolved 

solid content of groundwater at several wells in the study area showed a marked 

increase at the beginning of winter recharge, with the exception of those located in the 

zone of groundwater discharge. As wells at the discharge zone will be those with the 

lowest amplitude of seasonal variation then it clear that the SUZ process could explain 

these variations. Groundwater tritium concentrations in three wells were reported and 

show a strong correlation with water table elevation. The rise in tritium was mirrored by 

rises in alkalinity, sulphate and chloride concentration.

At a site on the Chalk of East Kent, an investigation into VOC contamination has 

identified seasonal variations in the contaminant concentration (Dames and Moore 

1998). These correspond to the variations in the elevation of the water table (Figure 

3.6).

These examples, taken from sites on the Chalk in East Kent (Dames and Moore 1998), 

Brighton (Downing et al. 1978), Luton (Longstaff et al., 1992), Hampshire (Lawrence et 

al., 1992) and the data from the Harwell site, show that there is evidence for the SUZ 

process operating in geographically distinct areas on the Chalk outcrop spread across 

most of southern England. It is reasonable to believe, therefore, that where the SUZ is 

sufficiently thick, the SUZ process occurs across the entire Chalk outcrop.

13.2.3 Other contaminants and other modes of contamination

A number of investigations of contamination of the Chalk have concentrated on the 

behaviour of agricultural, diffuse contaminants in the Chalk (e.g. Foster et al., 1985, 

Foster and Bath 1983). Whilst these represent a fundamentally different mode of 

contamination, the SUZ process has important implications for the behaviour of these 

contaminants. Foster and Bath (1983) and Foster et al., (1985) have identified 

downward moving contamination peaks of both nitrate and pesticides following vertical 

infiltration. At some depth these peaks will enter the SUZ.

A model simulation (simulation E) attempted crudely to simulate the effects of 

infiltrating contaminant entering the SUZ from above by placing contaminant in matrix
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porewater in the upper part of the profile. These contaminants moved into mobile 

groundwater slowly by diffusion and were taken up by ‘clean’ matrix below before 

moving very far in the profile, suggesting that fluctuating water tables can effectively 

immobilise downward infiltrating contamination. This analysis ignores the fact that the 

contaminant may also be able to move down, both by ‘piston flow’ advection within the 

matrix and by diffusional exchange with infiltrating recharge.

If the aquifer is undergoing a prolonged drought and water levels are depressed for long 

periods, the contaminant will continue to move down slowly through the SUZ, leading 

to contamination of much of the SUZ. When the water table does eventually recover, 

mobile fissure water will encounter matrix porewater containing high concentrations of 

the contaminant. This will enter the mobile fissure water, rapidly increasing the 

concentration in the groundwater. Monitoring wells will record a very rapid rise in 

contaminant concentration from a low baseline following recovery from the drought 

conditions.

13.2.4 Contaminant budgeting

Due to the potential for accumulation of contaminant in the SUZ, investigations of 

contaminated groundwater that do not examine this zone will seriously underestimate 

the mass of contaminant present. From the porewater profiles presented in this thesis it 

is apparent that a large proportion of the aqueous phase mass of chlorinated solvent and 

chloride at Harwell Laboratory lies in the SUZ. Estimating the mass of contaminant at 

Harwell has proved difficult, even with the quantity of information gathered, due to 

uncertainties in the method of extrapolation (Fatah 1997). However, contaminant mass 

residing in the SUZ is very significant. At the study site the SUZ is thicker than the 

permanently saturated zone and therefore has a greater storage capacity for aqueous 

phase contaminants.

Modelling has demonstrated that the profiles of contaminant distribution in the matrix 

evolve to a shape where the highest concentrations are found towards the top of the 

SUZ. The implication of this is that after long periods of time the SUZ will become the 

location of most of the contaminant mass in a plume.

13.2.5 Contaminant longevity

Modelling has been used to evaluate the long-term behaviour of contaminants in the 

SUZ. It has been found that for representative parameters, the matrix porewater of the

442



SUZ will retain a significant proportion of an aqueous phase contaminant for very long 

time periods. For the chlorinated solvents, where even lower concentrations in 

groundwater are of concern, the model indicates that an aquifer like the Lower Chalk 

will remain contaminated for the foreseeable future.

13.2.6 Detection and monitoring of contaminants in the SUZ 

Groundwater sampling

Seasonal fluctuations in the water table are linked to seasonal increases in groundwater 

concentrations of contaminant species (for example Lawrence et al., 1992, Figure 4.28 

to 4.30 in this thesis). This has implications for monitoring frequency during 

investigations of contaminated groundwater. For a true picture of groundwater 

concentrations, samples must be taken at periods of both high and low water table. This 

will be particularly relevant to investigations which take place during years of low and 

negligible recharge, where an inability to take samples at higher water stands will lead 

to an underestimate of maximum concentrations in groundwater. Changes in 

concentration of contaminants during fluctuations in the water table can provide an 

indication of the location of those contaminants within the vertical profile, distance from 

the source area, and / or the ‘maturity’ of groundwater contamination.

It is apparent that as the porewater profiles evolve, a large proportion of the contaminant 

will reside in the SUZ and therefore will not be detected by investigations that 

concentrate on the saturated zone. Sampling of porewater is the only method known to 

the author which will give a representative assessment of the location of organic 

contaminants in the SUZ.

Porewater sampling

Porewater sampling has been used previously to locate and quantify contamination in 

the matrix of the Chalk (e.g. Lawrence et al., 1992, Longstaff et al., 1992) but no 

previous studies have been made at the sampling frequency reported in this thesis. A 

limited amount of sampling across matrix blocks (Chapter 6) has been augmented by 

modelling results (Chapter 12) and both show changes in contaminant concentration in 

porewater across matrix blocks that have implications for porewater sampling in the 

SUZ. It is apparent that trends in concentration across individual matrix blocks will vary 

depending upon where those blocks are in the profile, the time in the annual cycle at 

which sampling takes place, and the stage of development of the contamination.
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In addition, porewater samples taken at infrequent intervals may not be representative of 

the total contamination concentration at both the block scale and at the profile scale. 

Sparse sampling may not be able to determine the shape of the porewater profile. This 

should be identified and needs to be quantified in further work to give recommendations 

for investigations at other sites.

13.2.7 Remediation

A review of appropriate remediation techniques is beyond the scope of this thesis, and 

has in any case been recently undertaken for the Chalk by Lawrence and Gooddy 

(1995). These authors note that ‘there are no documented cases of fully successful 

remediation of any chalk aquifer contaminated with halogenated solvents’. A brief 

consideration of the results of this thesis relevant to remediation of the Chalk is given 

here.

The slow rate of diffusive exchange between matrix and fissure water means that active 

remediation is not a realistic option. The options for increasing the rate of contaminant 

removal are limited.

The most promising approach would be to increase groundwater flow velocity in 

fissures such that the fissures effectively contain clean groundwater, thus maximising 

the concentration gradient and potential for diffusion back from the matrix. Even so, as 

concentrations fall so do concentration gradients and the rate of removal. Increasing 

flow rates also requires greater pumping effort and expense. In addition, the effect of 

increased pumping will be to create drawdown which may limit the rise of the water 

table.

For volatile compounds vapour phase extraction is sometimes employed as a 

remediation technique. However, in a dual porosity medium such as the Chalk, this will 

again be dependent upon the rate of diffusive exchange.

13.3 Implications for other dual porosity materials
The applicability of the SUZ process to the Chalk has been demonstrated both at the 

study site and more widely. It has been inferred that the process will be relevant to much 

of the Chalk outcrop. The extent and importance of the Chalk aquifer are sufficient 

justification for the study of this process. However, the properties which lead to the 

SUZ process occurring are not restricted to the Chalk alone. In this section other media
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in which the SUZ process may be of importance are identified on the basis of their 

physical properties.

13.3.1 Lincolnshire Limestone

The Lincolnshire limestone is a Jurassic age, Oolitic limestone which is a major aquifer 

in Eastern England. It has an interconnected matrix porosity of 0.05 to 0.30 with a mean 

in the range of 0.10 to 0.16 depending upon location (Gresswell 1998). Matrix hydraulic 

conductivity lies between 1 x 10'10 m/s and 9 x 10'8mys and therefore intergranular flow 

is insignificant in comparison with flow in fissures (Gresswell 1998). The ratios of 

intergranular to field hydraulic conductivity is in the range 2 x 106:1 to 9 x 105:1 (Bird 

1974). Lloyd et al., (1996) measured values of field hydraulic conductivity in a wide 

range from 10'2 m/s to 10'7 m/s. The characteristic pore size of the matrix is reported by 

Lawrence et al., (1990) to be in the range 0.05 to 0.5 pm. Gresswell (1998) measured 

the effective diffusion coefficient for potassium bromide to be in the range 2 x 10'u to 9 

x 10'11 m2/s, and found that this parameter was directly proportional to the 

interconnected porosity. The physical properties are summarised in Table 13.1.

On the basis of its physical properties it is clear that the Lincolnshire Limestone is a 

dual-porosity medium where the matrix can be characterised as micro-porous and to this 

extent the aquifer is of a similar nature to the Chalk. Fluctuations in the water table may 

result in the SUZ process being an important factor in contaminant transport in this 

aquifer.

13.3.2 Glacial till from North America and Northern Europe

Clay rich glacial tills occur over much of Canada and the northern United States 

(McKay et al., 1993a) and also across Northern Europe. The upper few metres of these 

tills are typically fractured, resulting in an increase in their otherwise low hydraulic 

conductivity (McKay et al., 1993a). Lateral transport may be important in the fractured 

zone, for instance McKay et al., (1993a) report groundwater velocities in fissured tills of 

up to 24 m per day.

McKay et al., (1993b) investigated such a till at the Laidlaw site in Canada. The till has 

a bulk hydraulic conductivity of 10'7 m/s, whilst the matrix has a conductivity of 2 x 10' 

10 m/s. The effective porosity was determined to be in the range 0.37 to 0.44 and the 

effective diffusion coefficient as approximately 6 x 10'10 m2/s (McKay et al., 1993b). 

These values are similar to those found for the Chalk. McKay et al., (1993b)
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demonstrated that diffusive exchange between mobile fissure water and immobile 

matrix porewater was an important factor in solute transport through the till, by 

comparing the transport of colloids to that of aqueous phase contaminants. Table 13.2 

summarises the main physical properties of fractured glacial tills. Investigations of 

glacial till in Denmark (Hinsby et al., 1996) give similar values to those reported by 

McKay et al., (1993b).

Where the water table lies within such a till the behaviour of the. contaminant will be 

strongly influenced by the processes described in this thesis. McKay et al., (1993a) 

suggested that the low fissure porosity, estimated as 5 x 10'5 to 10'3 implies that large 

changes in the elevation of the water table will occur even for moderate recharge events.

13.3.3 Studies in other materials

The seasonally unsaturated zone in other materials

Rice and Bricker (1995) measured concentrations of inorganic species in groundwater- 

fed streams in a small catchment in the USA. These indicators exhibit very strong 

seasonal variation in their concentrations (Figure 13.3). Groundwater was observed to 

fluctuate by around 8 m annually within the basaltic bedrock catchment. The upper part 

of the profile consists of weathered rock. Groundwater was sampled from a single well 

in which sulphate was found to have a very strong, positive correlation with water table 

elevation. In streamwater, sulphate also correlates with discharge, whereas calcium, 

magnesium, silica and alkalinity decrease with rising discharge. The control on solute 

concentrations was identified as the water table rising up through the bedrock into the 

weathered rock profile. Sulphate was believed to be derived from acid deposition in 

summer, which only came into contact with groundwater when the water table rises. 

Rasmussen (1996), looking at the influence of fertiliser in small agricultural catchments 

in Denmark and shallow groundwater quality in sands and glacial tills, comments that 

the data from several catchments show “Characteristic seasonal variations in nitrate 

concentrations related to water level fluctuations”. Rasmussen (1996) made no attempt 

to describe a mechanism for this characteristic change.

12A  Other causes of seasonal changes in groundwater 
chemistry
The SUZ process can produce dramatic seasonal changes in groundwater chemistry (for 

example Figure 4.28). However, observations of seasonal changes in groundwater
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chemistry are not, in themselves, proof that the SUZ process is occurring. Other 

possible causes of seasonal changes in groundwater chemistry are briefly reviewed in 

this section.

13.4.1 Changing direction of flow

Changes in the direction of groundwater flow can result in changes in groundwater 

chemistry. In a small catchment in Northern Sweden, Land and Ohlander (1997) found 

that the concentrations of several dissolved species in groundwater in a well completed 

within a granitic till changed seasonally in response to snowmelt in a local stream. 

Alkalinity, calcium, magnesium, strontium and sodium concentrations decreased during 

snowmelt followed by a substantial increase before falling to the pre-snowmelt 

concentrations. In contrast, concentrations of iron, aluminium and copper increased 

during snowmelt and decreased rapidly afterwards. Land and Ohlander (1997) 

concluded that the changes resulted from a reversal of groundwater flow, with snowmelt 

causing upwelling of deeper groundwater.

Feenstra and Cherry (1996) suggest that ‘extreme temporal variations in dissolved 

concentrations’ reflect the position of monitoring wells at the edge of a sharply defined, 

narrow plume. Small changes in direction of flow of such a plume would then lead to 

rapid changes in the concentration of contaminant in groundwater. However, such an 

effect is unlikely in a dual porosity aquifer, due to the contaminant mass stored in the 

matrix. A decrease in fissure water concentration would cause the release of 

contaminants from matrix porewater, thus moderating any such effect.

Changing direction o f flow at Harwell Laboratory

At Harwell the direction of groundwater flow can change by more than 90° seasonally, 

depending upon the elevation of the water table. In the vicinity of the WSA, the effect of 

this rotation of the direction of flow will vary for different wells. For wells 

downgradient of the waste disposal pits at high water table elevation (wells north of the 

WSA) the rotation will bring groundwater from the west, thus bypassing the disposal 

pits. In contrast, wells to the east are not downgradient of the pits at high water table, 

but as the direction of flow rotates from north to south-east they will be in the direct 

path of contaminated water emanating from the WSA.

Figure 4.30 shows concentrations of chlorinated solvents in wells that are pumped for 

the hydraulic containment scheme. These wells are arranged in an arc (Figure 4.26) 

which has been designed to capture groundwater flowing from beneath the WSA,
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allowing for the rotation of the direction of flow. From this figure it is apparent that the 

concentrations in all the wells show the same seasonality, with high concentrations at 

high water stand and low concentrations at low water stand. Were the direction of 

groundwater flow to be the dominant control on contaminant concentration at Harwell 

then wells at the extreme ends of the arc might be expected to show different trends. 

However, it is clear from Figure 4.30 that it is groundwater elevation which dominates 

contaminant concentration.

13.4.2 Seasonal availability of solutes

Some groundwater contaminants have greater availability at particular times of the year. 

This may be due to human activity such as fertiliser spreading, irrigation and pesticide 

applications, or to natural processes such as leaf fall in autumn, snowmelt and flooding., 

but is generally a combination of the two. For instance, fertilisers and pesticides are 

applied at various times of the year but may only reach aquifers when recharge is 

actively taking place. At other times they are taken up by plant roots and degrade in the 

shallow soil environment and do not penetrate beneath the upper layers of soil. Thus it 

is the timing and duration of recharge which may be the strongest influence on 

concentration of these contaminants in certain aquifers even where the source is 

anthropogenic.

