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Abstract 
Groundwater from the (largely unconfined) Chalk aquifer constitutes a major 

water resource. The unsaturated zone plays a crucial role in the hydrological 

cycle, determining the timing and magnitude of recharge, and the transport and 

fate of nutrients. However, despite over 30 years of study our understanding of 

this system is incomplete. 

The objectives of this research were to investigate the aquifer characteristics 

of the Chalk and to clarify the physical processes controlling the movement of 

water in the unsaturated zone. Combining results from laboratory tests, 

geophysical logs, CCTV surveys and field instrumentation comprehensive 

insights into unsaturated zone processes are provided. Stratigraphical and 

geographical distributions of aquifer properties were investigated and marl 

horizons shown to provide the principal contrasts in hydraulic conductivity. 

Results from novel testing procedures allowed the Chalk soil moisture 

characteristic to be quantified and suggested surface storage and film flow to be 

significant unsaturated zone processes. CCTV and geophysical surveys 

provided supporting evidence of this and also highlighted the role of marl 

horizons in controlling saturated and unsaturated flow. Geophysical surveys 

also showed that the Chalk lithostratigraphy can be related to physical 

characteristics and fracturing which act to control recharge processes. 

Recharge was studied at two instrumented sites allowing matric potential to 

be monitored beyond depths previously attempted. At East Ilsley, Berkshire, 

UK, recharge occurred throughout the year via the matrix, contrastingly, at 

North Heath Barn, Sussex, UK, the capacity for vertical drainage was low and 

evidence suggested that episodic lateral fracture flow would occur instead of 

vertical recharge. The instrumentation also showed that the water level in an 

unlined observation borehole can be influenced by processes in the unsaturated 

zone and may be an unreliable indicator of the water table. 

The findings of this study have important implications for the representation 

of recharge in groundwater models and the reliability of the parameterisation 

and predictions of these models. The presence of stratigraphically constrained 

recharge pathways suggests focused recharge to be a significant, although 

poorly understood, process controlling recharge to the Chalk. 
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Notation 
 

a   fracture aperture (m) 

ah   hydraulic aperture (m) 

am   mean fracture aperture (m) 

s   seconds 

h   hour 

d   day 

g   acceleration due to gravity (m s-2) 

m   meters 

hz   elevation head (m) 

R   radius of capillary tube (m) 

r   radius (m) 

d   pore throat diameter (m) 

   matric potential (KPa) 

θ   volumetric water content (m3/m3) 

θs   saturated water content (m3/m3) 

θr   residual water content (m3/m3) 

k   permeability (m2) 

γ   surface tension (Nm-1) 

v   kinematic viscosity of water at 20oC (m2s-1) 

   velocity (ms-1) 

µ   dynamic viscosity of water (Pa s-1) 

α   Van Genutchen θ() parameter (kPa) 

n   Van Genutchen θ() parameter (-) 

m   Van Genutchen θ() parameter (-) 

σ   Kosugi θ() parameter (-) 

0   Kosugi θ() parameter (kPa) 

c   Kosugi θ() parameter (kPa) 

λ   Brooks and Corey θ() parameter (-) 

s   Brooks and Corey θ() parameter (kPa) 

ρ   density (kg m-3) 

ρw   density of water (kg m-3) 

v 
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Se   effective saturation (-) 

K   hydraulic conductivity / coefficient of permeability (m/d) 

Sv   specimen volume (m-3) 

mwa   weight of waxed specimen in air (kg) 

mww   mass of waxed specimen in water (kg) 

md   mass of dry specimen (kg) 

ms   mass saturated specimen (kg) 

mBD  meters below datum (m) 

mBGL  meters below ground level (m) 

mH2O  meters of water (m) 

Wv   volume of wax (m3) 

β   Saturation state (-) 

Cv   coefficient of consolidation (m2year-1) 

mv   coefficient of compressibility (m2MN-1) 

e   void ratio (-) 

t90   matching point for square-root time fitting curve method (s) 

Kf   coefficient of fracture permeability (m/d) 

U   Mann-Whitney test statistic (-) 

vw   water velocity (m/h) 

Rs   response time (s) 

db   borehole diameter (m) 

Ff   feature frequency (m-1) 

ft   Film thickness (m) 

C   fracture connectivity (-) 

S   matric potential dependent storage (-) 

Ss   specific storage (-) 
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Chapter 1 Introduction 

1.1 Context 

In England and Wales, around one third of water used for public supply is provided 

by groundwater, and of this around one third comes from Chalk aquifers (Price, 

1996), although in localised areas of south east of England communities may be 

solely dependent upon the Chalk for their water supplies. 

As well as its undoubted importance as a source of potable water, the extensive 

outcrop of the Chalk acts as the substrate for human infrastructure in the form of 

housing, industry and transport links as well as large tracts of agricultural land. 

Indeed the Chalk in the UK has an outcrop area of some 21500 km2, larger than 

all the other major aquifers combined (BGS, 1997). An understanding of the 

processes controlling the passage of water through this medium is desirable in 

order to better predict the cause and effect that natural variation and 

anthropogenic activity may have on the aquifer. Such effects may be felt in human 

and economic terms and include, but are not restricted to the occurrence of 

droughts and floods and impacts upon water quality, biodiversity and ecological 

quality. 