13.5 Conclusions
The implications of the SUZ process have been examined for the Chalk and found to be 

significant. In addition, the potential for the process to occur in other media has been 

examined. Two such media, the Lincolnshire Limestone and the Glacial Tills of North 

America and Northern Europe have been found to have physical properties that would 

allow the SUZ process to operate under suitable conditions.
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Table 13.1 Summary o f the physical and hydraulic properties o f the Lincolnshire 
Limestone

Property Unit Matrix Fissures
Porosity % 5 - 3 0 unknown

mean 10 -1 6
Hydraulic conductivity m/s

r-©1oo

10’2 - lO'7
Pore throat diameter pm 0.05 - 0.5 n/a
Mean fissure spacing m
Effective diffusion m2/s 2 x lO'11 - 9 x 10'n n/a
coefficient

Table 13.2 Summary o f the physical and hydraulic properties offractured glacial tills

Property Unit Matrix Fissures
Porosity % 0.37 - 0.44 (USA) 5 x 10'5-

103
Hydraulic conductivity m/s 2x  10'10 (USA) 10'7

(bulk)
Pore throat diameter pm n/a
Mean fissure spacing m
Effective diffusion m2/s 6 x 1010 (USA) n/a
Coefficient

450



to Q</> ao r  |  $o _ -C. 
M ,U  O

J< . «S » £ c 
a i o  } ;

O

io
Co
co

c
Olucou

o
s 8> CN JZ
01o
o
_co

UJ
o
I-

o
o o

CN

(u j) a o ep n s  pue | w\o|aq q jdap

\  §

o

A
—  >  U i

■2t i b 
■2 | sc oI ?s _•* « ■O '5 —

r •» -x  «> *-is i: O t; c

O

o *

O • =
I

.§

I

■8
£

K
£
•5
3
5

£3
e
«

.§

■5

o

6  s.
£
<3

6
■a
' o ’
s;
o

a
k;

S
a
K
O

a S
Os

Si ^  
o 5*
o

&
<x> 
o  s;

-n  Si 
°n £
* • 3C. J*» 
a

. ° o ^

451



ANALYSES GEOPHYSICAL LOGS

E

yy
40SO 30 

CONCENTRATION TCA
60

ANALYSES GEOPHYSICAL LOGS

20-

E

X

40-

aoi
2000 3000 40

CONCENTRATION TCA
1000

Figure 13.2 Concentrations o f chlorinated solvents in porewater beneath 
the Luton and Dunstable area (after Longstaff et al., 1992)
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14. Conclusions and further work

14.1 Conclusions
The distribution of contaminants in matrix porewater in the Chalk aquifer over the 

seasonally unsaturated zone (SUZ) beneath the Western Storage Area at the Harwell 

Laboratory has been determined. The principal contaminants are chlorinated solvents, 

but porewater concentrations of chloride, sulphate and the principal cations have also 

been measured.

The vertical distributions of physical and hydraulic properties of the Chalk through the 

SUZ have been measured. These include the matrix porosity, matrix hydraulic 

conductivity and field hydraulic conductivity. Sorption parameters of chlorinated 

solvents and the apparent diffusion coefficient of chloride have also been determined. 

The effects of these properties on the distribution of contaminants in matrix porewater 

have been considered.

Explanations for the observed contaminant porewater profiles have been put forward in 

terms of the controlling mechanisms. The principal control is believed to be the 

movement of the water table in response to seasonal variations in recharge.

A conceptual model has been developed to investigate the mechanisms which operate in 

the SUZ which experiences a seasonal fluctuation of the water table. This conceptual 

model has been simplified to permit the construction of a semi-analytical model, 

SUZIE, which has been used to examine the role of diffusion and fluctuating water 

levels on the distribution of dissolved contaminants in matrix porewater. Results of the 

application of SUZIE have been compared to the observed porewater profiles and the 

significant similarities found suggest that the processes examined by the model are 

those which control the observed distribution. On the basis of this, the SUZ process is 

described and proposed to explain the accumulation of contaminant mass in the SUZ. 

The SUZ process is dependent on a small number of factors and is not restricted to the 

Chalk. Two other dual-porosity materials are given as examples of other media in which 

this process might occur. The implications of the research for other sites on the Chalk 

and for these other dual-porosity materials has been considered.
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14.2 Further work
The principal requirement for further work is the investigation of other sites, both on the 

Chalk and for other aquifers, to demonstrate conclusively the wide ranging occurrence 

of the SUZ process. Such investigations should include the construction of detailed 

porewater profiles, as in this thesis, and the monitoring of groundwater chemistry at 

different water table elevations over sufficient time to establish trends.

As the first detailed study of the effect of fluctuating water tables on contaminant 

distribution and flux in the SUZ, this work has of necessity involved a rather brief 

examination of a wide range of factors. Many of these would bear a more detailed 

investigation.

A method for measuring the apparent diffusion coefficient of chlorinated solvents in the 

Chalk has been introduced in this thesis but was not successfully employed. Work is 

required to measure specific diffusion coefficients for a range of Chalk lithologies for 

use in dual-porosity models such as SUZIE.

Collection of groundwater samples at discrete intervals during rising and falling water 

tables is required to establish the proposed relationship between rising and falling 

groundwater and matrix porewater more clearly. The model used here (SUZIE) makes 

assumptions about this relationship due to a lack of information.

SUZIE incorporates many simplifications. In particular, it does not allow for advection, 

which may be important in determining the duration of contamination. SUZIE, or other 

models might be adapted to incorporate this effect.
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Appendix 5.1. Procedure for Packer Testing in 
WSA13
Objective
Packer testing was undertaken to determine hydraulic conductivity in discrete 

sections of WSA13 using a double packer arrangement and a packer spacing of 1.50 

m.

Method

Equipment

Two packers with dimensions of 1.17 m long uninflated, (1.10 m inflated at surface), 

and approximately 60 mm diameter (uninflated). Packers were hand-made by Mr 

Barry Watkins of Eicon Western Ltd. The packer elements consist of layered natural 

rubber with “Kevlar” reinforcement. Access to the test section through the upper 

packer was via a steel pipe isolated from the inflatable section by hydraulic seals and 

connected to surface by a 25 mm internal diameter flexible hosing. Packers were 

suspended on a wire rope. A weight was hung from the lower packer to keep the rope 

taught and prevent buoyancy in the saturated zone.

Packers were inflated using compressed air supplied by a standard gas cylinder (0 to 

17225 kPa). Packer inflation pressure was monitored at surface via an inline pressure 

gauge. The packers were deflated through a dump valve at the pressure gauge.

Electric supply (diesel generator)

Grundfos MP-1 pump and control unit and all relevant pipe work (25 mm). The 

pump rate was controlled by varying the electrical input frequency over the range 0 - 

400 Hz at the control unit. The control unit maintained a constant flow rate once the 

supply frequency was set.

Water supply and large water container. The water supply was from the groundwater 

treatment plant of the hydraulic containment scheme (Chapter 4). The water supply 

was intermittent, therefore, to maintain a constant supply at the borehole water was 

stored in a bowser (approximate capacity 1 m3). The bowser / water feed was used to 

keep an 0.080 m capacity drum filled with water. The pump was operated from the 

base of the drum that was maintained at a constant depth of water.
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Pressure transmitter. A “Druck 161/D” 3 bar range pressure transmitter was used. 

This was connected to a surface readout unit. The transmitter has a standard output of 

4 - 2 0  mA (4 mA at standard atmospheric pressure, 20 mA at 3 bar, 1 bar = 10.197 m 

fresh water). The pressure transmitter was calibrated by prior to use by testing against 

a “Budenberg” dead weight tester.

Dip meter 

Stopwatch

Data logger / surface readout unit 

Procedure

The packers were assembled at the test site location and the interval between packers 

set. The lower packer was suspended from the upper packer by a wire cable. The test 

interval selected was nominally 1.50 m (actual value 1.45 m). A pressure transmitter 

was attached to the upstanding hanger of the lower packer, 0.14 m above the base of 

the test section. The packers were inflated at low pressure at surface to ensure that all 

connections were gas tight and to measure the inflated packer length. Compressed air 

from a gas cylinder was delivered to the packers by means of a small diameter plastic 

gas-pipe connected to the upper packer with a further connection to the lower packer. 

The pipes were linked to the cylinder of compressed air via a pressure gauge. Air was 

released from the packers by venting to atmosphere via a dump valve at the pressure 

gauge. An operating pressure of 400 kPa was selected for the packer testing, this 

pressure gave sufficient seal for the injection heads used whilst not exerting undue 

stress on the surrounding rock.

The pressure transmitter was connected to surface by an electrical cable to give real 

time readings of the test zone pressure in milliamps (mA). A data logger intended for 

logging did not function with adequate reliability and was not used.

Prior to testing the depth to the water table was measured, at test locations where the 

upper packer was submerged. The packers were then lowered by hand to the required 

depth on the wire rope. The packers were lowered to the deepest test location for the 

first test and raised for subsequent tests. A minimum overlap of 0.1 m was 

established between adjacent tests. The connection to the pressure transmitter was 

run through the upper packer. The water supply hose connected into the upper 

packer. The packer test arrangement is shown on Figure 5.6.
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Once in position, the packers were inflated to the test pressure and allowed to ‘set’ 

for five minutes. Water was then added using the pump. The pump flow rate was 

calibrated prior to testing by measuring the time to fill a container of known volume 

at various output rates. The pump flow rate was controlled by means of an adjustable 

output frequency in the range 0 to 400 Hz. A linear calibration was achieved for the 

pump for duplicate readings of flow rate against output frequencies (y = 0.0015*, r2 = 

0.999, where * is the control unit readout in Hz).

Initially water was pumped into the test section at a high flow rate until a increase in 

pressure at the transmitter was observed indicating that the test section was starting to 

fill. The pump rate was then switched to the lowest flow rate selected for the test and 

maintained at that rate until three readings taken at one minute intervals showed 

stable readings (less than 0.1 mA (approximately 0.19 m pressure head, variation 

between readings). The pump rate was then increased to a higher constant rate and 

again maintained at that rate until readings stabilised. In most test sections a third rate 

increase was undertaken. Once the highest constant rate had stabilised, then the rate 

was dropped to the previous constant rate and allowed to stabilise. Back at the lowest 

constant rate, once this had stabilised the pump was stopped and a falling head test 

performed. These tests are shown in Figure A5.1.2.

The short period of time allowed for establishing steady state reflected the time 

available for testing the borehole under the financial constraints operating. In most 

cases a steady pressure was achieved within a few minutes of starting a flow period.

Falling head tests

At the end of the last stage of each test the injection test was operating at its lowest 

injection rate. The pump was then switched off and the pressure recorded at five to 

ten second intervals at the pressure transmitter surface readout until such time as the 

pressure readings stabilised to a constant rate. Typically the readings reached a stable 

pressure in less than three minutes.

The pump was not fitted with a non-retum valve and therefore, when the pump was 

switched off, a ‘slug’ of water entered the test section. As a result the maximum head 

occurred sometime after the time that the pump was switched off. Falling head test 

measurements are shown on Figure A5.1.1. At the end of each test the packers were 

deflated and moved to the next test section
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Check on packer seal

An analysis of the pressures recorded on both the rising step test and the falling step 

tests against the flow rate show a linear relationship on both the increasing pressure 

and decreasing pressure limbs (Figure A5.1.2) indicating that packer have sealed 

against the borehole walls. Where a significant difference was observed during 

testing the pressure was again stepped up and stepped down and in all cases this 

second round of step tests showed a linear relationship.

Results
Results are reported as hydraulic conductivity for a particular depth in Chapter 5.
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Appendix 5.2 Sampling methodology for 
discrete interval samples
Objective
A nest of piezometers was installed in borehole WSA13 to permit sampling from 

discrete intervals during the rise and fall of the water table. This allows changes in 

groundwater chemistry to be measured against both time and water table elevation to 

determine the nature of the changes in groundwater with rising and falling water 

tables.

Method
Water samples were obtained by pumping the well using a ‘Waterra’ hand operated 

pump system. This consists of a ball valve attached to 10 mm internal diameter 

tubing. Moving the valve up and down forces water through the tubing to the surface 

allowing water samples to be collected.

Preparation

Prior to each trip the EC meter, pH meter and DO 2 meter were calibrated in the 

laboratory. The EC meter was checked against a solution of KC1 with a known 

electrical conductivity of 706 pS. The DO2  meter was calibrated in free air to give a 

reading of 100%. The pH meter was calibrated against buffer solutions (Fisher 

Scientific) set at pH = 4 and pH = 7.

Sample bottles were cleaned with detergent, then rinsed three times in tap water and 

three times in deionised water and then dried.

Sampling

At the well head the equipment was set up and the pH meter and DO2  meter were 

recalibrated at the ambient temperature. The well was then dipped, after the pump 

and tubing had been removed. A volume of water equivalent to 3 times the volume of 

the water in the pipework, the piezometer and the sand pack was then purged from 

the well. This volume, Vw, amounted to

K = K n r ; + n ( h sm-s2)

where hw is the height of the water column, n is the porosity of the sand pack, hs is 

the thickness of the sand column, rp is the radius of the piezometer pipe and rs is the
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borehole radius. Taking the porosity of the sand as 0.3, the diameter of the borehole 

as 150 mm, the internal diameter of the pipe as 19 mm, the thickness of the sand 

column of 1 m and assuming a height of water above the piezometer of 2  m, gives a 

volume of approximately 18 litres to purge the well of three volumes.

EC, DO 2 , pH and temperature were recorded after each flushing and checked against 

previous flushings. In all cases readings stabilised rapidly. Samples were then taken 

and filtered through a 0.2 pm filter into 40 mL plastic sample bottles. Two drops of

0.5 M HC1 were added to cation samples. All samples were taken in duplicate. Field 

blanks were taken by adding deionised water to sample bottles at this stage. A 50 mL 

samples was titrated against 1.6 N HC1 to determine the alkalinity as HCO3 ' at the 

time of taking the sample. The concentration of HCO 3 ' is determined from the 

volume of acid required to reach the point of maximum change (inflexion point) in 

the slope of a graph of volume of acid against pH, nominally pH = 4.5.

Transport and storage

Samples and blanks were transported to the laboratory in a cool-box with ice packs to 

maintain them at low temperature. Once in the laboratory they were stored in a 

refrigerator and analysed within two weeks of sampling using the methods described 

in Chapter 6 .
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Appendix 6.1 Headspace analysis
Objective
The purpose of headspace sampling was to determine the concentration in porewater 

of chlorinated solvents for cores of Chalk gathered at the Western Storage Area. By 

determining porewater concentrations at closely spaced vertical intervals a profiles of 

porewater concentration of these compounds with depth can be established.

Principle of headspace analysis
In a closed system under equilibrium conditions the concentration of volatile organic 

compounds (VOCs) in the gas phase above an aqueous solution will be proportional 

to the concentration of VOCs in the aqueous solution. In such a closed system the 

confined space above an aqueous solution is known as the headspace. Headspace 

sampling creates a closed system by sealing a known volume of aqueous solution in a 

vial, leaving a known volume of free space. Samples are quantitatively analysed by 

reference to standards to give the concentration in the headspace and hence the 

aqueous phase.

Method

Selection of conditions 

Phase ratio

The volume of headspace in the sample vial to the volume of water is termed the 

phase ratio. The effects of varying phase relationships in headspace analysis (ratio of 

headspace to sample volume were examined by Ettre and Kolb (1991). They 

demonstrated that phase ratios had little effect on measured concentrations provided 

that the same phase ratio is maintained for all samples with a low distribution 

coefficient (such as chlorinated solvents). They suggested a phase ratio of 0.5 to 0.8 

(volume-of-sample-to-volume-of-gas) for highly volatile compounds.

A phase ratio of 0.6 was used for this analysis based on previous experience of AEA 

Technology pic in analysing samples from the Harwell site.

Incubation temperature

Equilibrium is promoted by heating the vial for a fixed time at constant temperature. 

Once equilibrium has been established the headspace gas can be sampled by a gas
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tight syringe and injected directly into a gas chromatograph for separation and 

analysis. Stuart (1991b) reviewed the literature to determine an appropriate heating 

time and temperature and found that a range of conditions had been used. In general, 

for aqueous solutions, higher temperatures give better results, although heating at 

very high temperatures leads to loss of volatiles. For aqueous solutions the highest 

realistic temperature that can be used is 80°C, as beyond this too much water vapour 

enters the headspace. The use of an automated headspace sampler can ensure that all 

samples undergo the same heating cycle before injection. Stuart (1991b) 

recommended a temperature of 70°C, and in the absence of an autosampler, allowed 

the samples to cool to room temperature to give consistent sampling conditions.

By immersing a solid containing VOCs, such as Chalk, beneath a solvent, such as 

water, in a vial leaving a fixed volume of headspace the role of the solid is removed 

from the analysis (Kolb 1976). The only problem remaining is to ensure that 

equilibrium is achieved between the Chalk pore water and the solvent.

Sampling

Chalk cores were brought to surface encased in ‘Mylar’ plastic core lining tubes. The 

cores were laid on a bench rapidly logged whilst still in the lining. The log recorded 

fissures and visible lithological changes. The core lining was then removed and the 

core photographed and rapidly sampled. Sampling was undertaken using a hammer 

and chisel to break the core open. Samples of approximately 5 to 10 mm diameter 

were selected and removed using tweezers and dropped into pre-weighed vials. The 

vials were then re-weighed, approximately 13 mL of ultra high quality (UHQ) (milli- 

Q) water was added using a graduated syringe and the sealed vial weighed again. The 

vials were sealed with a PTFE lined septa held in place by an aluminium crimp cap. 

Caps and septa were pre-weighed. Samples of water (blanks) were taken at regular 

intervals. Every fifth sample depth was sampled twice. Vials were then transferred to 

a cold store maintained at less than 4°C for storage prior to analysis.

Vials had previously been washed in detergent and then rinsed in UHQ water six 

times and then baked at 400°C for one hour. Septa were also washed in detergent, 

rinsed in UHQ water and then methanol and baked at 105°C until dry.

490



Analysis

Analysis for chlorinated solvents in Chalk was based upon a method described by 

Stuart (1991b). This method involves placing a Chalk sample in a vial together with 

a known volume of a water and 10% methanol mix. The vial is then sealed with a 

PTFE faced silicone septa. In the laboratory the vial is heated for one hour at 70°C 

and then allowed to cool to room temperature. An aliquot of the headspace is taken 

with a gas tight syringe and injected into a GC with an electron capture detector 

(ECD). Detection at concentrations in porewater of parts per trillion (ng/L) is 

achievable with care. The method of Stuart (1991b) has been modified in a number 

of ways following consultation with the analytical chemist responsible for analysing 

the samples for AEA Technology (Mr Steve Gore), and also due to constraints on 

equipment availability. The modifications are:

1. The sample was immersed in pure water only, rather than methanol. This was 

done to avoid interference by methanol on the GC output. Stuart (1991b) in a 

justification of the use of a methanol mixture suggests that it gives good 

correspondence with solvent extraction but gives lower concentrations than use of 

water alone. This effect is not unexpected as methanol will increase the solubility 

of chlorinated solvents and therefore reduce the partition coefficient such that less 

mass moves into the headspace. In addition, problems with contamination of 

methanol have been reported by Voice and Kolb (1993). Using water Voice and 

Kolb (1993) found recoveries of around 80% (greater than using a methanol 

extraction technique). Stuart (1991b) also found that the use of 2- 

methanoxyethanol as a co-solvent gave problems due to the high concentrations of 

impurities.

2. The method of Stuart (1991b) used a packed GC column, whereas a capillary GC 

column was used for this work. This should not be a cause of difference as the role 

of the GC column is to resolve the various analytes, which it the capillary column 

did. With the column used, methanol also gave a peak close to that of the 

chlorinated solvents and use of methanol had to be minimised to reduce the size of 

the methanol peak and thus avoid interference between peaks. As a consequence 

of the narrower internal diameter of the capillary column, the volume of 

headspace gas injected had to be reduced both by injecting a smaller quantity of
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gas and employing a split injector. The injector split was set at 1 to 4, that is, only 

a quarter of the sample was injected onto the column.

Headspace sampling was undertaken in two laboratories (Imperial College and 

University College) using the same column but different detectors.

Equipment

Carlo Erba 4200 Gas Chromatograph with a Ni6 3  Electron Capture Detector (Imperial 

College)

Fisons HRGC 8000 series GC with MD 800 Mass spectrometer (UCL)

Column type, BP5, length 25 m, ID 0.33 mm, coating thickness 0.5 mm.

100 pL gas tight syringe

Thermostatted oven held at constant 70°C

Analar grade reagents, standards and methanol

Preparation of standards

Standards in methanol were made up according to APHA (1992), Method 6210b. 

These standards were kept in a freezer at -18°C for up to 1 month. Aqueous standards 

were prepared daily by dilution of the methanolic standard by volume. Aqueous 

standards were used within one hour of preparation and then discarded.

Check standards were prepared in the same way but at different times.

Precision

Precision was determined by injection of 7 replicate standards at 10 pg/L. Precision 

was taken as three standard deviations for repeats and was found to be between 4 and 

6 % (Typical values: TCM 4%; TCA 4%; CTET 2.5%, TCE 6 %; PCE 1.5%).

Identification by retention times

Retention times for individual chlorinated solvents were determined by injection of 

single component standard solutions. Compounds were identified by their retention 

times.

Example of retention times (minutes)

TCM 1.35 

TCA 1.50 

CTET 1.61 

TCE 1.90 

PCE3.55
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Preparation of samples

Samples were transported to the laboratory in cool boxes and their temperature 

maintained at less than 4°C at all times. Before testing samples were transferred 

directly to a thermostatically controlled oven and heated for 60 minutes. Samples 

were then allowed to cool to room temperature before injection.

Quantitation

A series of calibrations standards (minimum 5) was run over the range of anticipated 

concentrations to give a calibration curve. Sample concentrations were determined by 

comparison to this curve.

Check standards were run after every 10 samples. Check standards were required to 

be within 20% of the anticipated concentration. If not, the analysis was halted until 

the problem was rectified.

Detection limit was taken as 3 times the standard deviation of a standard made up 

close to the anticipated detection limit and was found for the various compounds to 

be: TCM 1.4 pg/L, TCA 1.0 pg/L, CTET 0.4 pg/L, TCE 1.5 pg/L, PCE 0.7 pg/L.

Blanks

Nearly all blanks gave peaks of a height that was below the detection threshold of the 

peak integration software. No correction has therefore been made.

Results

Calculation

The measured sample concentration can be converted to a porewater concentration by 

assuming that the sample was saturated. Then, knowing the moisture content the 

concentration in porewater, CpWi can be found using the relationship

V Vpw • utu/

Pw ~  J ■ w
pw

where, Cx is the concentration determined in sample, Vpw is the volume of porewater 

and Vu,q is the volume of added UHQ water.

The Vpw was determined from the mass of the rock sample and the measured 

moisture content assuming a density for water of 1.0 mg/mL. Vuiiq was determined 

from i.s measured mass in the same way. Moisture content measurements were taken 

at 0.5 metre intervals. The value of moisture content used in converting sample 

concentration to porewater concentration was that closest to the sample depth.
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An example calculation is given for a sample taken at 10 m bgl in WSA13. The 

sample concentrations of TCM, TCA, CTET, TCE and PCE were determined as 431 

pg/L, 23.90 pg/L, 3.11 pg/L, 2.08 and 147.00 pg/L respectively. Moisture content 

was measured at 10.0 m bgl as 21.5%. The weight of rock, including moisture, was 

3.4 g and the weight of added water 12.6 g. The volume of porewater, Vpw, is then

0.731 mL and the volume of added water, VUhq, 12.6 mL giving a dilution factor of 

17.24. Thus the final concentrations are TCM 7860 pg/L, TCA 436 pg/L, CTET 56.7 

pg/L, TCE 37.9 pg/L and PCE 2680 pg/L.

Reporting

Results are reported as individual compound concentrations in porewater for the four 

major chlorinated solvents, TCM, TCA, CTET, TCE and PCE and as the sum of 

these five compounds ( ‘total chlorinated solvents’). Results are reported to 3 

significant figures. Where concentrations were below the detection limit, results are 

reported as less than ( ‘< ‘) the sample detection limit concentration multiplied by the 

dilution factor. Results are given in Table 6.1, Table 6.2 and Table 6.3, for WSA12, 

WSA13 and HWS41 respectively.
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Appendix 6.2 Ion chromatography
Objective
The objective of ion-chromatography was to determine porewater concentrations of 

chloride with depth to permit the construction of profiles.

Principle of ion chromatography
A water sample is injected into a moving stream of a carbonate-bicarbonate eluant 

and passed through a series of ion exchangers. Anions of interest are separated on the 

basis of their relative affinities for a low capacity, strongly basic anion exchanger. 

The separated anions are passed through a suppresser where they are converted into 

their highly conductive acid forms and the carbonate-bicarbonate eluant is converted 

to a weakly conductive acid. Separated anions are measured by conductivity and 

identified on the basis of retention time as compared to standards.

Method

Equipment

Dionex 2000i Ion Chromatograph with PC operated control, the chromatograph 

contains a sample loop of 0.25 mL capacity that feeds into a stream of eluant 

consisting of 1.8 mM Na2 CC>3 and 1.7 mM NaHC03. The suppressant is 2.5 mM 

H 2SO4 . An in-line guard column with the same features as the main chromatographic 

column protects the separator column from fouling by organic compounds.

Sample preparation

Samples were originally taken for the analysis of chlorinated solvents using the 

headspace method (Appendix 6 .1) and consisted of a 22 mL vial containing 1 to 2 g 

of chalk immersed in approximately 13 mL of UHQ water, leaving approximately 8  

mL headspace. Vials were sealed with PTFE faced septa held in place with a crimped 

aluminium cap.

Samples were prepared for ion chromatography analysis by first removing the septa 

and decanting the liquid into a centrifuge tube. They were then centrifuged at 2500 

rpm for 10 minutes to remove suspended particulates. A subsample was then 

extracted using a glass pipette and diluted to achieve a final concentration in the 

detection range of 0.2 to 15 mg/L.
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Samples were injected one of two methods

1. Autosampler method. A pipette was used to place approximately 0.5 mL in a 

plastic autosampler vial placed in an autosampler rack. An individual filter was 

then added to each vial. The autosampler pushes the filter through the liquid into 

the vial before sampling.

2. Manual Injection Method. A plastic syringe (5 mL capacity) was used to inject 

samples through a 0.2 pm filter (Gelman) into the manual injection port. Sufficient 

sample (3-5 mL) was injected to flush the sample loop a number of times.

Preparation o f standards

A laboratory standard solution of each anion of interest was made up to 1000 mg/L 

by mass from a pure salt. Dilutions were prepared at room temperature on a daily 

basis. Check standards were used (Fisher Scientific).

Precision

Precision is taken as two times the standard deviation for 7 or more replicates at a 

concentration of 1 mg/L and has been established as 0.02 mg/L (2%) for chloride and

0.03 (3%) mg/L for sulphate. During analysis precision was checked by analysis of 

duplicates of samples. The average range between duplicates, R , can be calculated as:

r = y —
^  n

where AC is the difference in concentration between duplicates and n is the number 

of pairs of duplicates. Average ranges are related to the standard deviation, ct, by 

(APHA, 1992)

R
< j- ------

1.128

Detection Limits

Detection limits for conductivity of 30 pS were determined, from repeat injections of 

samples close to the limits as, 0.19 mg/L for chloride and 0.034 mg/L for sulphate.

Calibration

Prior to each day's sample run 6  calibration standards were run in the range of 1 to 15 

mg/L for the 30 pS setting or 1 5 mg/L on the 10 pS setting , including a blank as the 

lowest standard. A calibration curve was established by linear least squares 

regression, with an correlation coefficient of 0.99 or greater. After a number of
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successful sample runs the calibration requirements were reduced to 4 standards 

including a blank. A standard was run after every eighth sample to check that the 

calibration remained valid.

Blanks

Laboratory blanks were prepared from deionised water. Blanks were run after every 

eighth injection. Blanks showed an average chloride contamination of 0.095mg/L and

0.010 mg/L sulphate. Method blanks were prepared using deionised water in the 

same way as field samples, one method blank was prepared for every 16 samples. 

Method blanks showed an average contamination of 0.079 mg/L chloride, 0.074 

mg/L sulphate.

Quantitation

Quantitation was by comparison with external calibration standards prepared from 

AN ALAR grade solid salts. These were checked against purchased standards (Fisher 

Scientific) and found to differ by less than 5%.

Results
Porewater concentrations are calculated in the same way as for the chlorinated 

solvents, detailed in Appendix 6.1. Results are reported as porewater concentrations 

against depth, to 3 significant figures. Where concentrations were below the 

detection limit, results are reported as less than (‘< ‘) the sample detection limit 

concentration multiplied by the dilution factor.
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Appendix 6.3 Concentrations of principal
cations in porewater
WSA12

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

0.40 4880 142 72.8
1.20 1880 107 29.8
2.00 1640 185 61.5
2.40 2720 296 118.0
5.10 1740 773 48.3
6.05 1160 619 82.6
6.75 1640 259 49.8
8.10 2810 733 85.2
8.80 2690 289 83.7
9.30 1940 433 69.9

10.50 1280 973 119.0
10.60 2630 1950 450.0
10.70 2960 1830 174.0
11.20 1430 1220 130.0
11.30 3820 1100 244.0
11.30 3580 1270 293.0
11.40 4260 834 351.0
11,50 2660 591 73.8
11.60 2480 521 130.0
11.75 2070 506 190.0
11.80 1930 377 200.0
11.80 2910 194 194.0
11.90 3700 285 95.0
12.30 2980 454 113.0
12.40 2610 403 142.0
13.20 2240 512 128.0
13.23 2160 365 140.0
13.40 2820 384 320.0
13.40 2030 50 223.0
13.70 2450 144 202.0
13.90 3860 386 96.4
14.00 2300 173 124.0
14.30 2020 251 148.0
14.65 2360 342 119.0
14.75 2760 274 113.0
14.80 3300 460 172.0
15.50 1760 529 88.1
16.80 1220 203 102.0
17.00 1110 99 99.1
17.05 1190 173 55.6
17.65 2190 366 61.0
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Appendix 6.3 Concentrations of principal
cations in porewater (continued)
WSA13

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

0.30 1180 119 129.0
0.70 2760 522 72.7
2.05 2770 370 370.0
2.50 783 117 65.3
2.60 1760 78 196.0
2.70 1500 260 203.0
2.80 3450 522 366.0
2.90 1360 266 266.0
4.10 595 562 103.0
5.00 1730 1120 317.0
5.95 1280 ' 3670 192.0
6.00 1790 1060 412.0
6.30 4580 3020 614.0
6.50 2400 3180 300.0
7.55 1620 2200 243.0
7.60 1560 2050 452.0
7.70 750 1650 119.0
7.70 1510 1880 471.0
8.00 4210 1760 1230.0
8.00 1830 789 221.0
8.50 1360 1940 123.0
8.50 3400 2730 414.0
8.90 1500 1110 339.0
9.00 1440 1150 407.0
9.20 703 1100 22.0

10.15 1230 889 48.1
10.20 1130 734 131.0
10.65 1110 739 63.8
10.80 2020 931 243.0
11.40 767 588 232.0
11.75 1020 515 61.2
12.00 1240 388 67.0
12.50 820 952 238.0
12.80 874 956 117.0
13.05 826 685 135.0
13.13 1110 490 34.1
13.20 1290 837 269.0
13.50 1370 320 183.0
13.70 831 689 223.0
13.95 2080 580 167.0
14.15 1920 1120 234.0
15.80 2070 375 230.0
15.90 1260 166 24.3

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

15.95 2160 516 194.0
16.15 1780 405 243.0
16.25 2370 968 484.0
16.45 1730 771 231.0
16.70 2550 868 510.0
17.00 1480 444 178.0
17.45 862 488 127.0
17.70 1090 566 154.0
17.80 716 361 70.2
17.80 1070 400 137.0
18.20 2230 557 239.0
18.40 2360 479 240.0
18.46 1820 987 592.0
18.50 2210 358 36.1
18.75 1330 513 80.8
19.10 3170 154 205.0
19.30 3060 847 117.0
19.35 2020 224 336.0
19.45 1880 297 445.0
19.80 1020 243 105.0
19.90 1250 308 86.8
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Appendix 6.3 Concentrations of principal
cations in porewater (continued)
WSA7 WSA8

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

0.5 876 222 28.3
1.0 426 64 <12.5
1.5 694 194 <23.9
1.9 340 79 14.2
2.7 489 122 <10.0
3.2 795 261 <19.8
3.7 722 48 <13.2
4.2 750 50 <23.4
4.7 364 95 <10.4
5.2 736 198 <16.3
5.6 479 26 <15.9
6.2 742 117 <19.0
6.6 930 70 <22.1
7.3 624 <21 30.3
8.2 1040 34 <16.0
8.6 835 5 <30.8
9.2 946 382 174.0
9.7 598 169 87.2

10.2 2220 232 41.6
10.7 1090 334 64.6
11.8 1290 148 <28.8
12.6 637 3 <21.5
13.6 1400 117 <28.2
14.8 1150 <39 <38.9
15.1 1150 69 <16.6
15.6 984 176 31.5
16.7 891 192 115.0
17.2 1320 313 125.0
17.7 1140 576 195.0
18.2 2000 777 <45.3
18.7 530 145 <18.9
19.3 2190 143 57.1
19.7 1800 0 <17.6
20.2 2220 274 39.4

Depth Calcium Sodium Potassium
(m bgl) (mg/l) (mg/l) (mg/l)

0.5 493 731 31.6
1.1 1480 434 20.5
1.5 953 211 7.7
2.0 390 219 <7.0
2.5 897 251 <6.0
3.1 425 209 187.0
3.4 791 430 239.0
5.6 3930 2440 105.0
6.1 1560 1370 45.9
6.6 1480 1080 <26.5
7.1 1380 678 16.5
8.7 2810 502 51.8
9.2 7230 992 115.0
9.7 1020 278 <14.5

10.1 5710 598 45.6
10.6 7070 369 <28.0
11.7 4960 973 <39.0
12.2 2810 213 40.0
12.6 3700 332 32.0
13.1 1330 120 31.9
13.6 2310 238 48.2
14.1 2250 235 <28.9
14.6 1770 128 26.0
15.1 1080 87 <27.5
16.1 1070 319 24.3
16.7 4720 375 72.5
17.1 3840 360 67.4
17.8 2110 331 99.9
18.2 949 209 <25.6
18.5 1540 347 <42.6
19.1 888 167 <29.5
19.5 950 115 <14.2
20.2 1250 134 46.1
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Appendix 6.3 Concentrations of principal
cations in porewater (continued)
WSA9 WSA10

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

0.5 311 65 31.4
1.2 373 96 <7.0
1.7 378 46 <9.9
2.2 305 196 37.8
2.7 743 306 39.4
3.2 757 76 <24.2
3.7 722 <25 <24.8
4.2 217 736 <10.1
5.6 332 486 <25.4
6.3 316 294 16.4
7.9 369 100 <19.3
8.7 886 307 62.2
9.2 743 <16 <15.7

10.3 365 829 <20.6
10.8 3590 1130 53.4
11.3 1530 970 26.6
11.8 539 1130 <25.6
12.2 2140 1100 <16.9
12.7 254 14 <12.1
13.2 476 85 <11.9
13.7 1740 622 <28.1
14.2 941 438 <21.8
14.7 848 182 <17.9
15.2 1070 205 <25.9
15.7 748 98 <15.9
16.2 912 328 88.8
16.7 1370 188 <20.5
17.1 536 308 <19.1
17.8 645 371 <23.0
18.3 1320 109 <17.7
18.9 698 128 36.3
19.2 590 <18 <18.4
19.8 678 <15 <15.4

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

1.2 1110 93 <13.0
2.0 415 <13 <13.0
2.5 1040 86 <16.6
3.2 838 <10 <10.0
3.7 1340 64 <20.3
4.1 1110 <16 <15.9
4.6 1650 170 <27.6
5.3 491 1200 235.0
6.4 606 1600 246.0
6.7 5830 1620 104.0
7.2 3500 1540 <34.9
7.7 1060 804 55.9
8.2 436 266 27.4
9.2 1210 1240 54.5
9.7 2210 570 61.3

10.2 990 399 36.1
10.7 654 402 <16.7
11.2 1590 214 20.6
12.2 1060 201 24.2
12.7 897 28 <13.0
13.2 1470 425 69.5
13.7 966 150 26.1
14.2 2270 507 150.0
14.7 1260 59 <18.7
15.2 1800 174 <26.1
15.7 693 179 <16.0
16.2 1870 259 <31.7
16.7 1930 235 63.3
17.2 3910 1100 1260.0
17.7 802 <20 <19.5
18.2 1300 <27 <27.0
19.2 2020 536 131.0
19.7 915 <22 <22.4
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Appendix 6.3 Concentrations of principal
cations in porewater (continued)
WSA11

Depth Calcium Sodium Potassium
(m bgl) (mg/L) (mg/L) (mg/L)

0.3 982 <10 <9.6
0.7 1160 44 <13.8
1.2 736 20 <17.7
1.8 763 <13 <12.7
2.3 520 49 40.9
2.8 334 83 <8.1
3.7 1020 73 <11.9
4.2 871 97 <18.9
4.7 1230 135 32.1
5.2 640 <17 25.2
5.7 429 79 49.0
6.2 1520 <18 <17.6
6.7 1400 312 40.9
7.7 680 124 42.6
8.2 831 <18 <18.0
9.2 593 76 <14.8

10.2 660 132 <14.4
10.7 1560 <45 <44.6
11.2 1030 <17 25.4
12.2 450 <11 <11.0
12.7 775 19 <16.1
13.2 894 26 56.3
13.8 1640 139 <24.6
14.1 1060 <26 <25.7
14.7 1070 50 <15.9
15.7 1320 55 <15.0
16.2 475 36 <9.8
16.7 1090 <19 <19.2
17.2 768 <14 <13.9
17.7 1300 209 32.3
18.2 1410 <25 <25.2
18.7 816 49 78.3
20.3 756 175 <21.4

502



Appendix 7.1 Porosity measurement by gas 
expansion
Objective
Gas expansion porosimetry has been undertaken to determine porosity variations 

against depth in the SUZ of the Lower Chalk at Harwell.

Principle
Boyle’s Law states that for an ideal gas at constant temperature the product of the 

pressure (P) and volume (V) is a constant such that

P,V ,= K

Thus if a known quantity of gas changes its volume by expanding into a larger 

volume at constant temperature the pressure will also change such that

ptvt =p2v2
If both Vi and Pi are known and P2 can be measured then V2  is easily calculated. 

Temperature, T, can have a significant influence upon the results, particularly if the 

equipment used was calibrated at a different temperature to the operating 

temperature. Temperature corrections can be made using the gas law

P,V, P2V2 
T, T2 ,

T is in absolute units (degrees Kelvin)

The gas expansion porosimeter uses helium gas which approaches the properties of 

an ideal gas as it is inert and well above its boiling point at standard temperature.

The helium supply is connected to a reference volume, Vr, and allowed to reach a 

reference pressure, Pr. The reference volume is then sealed.

The sample is placed in a sample holder of known volume, Vs. The sample holder, 

initially at atmospheric pressure, Pb, is connected to the reference volume and the 

helium gas allowed to expand. The pressure in the sample holder / reference volume 

system is measured.

From Boyle’s Law
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(P,+PbW ,+ P bVh ={P,+Pb){Vr + V,)
PX  + pbvr + pbv t = pX  + pX  + pbvr + pbvs

pX  = P,vr + pX  
P X  = P<(vr + vt )

Atmospheric pressure cancels out and the product of the initial pressure and volume 

of the helium in the reference volume is equal to the product the final pressure and 

volume of helium. Therefore for a sample placed in the coreholder the grain volume, 

Vg, can be calculated from:

p v  = P (V + V -  V )r  r  x  V- r  s  g '

The porosity is then established by measuring the external dimensions of the core to

give bulk volume, subtraction of the grain volume gives the volume of pore space, 

hence porosity. This porosity is the effective gas porosity as helium will penetrate all 

interconnected porespace. Helium gas has a particularly small molecule and therefore 

will penetrate most of the interconnected pore spaces including pore spaces which are 

too small for larger molecules.

Method

Equipment

Porosity measurements were made with an Edinburgh Petroleum Services Helium 

Gas Expansion Porosimeter HGP 100. The equipment constitutes two reference

volumes, a digital readout gas pressure transducer with a range of 0  to 1 0 0  psi.

Samples are placed in one of two core holders with nominal diameters of 25 mm or 

37.7 mm. Core holders are sealed into the pressurised system by a piston operated 

using compressed air at 75 psi. Switching between the gas supply, reference volume 

and core holder is controlled by mechanical on off switches. After testing gas is 

vented to atmosphere. Inlet gas pressure is controlled by a regulator

Procedure

The procedure is detailed in list form

1. Prepare cores and dry at 60°C until constant weight

2. Allow to cool in a vacuum desiccater until at room temperate

3. Measure external dimensions with micrometer

4. Place sample in core holder and seal by operating piston

504



5. Connect reference volume to gas supply and fill to 100 psi exactly

6 . Close gas supply

7. Open reference volume to core holder allow gas pressure to stabilise and record 

new pressure

8 . Evacuate gas in sample holder to atmosphere

9. Repeat measurement three times per sample and take average value

10. Release piston and remove sample, measure external dimensions using 

micrometer

Calibration

Prior to use of the instrument it requires calibration using reference volumes of 

known grain volume. Reference volumes are used in sequence and in combination to 

provide a series of known grain volumes over the range of core sizes to be used. This 

information is used to generate a calibration curve that can be evaluated to give a 

sample holder volume and the actual volume of the reference volume. Comparisons 

can be made with the manufacturer’s values for the reference blocks.

Precision

Precision was evaluated from measurement of duplicate samples taken on two 

different samples drilled out of the same section of core using the relationship given 

in Appendix 6.2. Precision is thereby estimated as 7%.

Results
Results are reported as porosity, dry density and grain density against depth.

Sources of error
The most obvious source of error arises from measurement of the core dimensions as 

the core can contain irregularities, indentations and small cavities arising from the 

core preparation technique, measurements are necessarily averaged out along the 

core. However, where the core volume is large in relationship to possible 

inaccuracies in measurement then the size of error is small.

Helium porosity is a unique property of a rock core and may be significantly different 

from effective hydraulic porosity due to the ability of helium to penetrate smaller 

pore spaces.
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Temperature fluctuations during the test can cause the pressure in the sample 

chamber to alter. Corrections for temperature change can be made but these are only 

approximate and have not been undertaken.

506



Appendix 7.2 Gas Permeability measurements
Objective
The gas permeability of Chalk cores was measured to permit estimation of variations 

in hydraulic conductivity with depth in the Lower Chalk at Harwell.

Principle
The principles of gas permeametry have been set out in Chapter 7.

Method

Equipment

Gas permeability measurements were carried out using an Edinburgh Petroleum 

Services DGP 200 Digital Gas Permeameter, confining pressure is provided by 

compressed air and the flowing gas used is nitrogen (zero air grade). Inlet pressure 

and differential pressure across the core are displayed on gas pressure transducers 

with a range of 0 to 100 psi. Flow rates at the outlet end of the core are measured by 

one of three flow tubes depending upon the flow rate through the core (which is in 

turn dependent upon core permeability). Flow rates are displayed as percentage of 

flow via a pressure transducer, over the range 0-100%. Actual flow rates are obtained 

from calibration of the flow tube against standardised equipment. Gas inlet pressure 

is controlled via a regulator. Confining pressure is set on the gas cylinder regulator. 

The gas permeameter can be used in either forward flow or back flow mode. In 

forward flow the downstream end of the core is at atmospheric pressure and 

differential pressure across the core is approximately equal to the difference between 

the inlet pressure and atmospheric pressure. Back flow operates by constricting the 

flow of gas leaving the sample such that the pressure at the downstream end is no 

longer atmospheric. The advantage of back flow is that flow rates can be held 

constant for increases in pressure eliminating the need for Klinkenberg type 

corrections. Back flow also allows a finer control of pressure within the core. For low 

permeability rocks, such as Chalk, back flow does not give increased accuracy and 

requires longer to stabilise pressure across the core.
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Procedure

The procedure is as set out in the manufacturers manual. Due to the low permeability

of the chalk cores the permeameter was used in forward (as opposed to back) flow

mode.

1. Prepare samples as cores of 37.5 mm (1.5 inches) diameter and maximum 75 mm 

length (3 inches).

2. Dry cores at 60°C or until constant mass is achieved between two successive 

weight readings, record final dry mass to nearest 0 . 0 1  grams

3. Transfer samples to a vacuum desiccator and allow to cool to room temperature 

(During humid weather chalk cores draw moisture from the atmosphere at such a 

rate that mass increases can be measured in short periods of time. The presence of 

moisture within the sample will reduce gas permeability and therefore exposure of 

cores to the atmosphere was for the minimum period of time necessary)

4. Accurately measure external dimensions of core to nearest 0.02 mm using a 

micrometer (normally performed after measurement of gas permeability to limit 

contact with atmosphere)

5. Place core in coreholder and inflate confining sleeve to 100 psi nominal pressure

6 . Select appropriate gas flow rate (20 cc/min) and engage transducers and record 

initial readings

7. Using regulator introduce nitrogen to core apply pressure and monitor flow 

readings

8 . Record flow readings at 6  pressures of nitrogen such that the flow rates fall in the

range 0  to 1 0 0 % and inlet pressure remains well below confining pressure.

9. For each step record inlet pressure, differential pressure, flow rate, temperature.

Atmospheric pressure was recorded hourly on a mercury barometer located in UCL

Chemistry Department.

Results
To calculate intrinsic permeability the following information is required

1. Nitrogen viscosity (p.) Calculated from p = (0.00005 Tm) + 0.0164 where p is the

viscosity of nitrogen in centipoise (cP) and Tm is the gas temperature during the 

test in degrees centigrade, (°C)
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2. Gas flowrate (Q) measured as percentage of flow tube capacity, this is converted 

to volumetric flow (cm3 /s) rate using the flow tube calibration.

3. Core dimensions (L and A), measured using a micrometer

4. Ambient pressure, Pb , measured using a mercury barometer

5. Differential pressure, dp, Read directly from the digital readout on the 

permeameter in psi, (To convert from psi to atmospheres divide by 14.7)

Gas permeability, kgas, is then calculated using the expression

. _ p Q A l  
s“  MdP)P„

Intrinsic permeability is obtained by plotting kgas against \/Pm. A straight line 

relationship is obtained. Using the Klinkenberg correction (Chapter 7), by 

extrapolation to infinite mean pressure (1/Pm= 0) the intrinsic permeability is found 

as shown in Figure A7.2.1.

Hydraulic conductivity is then obtained using the familiar expression

K = (-£ -)*
PS

Results are reported as intrinsic permeability and hydraulic conductivity at 10°C 

against depth.
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Appendix 7.3 Method for mercury injection 
porosimetry
Objective
Mercury injection porosimetry (MIP) permits a determination of the distribution of 

pore throat sizes. Measurement of pore throat sizes gives information on the 

thickness of the capillary fringe which will develop and whether certain chemical 

species will be excluded from any of the pore space due restricted access.

Principle

The principle of MIP has been described in Chapter 7.

Method

Equipment

Micromeritrics Autopore II 9220 Mercury Porosimeter with four low pressure ports 

and two high pressure ports with PC control and data logging.

Glass penetrometers: borosilicate glass with a metal clad precision bored stem with 

an open bulb at its base for samples. The penetrometers are sealed at their base with a 

metal disc held in place by clips resisting a spring. Penetrometers used had a nominal 

bulb volume 5 mL. All penetrometers used had previously been calibrated by the 

Department of Chemical Engineering (UCL) to provide blank corrections.

Scales accurate to 1 ng

Sample Preparation

1. Chalk cores were stripped of their outer surface and dried at 40°C

2. Samples were crushed, in a jaw crusher, to produce a large number of pellets of 

between 0.5 and 1 mL volume such that they would fit into the glass bulb of a 5 mL 

penetrometer.

3. 10-20 pellets of Chalk were dried at 40°C for 4 days until constant mass and 

sealed in plastic bags

4. From each sample bag a pellet was selected at random for analysis immediately 

prior to analysis.
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Procedure

The approximate volume of pore space in chalk samples was determined to permit 

penetrometer selection. Penetrometers were selected in accordance with available 

stem volume (corresponds to the measurable volume change). The stem volume 

gives the total measurable volume of mercury that is available for intrusion into the 

sample. Available volumes on the 5 mL penetrometers used were in the range 0.392 

to 1.2 mL, thus Chalk samples of 1.0 to 2.5 g were selected taking into account their 

measured helium porosity of 15 to 35%.

Penetrometers were assembled and weighed. The join between the glass 

penetrometer and the metal disc seal was smeared with vacuum grease and the whole 

arrangement re-assembled and weighed to give the mass of the penetrometer and the 

vacuum grease. The Chalk pellet sample was taken from its sealed bag using 

tweezers and placed in the glass bulb of the penetrometer which was then re

assembled and re-weighed to determine the sample mass.

Penetrometers were then placed in the low pressure ports of the porosimeter (capacity 

4 penetrometers).

The relevant information was then entered into the control PC:- sample mass, 

penetrometer mass, penetrometer constant, penetrometer calibration file name, 

mercury contact angle (130°), surface tension (0.485 Pa.s) and density (13.5487 g/mL 

at 19°C), number of pressure steps required (50), pressure range required (0 to 60,000 

psia).

A vacuum was applied to the samples in the low pressure ports until pressure in the 

penetrometer was reduced to 50 pm mercury. Once the vacuum had been obtained 

mercury was introduced into the penetrometer and allowed to fill the void of the 

penetrometer. Pressure was increased in a series of steps, starting at 1.52 psia (0.01 

MPa), at each step the system was allow to equilibrate for 5 seconds and the volume 

of mercury intruded measured. Once at atmospheric pressure the penetrometers are 

removed from the low pressure ports and weighed to determine the mass of mercury 

used to fill the void space in the penetrometer.

The penetrometers were then placed in the high pressure system (capacity 2 

penetrometers). The system increases pressure in a series of predetermined pressure 

steps to a maximum 413 MPa with a 5 second equilibration period between steps.
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Mercury drainage was also measured in pressure steps as the pressure was reduced 

from 413 MPa to 0.1 MPa.

The porosimeter outputs data as volume change for each pressure step and calculates 

pore diameter, mean pore diameter, cumulative volume, cumulative pore area and 

incremental volume.

Results are calculated from the pressure - volume change relationship, the 

compressive effects of high pressure are corrected for by subtracting blanks for each 

penetrometer.

Results
The principle result from MIP is the volume of mercury intruded per pressure step. 

From this the pore throat diameter, d, for each pressure step is calculated using the 

relationship

, -4cr cos 6 
d = ------------

gP

where g is the gravitational constant, p = pgP where p  is the density of water and P 

is the pressure at that step. Pore surface area, A, is calculated, with the assumptions 

given in Chapter 7, as
Pi ' max

A = ----------  f Pdv
a  cos# '

The bulk density, grain density and porosity are also reported. Bulk density is 

calculated by dividing the sample mass by the volume of the penetrometer not filled 

with mercury at atmospheric pressure. Grain density is given by dividing the mass of 

the sample volume of the penetrometer not filled with mercury at the highest 

pressure. Porosity is obtained using the volume difference of mercury injected 

between atmospheric pressure and 413 MPa.

Sources of error 

Estimated Contact Angle

Even small differences in contact angle can lead to significant differences in 

calculating the pore diameter. Also the contact angle for some porous media changes 

depending upon the pores being penetrated.
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Small samples size

The equipment can only test very small samples and therefore these may not be 

representative of the mass of the rock. Features of the rock that occur at a similar 

scale to the sample size, such as small fissures, will not be measured.

Pore geometry

The analysis used assumes pores to have a cylindrical geometry, whereas pores have 

a variety of possible pore geometries and therefore the pore diameters reported are 

approximate.
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Appendix 8.1 Analysis of solid samples for total 
organic carbon content
Objective
The quantity of organic carbon in an aquifer is the major control on sorption 

characteristics of organic contaminants (see Chapter 2). A knowledge of the total 

organic carbon (TOC) content and its distribution may therefore give insight into the 

behaviour of organic compounds such as chlorinated solvents in the Chalk and 

permit estimation of the retardation parameter.

Principle
TOC is determined by combusting the sample in oxygen and measuring the quantity 

of carbon dioxide (CO2) produced, the sample having first been pre-treated by acid 

digestion to eliminate the inorganic (carbonate) carbon fraction. Acid soluble organic 

carbon with be lost during pretreatment

Method

Equipment

Crucibles 

Leco CS125

Acid digestor: A series of rubber cups which can be sealed against the side of the

crucible to allow a vacuum to be applied

10% HC1 acid

Deionised water

Scales

Iron chip accelerator 

Steel Calibration rings 

Iceland Spar (pure CaCC>3)

Sample Preparation

Representative samples of Chalk were selected for determination of TOC, these 

consisted of cores generally of 30 to 40 mm length and 100 mm diameter. Initially 

samples were broken into fist size pieces. These pieces were then fed into a jaw 

crusher that broke the sample down to pieces no greater than 10 mm across. The jaw
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crusher was thoroughly cleaned between samples, first with a stiff brush and second 

by washing down with acetone.

Samples were then milled to produce a fine powder for analysis. The powder was 

dried at 40°C until no further change in mass occurred between weighings. 

Subsamples of the powdered rock were placed in porous, ceramic crucibles. These 

crucibles had been treated by heating at 800°C for one hour to remove all organic 

carbon and allowed to cool immediately before use. Sample masses of between 0.5 

and 0.75 g were used. A scale with a precision of 1 ng was used.

The contents of the crucibles are treated with 10% HC1 acid solution. Acid and acid 

soluble material are filtered through the porous wall leaving an insoluble residue. 

Following complete digestion (no further effervescence) the residue was rinsed three 

times using deionised water. Blank crucibles were treated in the same way. The 

samples were then dried at 40°C until they reached a constant mass between 

weighings. Immediately before analysis a nominal volume of iron chip accelerator 

was added to each crucible using a standard scoop.

Standards

At the start of each analysis run the machine was calibrated by running 4 blanks and 

four standards. The standards (supplied by LECO) used were steel rings with a 

known carbon content of 0.462%. The calibration blanks were non-porous crucibles 

that had previously been heated to 800°C for one hour. Pure crystalline calcium 

carbonate with a carbon content 12.1% (Iceland Spar) was used as an intermediate 

standard after every eighth sample as a check on the linearity of the detector.

Blanks

Blanks were run after every eighth sample. Blanks were treated with acid in the same 

way as the rock samples.

Analysis

The prepared samples and standards were analysed for carbon and sulphur by placing 

the crucibles on the loading platen of the Leco CS-125. The platform was then raised 

into the furnace. Initially the sample is purged before being subjected to a stream of 

oxygen is then passed over the crucible at high temperature igniting the contents of 

the crucible. The reaction produces SO2 and CO2 gases that are analysed by an infra

red detector.
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Results
Results are reported as percentage organic carbon over for the dry weight of the 

sample prior to treatment. The detection limit is set as twice the standard deviation of 

the blanks.
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Appendix 8.2 Batch experiments to determine 
sorption parameters
Objective

To measure the sorption parameters for the Lower Chalk at Harwell and thereby to 

determine the importance of sorption and retardation in the transport of chlorinated 

solvents at the site.

Principle
The principles of batch sorption testing are thoroughly reviewed in Chapter 8.

Method

Equipment

Vial rotator

40 mL septum seal vials 

Glass syringes 

Centrifuge

Temperature controlled room 

Procedure

Chalk was prepared by being mechanically crushed to a fine sand grain size and then 

dried at 40°C for five days. The Chalk samples were then divided into pre-weighed 

30 g lots.

For each initial concentration a solution was prepared from a methanolic standard of 

TCE made from pure (greater than 99% pure) compound TCE (Chemserve). Control 

vials were filled using a glass syringe to eliminate headspace. Vials containing Chalk 

samples were part filled with solution, 30 g of pre-weighed Chalk was added quickly 

and the vial filled completely with no headspace and sealed with a PTFE lined septa 

held in place with a screw top. At each concentration step two vials were filled with 

Chalk and two with the control solution in a sequence of Chalk, control, Chalk, 

control. A blank was also run at each concentration step. The filling of five vials for 

each concentration step took approximately 5 minutes. The solid to liquid ratio was 

approximately 1:1 by weight, i.e., 30 mL of water to 30 g of Chalk., or 1:2.5 by 

volume (assuming a specific gravity for the Chalk of 2500 kg/m3). This was the
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highest ratio of solid to liquid that could realistically be achieved which gave 

sufficient volume for sampling at the end of the test. The sample and control vials 

were placed on a rotating tumbler apparatus set at approximately 30 rpm and allowed 

to equilibrate for 24 hours at an isothermal temperature of 22 ± 2°C. A 24 hour 

equilibration period was selected following a review of the literature. This time 

period is the most frequently used and would therefore allow a comparison with other 

work. It also represents a balance between the rate of sorption and the loss of 

volatiles.

At the end of the equilibration period the vials were centrifuged at 2500 rpm for 15 

minutes to produce approximately 15 mL of clear supernatant above the solid. A 10 

mL aliquot was taken from each vial using two glass syringes, one injecting air at the 

top of the vial and at the same time forcing the supernatant liquid into the second 

syringe. The contents of the syringe were transferred to a headspace vial that was 

immediately crimp sealed with a PTFE lined septa. Samples were then analysed 

using the headspace method described in Appendix 6.1. Quantitation was from 

external standards made up to the original starting concentration of the solution being 

tested.

Results
Sorption results are established by taking the difference in concentration between 

vials containing chalk and those without chalk and assuming that this difference is 

due entirely to sorption. The mass sorbed can then be calculated and the sorption 

parameters established by plotting mass sorbed against concentration to give an 

isotherm. The nature of the isotherm will be dependant upon the nature of the results.

Sources of error
Handling of volatile compounds is problematic and losses due to exposure to air are 

difficult to quantify. Losses will have been minimised by the speed at which the 

samples were prepared, but nevertheless some loss might be expected.

The analytical method used has a relatively low precision, which is large prepared to 

the difference in concentration between control and sample vials, reducing 

confidence in the results.
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APPENDIX 8.3 Method for diffusion testing
Objective
To obtain apparent diffusion coefficients for inorganic and organic solutes for the 

Lower Chalk from Harwell.

Principle
A core is immersed in a reservoir, and solute is introduced, either to the reservoir, or 

within the porewater in the core. The core is held such that only radial diffusion is 

permitted and the rate of change of solute concentration in the reservoir is measured 

by taking samples at set time intervals. The change in concentration over time is 

compared to solutions of the diffusion equation for radial flow.

Method

Core preparation

A Chalk core was selected and cut to a length of 245 mm by hand. Using 

woodworking equipment the ends were prepared to give a smooth, planar surface at 

right angles to the core sides.

Core saturation

As the Chalk is a weak rock the method of vacuum saturation often employed was 

found to not be suitable as it led to cracks forming in the core, therefore the core was 

saturated by employing its suction abilities. First the core was dried at 40°C for five 

days and weighed to establish its dry weight. The core was then placed in the 

diffusion cell and the cell was assembled. A CaCC>3 saturated solution made up in 

UHQ water was added through one of two ports, which allow entry to the cell, whilst 

the other port was left open to allow air to escape. Initially the cell was only partially 

filled and the core was allowed to saturate for reasonable length of time (7 days) over 

the course of this time water was added periodically until the volume of water 

entering the cell was equal to the volume of water leaving the cell, indicating that the 

core was saturated. Saturation was then checked by slightly pressurising the cell by 

adding additional water using a syringe. If the cell maintained the pressure for a 

period of time then saturation was assumed to be complete. The cell was left in this 

state until immediately prior to the test.
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Just before each test the cell was drained of the fluid surrounding the core (annular 

fluid) and the volume of drained fluid measured to establish the volume of the 

annulus. Samples were taken of this fluid to establish baseline conditions.

Organic solute

A 500 mL solution of chlorinated solvent(s) in CaC03 saturated UHQ water was 

prepared from methanolic standard(s) to arrive at a final concentration of 

approximately 200 pg/L (100 ppb). The solution was made up in a large separating 

funnel with a glass tap at its base. The base of the funnel was connected to the cell 

using copper tubing, such that the base of the funnel is above the cell (300 mm) to 

give some head to solution in funnel and preventing the solution of chlorinated 

solvents from coming into contact with any other material than glass and steel.

With the cell on its (longest) side the solution was added through one port until 

aqueous solution was displaced from second port without air bubbles. Both ports 

were then closed. A sample was taken of the added solution. The cell was then 

rotated about its axis horizontally at approximately one revolution per minute (rpm) 

under isothermal conditions at 22 ± 2 °C.

Samples were taken by placing two syringes at each sampling port, one empty (2 mL 

syringe) and one filled with UHQ water (5 mL). The port at which the empty syringe 

was placed was opened and water drawn into the syringe and rinsed by moving the 

syringe plunger up and down. Finally, a one mL sample was drawn into the syringe 

and the port closed. The other port was then opened and the same volume of water as 

that withdrawn drawn into the cell. Samples were taken at pre-selected time intervals. 

Blanks and duplicates were taken at each third sampling time.

Samples were transferred to 4 mL screw top amber vials sealed with a PTFE lined 

septa. The vials contained 1 mL of pentane. The vials and pentane had been weighed 

previously and stored in a freezer at -18°C prior to use. The samples were added to 

the vials and the top sealed, they were then re-weighed to determine the volume of 

sample and transferred to a refrigerator.

Inorganic solutes

Preparation and sampling for inorganic solutes followed the same method as that for 

organic solutes with the exception of sample handling. Once taken samples were 

transferred to an appropriate sized volumetric flask to arrive at a final concentration
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within the range of the analytical technique. The flask was then made up with UHQ 

water, and the sample transferred to a vial for storage prior to analysis.

Samples were analysed using the ion-chromatography method described in Appendix 

6 .2 .

Porosity

Porosity was determined by liquid resaturation on pieces of core located at the ends 

of the test section.

Results

Results are given as concentration against time, with a best-fit solution established 

from a solution for the diffusion equation for the geometry of the diffusion cell.

Sources of error
The size of sample taken (100 uL) is small and therefore dilution errors may occur. 

The volume of solute withdrawn during the sampling process reduces the mass of 

solute in the annulus. However, the sample size is very small compared to the 

annulus volume of 350 mL.

The annulus may not have been thoroughly mixed and this could lead to sampling 

being non-representative of the annulus concentration. In addition, lack of mixing 

may lead to concentration gradients across the annulus. The results show a good fit to 

the predicted behaviour and therefore mixing is assumed to have occurred.
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Appendix 11.1 Mathematical approach to a 
pulsed double-porosity model
Based on J A Barker (pers. comm.) revised by the author.

Introduction
This document provides the mathematical description of a new type of double

porosity model. The model has already found application to aquifer storage recovery 

and to periodic elution of solutes due to a fluctuating water table.

The model has much in common with some mixing-cell models but adds matrix 

exchange.

A full analytical solution is developed: the solutions take a form of summation over 

Green’s functions. Implementation must be via a computer programme so the model 

is best described as a semi-analytical model.

A qualitative description of the model is followed by a mathematical definition and 

the solution of the equations.

Description
The fundamental assumption in the model which permits an analytical solution is that 

water moves in jumps. It is assumed that each jump involves the same volumetric 

movement of water and that volume of water defines the cells of the system. For 

linear flow those cells might be cubes while for cylindrical flow to and from a well 

they would be concentric cylinders. When a pulse occurs, water in the fissures of one 

cell is replaced by water from a neighbouring cell. This approximation becomes a 

better assumption as the pulse interval gets smaller.

Assumptions
The model assumptions are summarised here:-

1. Steady state flow conditions are established instantaneously so the movement of 

water can be considered ‘piston’ flow.

2. There is no water movement in the rock matrix.

3. The fissures remain locally at a uniform but changing concentration - there is full 

mixing.

4. Mechanical dispersion is negligible.
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5. Movement of solutes within the matrix is described by Fick’s second law and 

characterised by and ‘apparent’ diffusion coefficient.

6 . Density effects on the flow are ignored.

7. Cells have the same fissure volume.

8 . Initially uniform concentration through the matrix.

Model Description
We focus on a single cell consisting of fissure and rock matrix. As water flows 

through the fissure system, mass enters and leaves the fissure component of the cell. 

It is convenient to envisage this as a source (or sink) term in the mass balance 

equation so neighbouring cells don’t need to be considered explicitly.

The model is best described and the mathematics developed for a specific matrix 

geometry but this is generalised later. The geometry adopted is that of parallel 

identical slabs of matrix separated by a uniform fissure (Figure 11.1). The unit 

considered here extends from the centre of one matrix slab across to the centre of a 

neighbouring block. The fissures have an aperture of a while the blocks have a (total) 

thickness of 2b.

Mathematical Formulation
The concentrations within the fissure and matrix for a cell will be denoted by c/ (t) 

m d c m(z,t), respectively.

Equating change of mass per unit area in the fissure with the sum of the diffusive 

flux and the source gives

where a is the fissure aperture, De is the effective diffusion coefficient and S(t) is the 

mass produced per unit volume per unit time.

We assume that the initial concentration in the fissure is known:

( I )

cf ( 0) = 0
Within the matrix mass balance is described by the diffusion equation:

(2)

(3)

where Da is the apparent diffusion coefficient.

As there is no diffusion across the centre of a matrix block (by symmetry):
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dcm
dz

= 0 (4)
z =b

At the matrix fracture interface the matrix and fracture water concentrations are 

assumed equal:

cm(0,t) = cf (t) (5)
We assume that the initial concentration in the matrix is independent of position

within the matrix.

c„(z,0 ) = c„l0
We introduce dimensionless time and distance variables given by

r-Bii
b 1

and

So (3) becomes

b - z
b

dc d2c„
dx a<;2 

Taking Laplace transforms gives
2—

P Cm ~ CmO =

d zc
d<?

where p  is the transform variable. Using (4), (5) and (6), this has the solution

Cm(Z,p) =  —  +
P

where
q = y[p

The derivative at the surface of the matrix block is

d  Cn

c o sh ^
cosh <7

= C / i p ) - ^ qtznhq
p .

(6)

(7)

(8) 

(9)

( 10)

( 11)

( 12)

(13)

We now return to the equation for transport in the fracture. Transforming to 

dimensionless distance and time and taking Laplace transforms gives

_ dc„
P Cf  C f  o  —

dt;
+ S'(P)

=̂1
where

cr = 2 bPE 
aDA

(14)

(15)

can be regarded as the ratio of matrix to fracture storage since De/D a is an effective 

matrix (diffusion)) porosity.
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(We have introduced a modified source term S'(x) = b2S(t) / DA but, as will become 

evident later, we do not need to use this transformation.)

Inserting (12) into (13) and rearranging gives the Laplace transform for the 

concentration in the fracture:

S'(p)  + c , 0 + Gcm0B(q)  _  _  c n
cf (p)= =lS'(P) + c/ 0 -  cm0lG (p,a) + (16)

p[l + oB(q)] p
where

and

B(^) = j a n h £  (1?)

G ( P ' c t ) =  r ,  m  ( 1 8 )p[l + oB(q)]

Discrete source term
To move towards our original problem with transport in the matrix we now consider

the source term as a series of instantaneous injections of mass into the fracture for the

cell under consideration.

S(0 = £ A c ,8 ( f - f , )  (19)
I

This causes a jump in concentration of Act at time f,. Substituting into (16)

(P) = [ S  Ac< exp(-/?T,) + cf Q -  cm0]G(p,o) + -^ 2. (20)
P

We can now formally give the solution in time:

cf (x) = ]TAc,. G(x -  t ,c t)  + (c/0 -  cm0)G(x,a) + cm0 (21)
i

where, from (18), the Green’s function G is given by an inverse Laplace transform:

0 r <0
'-'1 (22)L~'\p~]\\ + oB(y[p)] T> 0

Concentration in the matrix
The result for the matrix is given by (9) and (19)

cm{p A)  = —  + [ X  Aci exP(-p*,) + c/0 -  cm0]G (p,a) cosh<?^ (23) 
p i cosh <7

and the formal solution in time:

cJ T.Q = c™o + Z Ac. S(x_Ti^ ’CT) + (c/ o - cmo)s(T-S.°) (24)
/

where
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g(X ,£ ,C j) =  <

o
c o sh ^

x  <  0

x  >  0
(25)

p^l + <jB(-y[p)^coshq

The average concentration in the matrix is obtained by taking the average of that 

result across a matrix block to give

(26)

Combining (26) with (21) gives the combination G(p)B(q)  but this can be 

separated:

B(q) 1 G (p,o)
G(p,a)B(q) =

p[l + oB(q)] ap
(27)

so

(c„w ) = + ̂ "j I  Ac, m  T -  x() -  G(x -  x( ,o)] + (c/0 -  cm0)[l -  G(x,ct)]| (28)

0 x < 0
H(x) =

vl x > 0

Comments on the Green’s functions
The Green’s function G(x,ct) decreases from unity to l/(l+ a) as time increases:

(29)

limG(x,cr) = 1
T->0

lim G(x,a) =
1

1 + a
For small times

G(x,a) « exp(a2x) erfc(aVx) 

For large a  this becomes

1G(x,cr)«
Gyfnx

(30)

( 3 1 )

(32)

(33)

(Note that in both (32) and (33) x and a  only appear in the grouping a  x which 

represents a new dimensionless time. See the later section on diffusion times.)

The Green’s function g(x,< ,̂a) also increases from zero to 1/(1+g) as time increases:

limg(x,<;,CT) = 0
T —>0

lim g(x,£,a) =
(34)

1 + a
For small times

S ( x , £ , ct) » erfc k <
.2-s/x

(35)
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Generalisation of block geometry
The function B(q) introduced above has been previously defined for any matrix 

geometry by Barker (1985a, 1985b) where it was described as a ‘block geometry 

function’ (BGF). It can be defined for blocks of any specified geometry and for 

mixtures of blocks of a variety of shapes and sizes. However, only simple cases have 

been used, normally slabs, cylinders and spheres. Block geometry functions for some 

simple cases are given in Table A11.1.1. Barker (1988) provided a single formula for 

those three recognising that they are all ‘spheres’ of different dimensions and 

generalising to a sphere of any dimension.

Each geometry is associated with a characteristic length which is the ratio of block 

volume to block area in contact with the fractures. That length generalises or replaces 

b in equation (7) and the square of that length divided by the (apparent) diffusion 

coefficient gives a characteristic time for diffusion through a block, tc say (see 

below).

Diffusion times
Diffusion of solutes through saturated porous media is a slow process in which 

distance of diffusion increases as the square root of time. Typically diffusion over a 

distance of 1 mm takes about one hour, over 1 cm about a day, 10 cm about 6 months 

and 1 m about 50 years.

The diffusion coefficients and block sizes do not appear separately in the model but 

in combination as This parameter can be regarded as a characteristic time for

diffusion across a matrix block and will be represented by tc. It will normally have 

values in the range of months to decades.

While the porosity ratio, block diffusion time and block shape fully describe the 

behaviour of a double porosity system, another parameter, tCf, can be more 

characteristic of ‘short-term’ behaviour. This is the characteristic time for 

‘significant’ diffusion between the fractures and the matrix, tCf. The time tCf  can be 

thought of as the time for diffusion through a matrix volume equal to the fracture 

volume.

Water in a fracture with aperture of about 1 mm will approach equilibrium with a 

volume of about five times as much water (e.g., 14 mm at 30% porosity) in one day.
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It should therefore move roughly 80% of the way from its initial concentration to that 

of the matrix water in about one day.

From the asymptotic behaviour characterised by equations (32) and (33), it is evident 

that the fracture diffusion time can be defined in terms of the block diffusion times 

through

t c f = t c/ c ?  (36)
so the quantity o^r represents the dimensionless time t / t Cf_

Multiple cell model
This section introduces an implementation of the mathematical model, described 

above, as a cell model. Figure A 11.1.1 illustrates the movement of water through the 

model.

Let c n ( t )  be the concentration in the fracture in cell n  at time t . This is given by

c"(f) = c"(0)+ ^ A c " G [(f - f /) /  tcb] n = l,...,N  (37)

where /, is the time of movement and t c is the characteristic block diffusion time.

The concentration jumps are given by

lim [c"" '(;)-c"(0] v > 0

Ac; = •! 0 v = 0 (38)
lim[c"*'(») -  c"(f)] v < 0

where the concentrations at the ends of the model

c ° ( t )  = concentration in cell 0 
c N + ' ( t )  = concentration in cell N + 1 

must be specified as boundary conditions.

An alternative to Equation (37) arises if the fracture becomes unsaturated, as 

explained in the next section.

Unsaturated fractures
When fractures become unsaturated there is no exchange of solutes between matrix 

and fractures. This essentially changes the formulation of the model for unsaturated 

cells. However, an approximate method has been developed which remains within 

the formulation given above.

The basic idea is to ensure that over a small time interval the n e t  mass transfer 

between the matrix and the fractures is zero. (This type of solution is often referred to 

as a ‘weak’ solution.)
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The approach is to find that (instantaneous) change in fracture concentration at the 

start of the time interval which results in the fracture concentration at the end of the 

time interval being the same as that immediately after the jump. Clearly, if the 

concentration in the fracture returns to the initial value the net flux into the fracture 

must be zero, as required.

Of course, the unsaturated fracture concentration must not be taken into account in 

any mass-balance calculation but the value is meaningful in that it reflects the 

concentration at the surface of the matrix.

Equation (36) can be re-written in the following form which explicitly gives the 

concentration in fracture n before and after the last jump, which is taken to occur at 

time tj

c" (t) = c” (0) + [c"(f; ) -  c” (rj )]G[(r - t t ) / t c]+ £  Ac,”G [(r- / , . ) / 1 J  (39)
i e { i < j , i > i i ]

As explained above, we require

c \ t )  = cn(tJ) (40)
We can therefore solve the previous equation to give the, unknown, fracture

concentration after the jump:

c"(0 )-c"(tJ)G [(rJtl - t j ) / t cb]+ 2 > c ”G[(r:+, - t , ) / t ch] 
c”(f*) = ----------------------------------------------------  (41)

where all terms on the right are known.

Numerical implementation
A significant problem can be the large amount of storage required to save the 

concentration changes at all cells for all times. However, it has been noted (Equation 

(31 and 34)) that the Green’s function functions G(t,<j) and g ( r )  both decreases to 

a constant value, 1/(1 + cr), as time increases. This presents the possibility of splitting 

the summations in Equations (36) and (40) into a part where the Green’s function is 

variable and a part where it is constant. For the ‘constant’ part only the summations 

of the concentrations changes need be stored.

For example, Equation (21) becomes

cf (t)  * X  Ac< G(x “  T« ’CT) + T^~~Z Ac< + (c/o “  cm0)G(x,c) + cm0 (42)
iZK  1  +  C J  i<K
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Table A 11.1.1 Block geometry functions for some simple geometries

GEOMETRY BGF,) B(x) Characteristic length
Slab {tanh x)/x Half slab thickness
Cylinder (infinite) I i(2x)/x Io(2x) Half radius
Sphere (coth 3x)/x - 1/3X2 One-third of radius
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Fracture Matrix

Cell n

Cell 2

Cell 1

4-

4

4

4

4

Figure All. 1.1 Illustration o f  the movement o f  water through the model
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Appendix 11.2 Model verification
Verification
Simple checks have been made to determine whether the model is functioning 

correctly.

Mass balance

An obvious check is to conduct a mass balance such that the change in mass of solute 

in the model, AM, is equal to the initial mass in the matrix, Mm, plus the mass input 

via fissures, Mfi, minus mass leaving the model in fissure water, Mfo, such that

M  = + (1)

Mass balances have been checked for the simulations performed in Chapter 12. The 

model has been found to conserve mass.

Analytical solution

The model can be verified by taking a simple scenario and deriving an analytical 

solution to it that is different to the analytical solution used by the model code. A 

situation for which an analytical solution already exist is the case where the clean 

matrix is instantaneously brought into contact with contaminated fissure water.

A solution for diffusion from a well-stirred solution of limited volume into a plane 

sheet which is appropriate here was given by Crank (1975), using the apparent 

diffusion coefficient, DA, in place of the tracer diffusion coefficient, D0. The well- 

stirred solution is then equivalent to the fissure component of the model and the 

plane sheet to the matrix component.

The problem is formulated for a solution with a limited volume, in which the 

concentration decreases as mass enters the sheet. For a well-stirred solution with 

conservation of mass, then the concentration depends only on time (Crank, 1975). 

Crank’s Solution

An infinite sheet of uniform material of thickness 21 is placed in a solution and the 

solute is allowed to diffuse into the sheet. The sheet occupies the space defined by

- l< x < l

and the well-stirred solution occupies the space

-l-a <x <-l, I <x <l+a.
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= D —  (2)

The solute is well mixed and therefore its concentration is always uniform, starting 

from an initial concentration, Co• The plane sheet is initially free from solute. The 

solution to the diffusion equation

* £ _ r > —
3  3c'

has the initial conditions

C = 0-1 < x < 11 = 0 (3)

and boundary conditions

a —  = ±D —  x = ±1 t> 0 (  4)
3  3c

These state that the rate at which solute leaves the solution is always equal to that at 

which it enters the sheet over the surfaces x = ± 1.

An implicit assumption is that the concentration of the solute at the boundary 

between the sheet and the solution is equal in both media.

The original mass of solute in solution was originally entirely within the well-stirred 

solution at concentration Co therefore

flC<D+ /C .= f lQ  (5)

where C«> is the final concentration in the sheet (and solution) and Mx is given by

M . = 2/C. = 2aC° = (6)
"  l  +  a / l  1 +  a

and a  = a/l is the ratio of the volumes of solution in the free solution and in the 

sheet.

and the fractional uptake by the sheet is given by

1
2 aC0 1 + a

(7)

To convert to the notation used in the model, namely

and

tc = —  (8)
Da

and taking
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and

k = —

a  = —
G

r = -
L

( 1 0 )

(11)

(12)

Coo can be eliminated by setting Co equal to 1, thus

aCn a
C =

a+ l a + l

substituting for a gives

C  =
a

a  + 1

(13)

(14)

Table A11.2.1 summarises the conversion from the notation used by Crank (1975) to 

that used in the model.

The solution of Crank (1975) is obtained by use of the Laplace transform and is 

expressed in terms of the solute in the sheet at time t, (M}) as a proportion of Moo, the 

amount of solute in the sheet at infinite time

M = l _ y ^ ( l ± ^ L e x p
r ? \ + a  + a 2”2—i i  + a  + a-q;, 

where qn are the non-zero positive roots of

tan qn = aqn 

For most values of a  the simplest expression is

(15)
V I

M,
M.

*- =  ( l  +  a ) 1 -  exp(T / a 2 )erfcyj(T l a 2) (16)

where T = Dt/l2 

substituting

c m = C0[l -exp(fo)er/cA/(fe)}

where Cm is the concentration in the matrix.

For the fissure concentration, Cf, the Equation 11 becomes

Cf  = C0 exp {kt)erfc-,J{kt)

(17)

(18)
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This solution holds for early time only, where the boundary condition in the sheet is 

effectively infinite. For later time, the concentration within the sheet is given by 

Crank (1975) as

2(1 + a) exp[-Dqlt / /2) cos(qnx / /)
C =Coo i+ r 1 + a  + a 2q271=] COi9„)

(19)

so we now have

C .=
a

1 + a
2(1 + a ) exTp(-Dq2tt / 12) cos(^;ix //) ]

cos{q„)1 + a  + a  qn
(20)

converting to the notation used in the model gives

C =
1 + cr

71=1

2(1 +1 / <r)cr2 exp(-Dqlt /  /2) cos(qnx  / /)

cos(<7„)2 2 cr+CT + q2n
(21)

Which can be simplified to

c  1 i ; j V  exp(~?" ' ; 0  cosfa .* / 0
1 +  cr ^  <t 2 + o - + 9 2 c o s(<7„)

at the boundary between matrix block and fissure this can be fiirther simplified to

(22)

C»(o-.'c0  = 7 — + 2t7Z  2 . . ;1 + 0- <y + <++?„
(23)

This approach has been incorporated into a FORTRAN code DIFF1D (Barker, pers. 

comm.) in which qn, the roots of xcotx + x = 0 are found.

The output from this solution is compared to the model output in Figure A 11.2.1 

where it can be seen to be identical. The model conditions are listed on the figure.
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Table A ll .2.1 Comparison of terms in Crank’s solution and the model

Parameters used by Crank Parameters used by SUZIE

D d a

k

C

I 2b

a 1
a

T t

*c

C oo a
<2 + 1
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Introduction
The model SUZIE (Seasonally Unsaturated Zone Inundation and Elution) examines 

the effect of a fluctuating water table on contaminant concentrations in a dual 

porosity aquifer which consists of a porous matrix in which water is stored but does 

not move and a well developed fissure system in which water movement takes place. 

The matrix remains saturated at all locations within the model domain. The model 

was constructed specifically for the English Chalk but will have application to other 

dual porosity aquifers and other dual-porosity environments, as it is formulated in 

general terms. This manual is a practical guide to using the model and does not 

include a consideration of the theoretical or mathematical basis of the model. The 

mathematical basis for the model has been given in Appendix 11.1. In its present 

form the model is applicable to a fissured, microporous medium in which the water 

level fluctuates in the fissures, provided that the microporous medium remains 

saturated at all times and at all locations. The model allows variation of a range of 

parameters describing the domain geometry and storage characteristics, the 

hydrograph and a contaminant concentration representing the source term, to allow 

the user to examine the effect of these parameters on the rate of solute exchange 

between mobile fissure water and immobile matrix water. The model is not intended 

to simulate field situations in detail and is, primarily, intended to provide insight into 

the behaviour of solutes within the dual-porosity environment. The results of the 

model will be of interest to all who are looking at the effects of fluctuating water 

levels on contaminant distribution and flux.

Specifying the model input 

Introduction

The model parameters are specified via a data input file (SUZIE.DAT). This text file 

can be edited in a text editor. An example of the input file shown in Figure A 11.3.1. 

The various parameters are listed and their use described below. User specified 

variables are shown in bold. Normal text indicates parts of the input file intended to 

remain unaltered. The line numbers shown on Figure A 11.3.1, and referred to below 

are to allow reference to be made to the various lines and do not appear in the data 

file. Below line 4, the line number of which a particular parameter appears will vary 

depending upon the number of patterns used.
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Details of data input file

Setting the title and aquifer parameters

Line 1 SUZIE: Lower Chalk data set No. 1

The title can be user specified title for each run, with up to 80 characters 

Line 2 300 195 1 sigma, tc, ngeom

Sigma is approximately the ratio of matrix porosity to fissure porosity. Estimation of 

this parameter requires values for fissure and matrix porosity. Matrix porosity is 

easily determined using standard laboratory techniques, whereas fissure porosity is 

difficult to measure directly and is usually an unknown quantity with a wide range of 

possible values. In the absence of site specific data, matrix porosity for much of the 

Chalk can be obtained from Bloomfield and Williams (1995). Fissure porosity is 

difficult to measure directly but can be derived from secondary sources, such as 

specific yield from pump tests or tracer test peak arrival times. If a range of values is 

arrived at the user will need to assess the sensitivity of the model to this range. Sigma 

is dimensionless.

tc is the characteristic time, expressed as

b2
Da

and can be thought of as the time taken to for a solute move a characteristic distance, 

b, by diffusion. The user needs to specify an apparent diffusion coefficient (DA in 

m2/day) and a block size parameter, b, (m). In the Chalk, diffusion parameters for all 

three major units (upper, middle and lower) for chloride have been given by Gooddy 

et al., (1995). The parameter b is the ratio of the block volume to surface area and 

can be approximated as half the distance into a matrix block, or half the average 

fissure spacing. The diffusion coefficient is typically specified in dimensions of 

metres squared per day when distance is in metres.

ngeom determines the geometry of the model, a value of 1 specifies spheres and a

value of 3 specifies slabs

Accepted values: 1 or 3

Specifying a pattern of hydrograph

line 3 010 0 11 ,npattem,nwt0

a n d

5 4 1



line 4 1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot

t l  is the time at which the model starts, usually set as 0 for simplicity 

Range of accepted values: 0 to tmax

The pattern of water table movement is specified by a number of parameters. The 

first of these is the number of patterns, npattern which determines the number of 

different patterns of water table movement used by the model. The model in its 

present form allows up to 200 patterns but this can be extended. The model runs 

through each pattern in consecutive order. The starting layer for the model is 

determined by nwtO, which can be anywhere within the number of layers (nlayers). 

Each pattern is made up of five parameters, the first of these is the number of cycles 

(nrepeats) or the number of times the model runs through each pattern before 

moving on to the next pattern, up to a maximum of 200 repeats.

The remaining parameters specify the geometry of the water table rise and fall. They 

are, in order, time of rise (trise), time static at top of cycle (ttop), time of fall (tfall) 

and time static at base of cycle (tbot). Each period is specified as a number of days, 

normally in multiples of the time step parameter, dt (line 5). For each time step the 

system can either step up one layer, step down or remain static. By this process a 

pattern of water table movement which simulates a hydrograph can be arrived at (see 

example).

Iine5 5 1 400 nlayer, dt, tmax

nlayer is the number of layers. Up to 50 layers can be specified for the model. 

Increasing the number of layers increases the number of columns in the output file by 

a factor of 3 and requires a smaller time step thereby increasing the length of the 

output file.

dt is the time step. The model runs in steps and the size of these steps is given by the 

parameter dt (in days). The time step chosen directly influences the number of layers 

required. For instance, for a rising water table, a short time step will require a large 

number of layers to give the same rate of rise as a longer time step. However, a 

shorter time step can be used by inserting periods of static water table. The ideal time 

step / layer arrangement is best found by practical experience.

tmax is the maximum number of time steps, specified to prevent the model from 

overrunning, tmax is specified in the number of time steps permitted
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Specifying the initial concentration and the contaminant source term

line 15 1 Initial matrix conc. mode (0=array,>0 = 1- degree of polynomial) 
line 16 0 Coefficients of Polynomial. c( 1) + c(2) n + ... + c(5) nA4

Initial matrix concentration. The model allows the initial matrix concentration to 

be specified. A value of 0 for the initial matrix concentration mode requires the user 

to input an array of concentrations, giving a value in ascending order for each of the 

layers, values of 1 to 5 specify the order of the distribution polynomial. To arrive at a 

uniform (non-zero) concentration the user inputs the initial matrix concentration in 

the first line and a value of 1 for the order of the polynomial. Similarly to start with 

no mass in the matrix the user inputs 1 for the first line and 0 for the second.

line 17 2 Nbase = no.of base concentrations set (i.e. no. of following pairs. 
line 18 12 1 tbase 1 ,cbase 1 — from time tbase conc=cbase
line 19 1452 0 tbase2,cbase2_________________________________________________

Nbase = no. of base concentrations. The model allows for the concentration of 

fissure water entering at the base to vary with time. The parameter nbase specifies 

the number of changes in input concentration required. For each concentration period 

a start time, tbase, and a concentration, cbase are required. The model will continue 

to use a specified input concentration for rising stages until new concentration is 

f specified. For pulsed changes in concentration it is important that the input

concentration is both turned on and turned off. As the model does nothing for the 

first time step, model time is equal to real time plus the a single time step, dt.

Example
The use of the model is most easily illustrated by reference to an example. Figure

A 11.3.1 contains an example of a simple input file (SUZIE.DAT). User-specified

inputs are displayed in bold. The example uses values taken from the Lower Chalk.

The porosity of the Chalk matrix here is approximately 30%. A value for the fissure

porosity of 0.1% has been determined from tracer test arrival times (Tindal 1995).

The parameter sigma thus has a value of 30/0.1 = 300. The average block size at the

site has been assumed to be the same as the average spacing of horizontal fissures of
10 20.13 m. The apparent diffusion coefficient has been measured as 2.5 x 10' m /s  

(2.16 x 10'5 m/day). Taking half the average block size (0.065 m) gives a value of tc
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(b2/DA) of 195 days. Starting time, t l  has been set to 0 and the number of layers, 

nlayers, to 10. The selection of the number of layers represents a compromise 

between the level of detail required and the quantity of output that is generated. A 

large number of layers will produce an unmanageable quantity of data. The water 

table start point (nwtO) has been set to 0.

The number of patterns, npattern, has been selected to model behaviour over 5 

years. Each annual cycle has been divided into 2 patterns one for the rising limb and 

the second for the falling limb giving 10 repeats. The annual cycle of the hydrograph 

has been determined to consist of a mean 120 day period of rising water levels 

followed by a 240 day period of falling water levels. An annual cycle is illustrated on 

Figure 11.2, this consists of two patterns, the rising pattern steps up one layer per 

time step (12 days) to reach layer 10 after 120 days (trise). No stationary period at 

the top of the cycle is included in this pattern. As the rate of fall of the water table is 

only half that of the rise each step down on the fall consists of a static period and a 

fall. As a result it is necessary to formulate the fall as 10 cycles of a pattern, with 

each cycle consisting of one static period (ttop) and one fall period (tfall). The 

choice of time step is dictated by the number of layers and the most rapid rate of rise 

of the water table, the user then has to approximate other patterns by use of static 

periods.

In this example the matrix concentration at the start of the model is set to zero by 

setting initial matrix concentration to 1 and the coefficient of polynomial to 0.

Concentration is input into the model from the base by specifying a base 

concentration of 1 unit (cbasel) to start at time step 2 (tbasel). The concentration 

input is then set to zero after one year (cbase2) by setting a second period starting at 

372 (360 + dt) days with a concentration of 0 (tbase2). The model does nothing for 

the first time step and therefore model time equals real time plus the time step, dt.

Model Output
The model output consists of two data files, SUZIE.OUT and SUZIE.MAT.

The main model output file produces results in the form of an output file 

(SUZIE.OUT) which can be viewed in a text editor or more usefully imported into a 

spreadsheet. An example output file is given as Figure A 11.3.2, this is the output file 

obtained by running the data in the input file in Figure A 11.1.1. At the top of the
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output file the parameters are reproduced. The water table pattern fluctuations are 

then illustrated in terms of the cycle, pattern and phase but the main body of useful 

information is given as columns of concentration against time. Time is recorded in 

days with one time period per time step.

Concentration information is given as 3 values per layer per time step (fplus, fminus 

and matrixav). fplus is the concentration value of the fissure water immediately 

before a time step, fminus represents the concentration at the end of each time step 

and matrixav is the average matrix concentration at the end of each time step.

Figure A 11.3.3 gives the output for a single time step from SUZIE.MAT. This output 

is repeated for each time step in the model. The information consists of concentration 

against distance from the fissure for each layer. The easiest way to appreciate this 

data is illustrated in Figure 12.14, where concentrations across matrix blocks for each 

layer are illustrated for several times steps within a single (360 day) year.

Interpretation
The interpretation of the model is best left to the individual user as the output will 

depend upon the parameters chosen in the input file. The easiest way to view the data 

is as a graph of concentration against time for the average matrix concentration for 

each layer. Through simple manipulation the data can also be visualised as 

concentration against vertical location to see the development of matrix porewater 

profiles.
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Line
number
1 SUZIE: Lower Chalk data set No. 1
2 300 195 1 sigma,tc,ngeom
3 0 10 0 t l,npattem,nwtO
4 1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot
5 10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot
6 1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot
7 10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot
8 1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot
9 10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot
10 1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot
11 10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot
12 1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot
13 10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot
14 10 1 2000 nlayers, dt, tmax
15 1 Initial matrix conc. mode (0=array,>0 = 1 

- degree of polynomial)
16 0 Coefficients of Polynomial. c(l) + c(2) n 

+ ... + c(5 )nA4
17 2 Nbase = no.of base concentrations set 

(i.e. no. of following pairs.
18 12 1 tbase 1 ,cbase 1 -- from time tbase 

conc=cbase
19 372 0 tbase2,cbase2
20 0 10 10 tstart, tend, dtG

Figure A11.3.1 An example o f the model input file SUZIE.DAT. Numbers shown in 
bold are user-specified values, line numbers are included here for clarity but are not 
part o f the file



Input data returned
SUZEE: EXAMPLE 

Basic parameters
Matrix/Fracture porosity..............300.00
Characteristictime  195.00 days
Block geometry (l=slab, 3=sphere).. 1
Number of layers.....................  10
Maximum time step....................  12.00 days
Start time..............................0.00 days
Maximum time.......................... 2000.00 days
Initial water table in layer.......  0

WATER TABLE PATTERN:- 
Repeats Rise Static Fall Dormant 

(days) (days) (days) (days)
I 120. 0. 0. 0.

10 0. 12. 12. 0.
1 120. 0. 0. 0.

10 0. 12. 12. 0.
1 120. 0. 0. 0.

10 0. • 12. 12. 0.
1 120. 0. 0. 0.

10 0. 12. 12. 0.
1 120. 0. 0. 0.

10 0. 12. 12. 0.

CONCENTRATIONS AT BASE:- 
Conc. From time 
1.000 12.000 
0.000 372.000

Interpretation of hydrograph pattern
ADJUSTED TIMES FOR PATTERN I
Start time o f first rise..........0.00 days = DT* 0
Period of rise....................  120.00 days = DT* 10
Period of high water table 0.00 days = DT* 0
Period of fall....................0.00 days = DT* 0
Period of low water table 0 .00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 2
Start lime of first rise 0.00 days = DT* 0
Period of rise................... 0.00 days = DT* 0
Period of high water table  12.00 days = DT* 1
Period of fall....................12.00 days = DT* 1
Period of low water table 0 .00  days = DT* 0

ADJUSTED TIMES FOR PATTERN 3
Start time of first rise..........0.00 days = DT* 0
Period of rise.....................  120.00 days = DT* 10
Period of high water table 0 .00 days = DT* 0
Period of fall....................0.00 days = DT* 0
Period of low water table 0 .00  days = DT* 0

Figure A11.3.2 An example o f the data output file SUZIE.OUT. Annotations in bold 
are not part o f the file
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ADJUSTED TIMES FOR PATTERN 4
Start time of first rise..........0.00 days = DT* 0
Period of rise....................0.00 days = DT* 0
Period of high water table 12.00 days = DT* 1
Period of fall....................12.00 days = DT* 1
Period of low water table 0.00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 5
Start time of first rise..........0.00 days = DT* 0
Period of rise......................120.00 days = DT* 10
Period of high water table 0.00 days = DT* 0
Period of fall....................0.00 days = DT* 0
Period of low water table 0.00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 6
Start time of first rise..........0.00 days = DT* 0
Period of rise................... 0.00 days = DT* 0
Period of high water table 12.00 days = DT* 1
Period of fall....................12.00 days = DT* 1
Period of low water table 0.00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 7
Start time of first rise..........0.00 days = DT* 0
Period of rise......................120.00 days = DT* 10
Period of high water table 0.00 days = DT* 0
Period of fall....................0.00 days = DT* 0
Period of low water table 0.00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 8
Start time of first rise..........0.00 days = DT* 0
Period of rise.................... 0.00 days = DT* 0
Period of high water table  12.00 days = DT* 1
Period of fall.....................  12.00 days = DT* 1
Period of low water table 0.00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 9
Start time of first rise..........0.00 days = DT* 0
Period of rise.:................... 120.00 days = DT* 10
Period of high water table 0.00 days = DT* 0
Period of fall.....................0.00 days = DT* 0
Period of low water table 0.00 days = DT* 0

ADJUSTED TIMES FOR PATTERN 10
Start time of first rise..........0.00 days = DT* 0
Period of rise.................... 0.00 days = DT* 0
Period of high water table 12.00 days = DT* 1
Period of fall.....................12.00 days = DT* 1
Period of low water table 0.00 days = DT* 0

REACHED POINT A

Figure A l l .3.2 An example o f the data output file SUZIE.OUT. Annotations in bold 
are not part o f the file (continued)
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Representation of the hydrograph
TIME CYCLE PHASE WT STEP TYPE (1=DM, 2=OUT, 3=NONE, 4=UNSAT.) > 

n=1234567890
1 0 4 0 444 44 44 4 44
2 1 1 1 1 444 444 444
3 1 1 2 11444 444 44
4 1 1 3 11 144 4 44 4 4
5 1 1 4 1 1 114 444 44
6 1 1 5 111 114 444 4
7 1 1 6 111 111 444 4
8 1 1 7 111 111 144 4
9 1 1 8 1 11 11 111 44
10 1 1 9 1111 111 114
11 1 1 10 1 111 11 1 11 1
12 2 2 10 3333 333 333
13 2 3 9 2 22 222 222 4
14 3 2 9 333 33 33 3 34
15 3 3 8 2 22 222 224 4
16 4 2 8 33 333 333 44
17 4 3 7 2 22 22 224 44
18 5 2 7 33 333 334 44
19 5 3 6 2 22 22 244 44
20 6 2 6 3 33 333 444 4
21 6 3 5 2 22 224 444 4
22 7 2 5 3 33 334 444 4
23 7 3 4 2 22 24 444 44
24 8 2 4 3 33 344 444 4
25 8 3 3 2 22 44 444 44
26 9 2 3 3334 444 444
27 9 3 2 2 24 444 444 4
28 10 2 2 3344 444 444
29 10 3 1 2 4 44 444 444
30 11 2 1 34 444 444 44
31 11 3 0 4444 444 444
32 12 1 1 1444444 444
33 12 1 2 1144444 444
34 12 1 3 11 144 444 44
35 12 1 4 1111444 444
36 12 1 5 11 11144444
37 12 1 6 1111114444
38 12 1 7 1 111111444
39 12 1 8 11111111 44
40 12 1 9 11 11111114
41 12 1 10 11 111 111 11
42 13 2 10 333 333 333 3
43 13 3 9 22 222 222 24
44 14 2 9 3333 333 334
45 14 3 8 22 222 222 44
46 15 2 8 3333 333 344
47 15 3 7 2 2 222 224 44
48 16 2 7 33 333 334 44
49 16 3 6 22 222 244 44
50 17 2 6 3333 334 444
51 17 3 5 222 224 444 4
52 18 2 5 333 334 444 4
53 18 3 4 222 244 444 4
54 19 2 4 3 33 34 444 44
55 19 3 3 2 2 244 444 44
56 20 2 3 33 344 444 44
57 20 3 2 2244 444 444

Figure A l 1.3.2 An example o f the data output file SUZIE.OUT. Annotations in bold 
are not part o f the file (continued)
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58 21 2 2 334 444 444 4
59 21 3 1 2 444 444 444
60 22 2 1 34 444 444 44
61 22 3 0 444 444 444 4
62 23 1 1 1 44 444 444 4
63 23 1 2 114444 444 4
64 23 1 3 111 444 444 4
65 23 1 4 11 114 444 44
66 23 1 5 11111 444 44
67 23 1 6 11111 14 444
68 23 1 7 111111 144 4
69 23 1 8 1 111111144
70 23 1 9 1 111111114
71 23 1 10 1111111111
72 24 2 10 3 333333333
73 24 3 9 22 222 222 24
74 25 2 9 33 333 333 34
75 25 3 8 2 2 22 222 244
76 26 2 8 3333 333 344
77 26 3 7 22 222 224 44
78 27 2 7 33333 33 444
79 27 3 6 22222 24 444
80 28 2 6 33333 34 444
81 28 3 5 2222 244 444
82 29 2 5 3333344 444
83 29 3 4 222 244 444 4
84 30 2 4 3333444 444
85 30 3 3 2224 444 444
86 31 2 '3 3334 444 444
87 31 3 2 2244444 444
88 32 2 2 3344444 444
89 32 3 1 2444444 444
90 33 2 1 3444444 444
91 33 3 0 444 444 444 4
92 34 1 1 1444444 444
93 34 1 2 11444 44 444
94 34 1 3 1114444444
95 34 1 4 1111444444
96 34 1 5 11111 44 444
97 34 1 6 1111114444
98 34 1 7 1111111444
99 34 1 8 1 111111144
100 34 1 9 1111111114
101 34 1 10 1111111111
102 35 2 10 3333333333
103 35 3 9 2222222224
104 36 2 9 3333333334
105 36 3 8 22 22222244
106 37 2 8 3333333344
107 37 3 7 2222222444
108 38 2 7 3333333444
109 38 3 6 2222224444
110 39 2 6 3333334444
111 39 3 5 2 222244444
112 40 2 5 3333344444
113 40 3 4 22 22444444
114 41 2 4 3333444444
115 41 3 3 2224444444
116 42 2 3 3334444444
117 42 3 2 2244444444

Figure A l l .3.2 An example o f the data output file SUZIE.OUT. Annotations in bold 
are not part o f the file (continued)

5 5 0



118 43 2 2 33 4 44 4 44 4 4
119 43 3 1 2 44 4 44 44 44
120 44 2 1 3 44 4 44 44 44
121 44 3 0 4 44 4 44 44 44
122 45 1 1 1 444 44 4 44 4
123 45 1 2 1 1 444 444 44
124 45 1 3 1 11 44 444 44
125 45 1 4 1 11 14 444 44
126 45 1 5 1 11 11 444 44
127 45 1 6 1 11 11 144 44
128 45 1 7 1 11 11 114 44
129 45 1 8 1 1 11 111 144
130 45 1 9 1 1 11 111 114
131 45 1 10I 1 1 11 111 111
132 46 2 10i 3 33 33 333 33
133 46 3 9 2 22 2 22 2 22 4
134 47 2 9 3 333 33 3 33 4
135 47 3 8 22 2 22 2 22 4 4
136 48 2 8 3 3333 3 33 4 4
137 48 3 7 2 22 2 22 24 44
138 49 2 7 33 3 33 3 34 4 4
139 49 3 6 2 2 222 244 44
140 50 2 6 3 333 33 4 44 4
141 50 3 5 2 22 22 4 44 4 4
142 51 2 5 3 33 334 444 4
143 51 3 4 2 22 24 44 4 44
144 52 2 4 3 33 34 44 4 44
145 52 3 3 2 22 44 44 4 44
146 53 2 3 3 33 44 44 4 44
147 53 3 2 22 444 4 44 4 4
148 54 2 2 334 44 44 4 44
149 54 3 1 2 4 44 4 44 4 44
150 55 2 1 3 444 444 444
151 55 3 0 4 4 44 4 44 4 44

REACHED POINT C_________________________________________________________________________________________________

Figure A l l .3.2 An example o f the data output file SUZIE.OUT. Annotations in bold 
are not part o f the file (continued)
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Cell = layer
Columns are in order: layer; average matrix concentration; concentration at 
fracture/matrix boundary; 0.0625 x block size into matrix block; 0.1250 x block 
size into matrix block; etc.
Each row represents a layer
CONC. VS DISTANCE INSIDE MATRIX AT time 240.
Cell AVERAGE FRACTURE D= 0.0625 0.1250 0.2500 0.5000 1.0000
1 0.0321 0.0319 0.0320 0.0320 0.0320 0.0321 0.0322
2 0.0007 0.0007 0.0007 0.0007 0.0007 0.0007 0.0007
3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
6 0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0
7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8 0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0
9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
10  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 0 0 0

Figure A l l .3.3 Output from SUZIE.MAT for a single time step taken from the 

example run (data input file in Figure A l l .3.1) after 240 days showing details o f 

porewater concentrations across matrix blocks fo r  each layer at five locations within 

the block

Annotations in bold are not part o f the file
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APPENDIX 12.1 Example data input data file
SUZIE Simulation A, 30 years run, 10 years of contaminant input
30 163 1 2 sigma,tc ,ngeom,tcmemoryf
0 60 0 tl,npattern,nwtO
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat, trise ttop tfall tbot
10 0 12 12 0 nrepeat, trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall. tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat, trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat, trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat, trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat, trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
10 0 12 12 0 nrepeat, trise ttop tfall tbot
1 120 0 0 0 nrepeat, trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat, trise ttop tfall tbot
10 0 12 12 0 nrepeat, trise ttop tfall tbot
1 120 0 0 0 nrepeat, trise ttop tfall tbot
10 0 12 12 0 nrepeat,trise ttop tfall tbot
1 120 0 0 0 nrepeat,trise ttop tfall tbot
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10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot 
1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot 
10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot 
1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot 
10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot 
1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot 
10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot 
1 120 0 0 0 nrepeat,trise,ttop,tfall,tbot 
10 0 12 12 0 nrepeat,trise,ttop,tfall,tbot 
10 12 2000 nann, dt, tmax
1 Initial matrix cone. mode (0=array,>0 = 1 
0 Coefficients of Polynomial c(l) + c(2) n +
2 Nbase = no.of base concentrations set (i.e 
12 1 tbasel, cbasel
3612 0 tbase2, cbase2 
0 10 10 tstart, tend, dtG 
END

degree of polynomial)
. .  + c ( 5 )  n A4
no. of followingpairs.
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