Because of its importance as an economic and highly exploited aquifer water 

flow through the Chalk has been the subject of over one hundred years of active 

research (Headworth and Downing, 1990). The vast majority of this effort however, 

has been directed to the understanding of water flow in the saturated aquifer with 

a much smaller volume of work devoted to the study of the unsaturated zone. 

Conversely, in the field of engineering geology the majority of projects have been 

undertaken within the Chalk unsaturated zone and so it would seem appropriate to 

look towards this discipline to develop a greater understanding of its physical 

properties. 

The unsaturated zone of the unconfined Chalk may be many tens of meters in 

vertical extent and represents the primary pathway by which almost all water 

enters the aquifer. It is also a significant storage reservoir with an estimated 

dynamic storage of between 0.4 x109 and 1.0 x109 m3 (Lewis et al. 1993). Yet, 

despite its undoubted importance and over thirty years of study, relatively little is 

known about the distribution of the hydrological characteristics that control the 

storage and movement of water within it. 
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With notable exceptions (Price et al., 2000; Brouyére, 2004), studies into the 

unsaturated characteristics of the Chalk have centered on information derived 

from instrumented field sites (Wellings and Bell, 1980, 1982, Wellings 1984, 

Gardner et al. 1990, Jones and Cooper 1998, Mahmood-ul-Hassan and Gregory, 

2000, Haria et al., 2003, Ireson et al, 2006, 2008a) rather than laboratory studies. 

Such field studies have, with considerable success, characterised the mode of 

operation of the Chalk unsaturated zone at particular sites but have relied heavily 

upon in situ measurements of the shallow unsaturated zone. With the exception of 

studies conducted by Wellings and Bell (1980) and Zaidman et al. (1999) field 

investigations have been focused on processes occurring at relatively shallow 

depths, typically less than 5m. This has resulted in a deficiency in our knowledge 

relating to both the mode of operation of the deeper unsaturated zone and also the 

physical characteristics of this domain. It is essential to recognise that such 

studies are a snapshot of reality, and may be unrealistic due to the interference of 

the instruments with the natural system, or instrumentation artifacts which are 

poorly understood (Ireson, 2007). The site-specific nature and limited vertical 

extent of these studies must also cast doubt over the validity of extrapolating the 

observed behaviour, both laterally and vertically. Their usefulness as the basis for 

a suitably sophisticated conceptual understanding of the Chalk unsaturated zone 

must, therefore, be called in to question. 

In unconfined Chalk the unsaturated zone commonly has a vertical extent of 

many tens of meters and may in extreme cases reach a thickness in excess of 

160m. Placing suitable instruments at these depths is technically challenging and 

adequate instrumentation has not been available until recently. Retrieve material 

from such depths for complementary lithological characterisation, and the exercise 

can become prohibitively costly. The FLOOD 1 project, a collaborative project 

involving the British Geological Survey (BGS), the Bureau de Recherches 

Géologiques et Minières (BRGM) and the University of Brighton (UoB), has 

recently undertaken such an exercise enabling deep unsaturated processes to be 

studied at two sites in the UK. 

In order to investigate the unsaturated zone many workers have resorted to the 

study of the movement of natural and artificial tracers (Smith, 1970 and Foster, 

1975). Whilst these investigations have yielded valuable information regarding flow 

rates the use of indirect observations as a means of studying unsaturated flow 

processes is unsatisfactory. The complex reactions between the matrix and 
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fracture domains cannot be resolved through the use of such studies. For this 

reason they have been either largely inconclusive or contradictory as a means of 

illuminating the properties and processes that control water movement within the 

unsaturated zone. 

Historically a lack of a suitably refined, readily employable stratigraphical 

framework and available mapping has acted to mask the presence of lithological 

and structural variations within the Chalk. This has resulted in many studies being 

poorly constrained with respect to lithological classification and therefore hard to 

draw direct comparisons between them. Recent advances in the stratigraphical 

subdivision of the Chalk (Bristow, Mortimore and Wood, 1998) have resulted in the 

adoption of nine litho-stratigraphically derived formations which are mapped 

across the south east of England and can be recognised in northern France 

(Mortimore and Pomerol, 1987; Duprerret et al., 2005; Hadlow, pers. com.). The 

lithostratigraphy presents a framework within which to assess hydrological 

variation, whether or not it is appropriate to make extrapolations employing this 

framework has yet to be assessed and forms part of this thesis. 

In the laboratory, measurement of the unsaturated characteristics of porous 

media is difficult and time consuming. This has resulted in a paucity of available 

and reliable values with which to assess local, regional or stratigraphical variation 

in these characteristics. Data from previous studies (Price, 1976, 1979; Price et. 

al. 2000; Brouyére, 2001, 2004) prove difficult or impossible to place accurately 

into the present stratigraphic framework and have relied on indirect sources of 

measurement to determine the unsaturated characteristics over a limited range of 

values. Furthermore, whilst the hydraulic properties of the Chalk matrix are 

conducive to laboratory study the same cannot be said of those of the fractures. 

To date no laboratory studies have adequately investigated the characteristics of 

fracture flow and storage in unsaturated Chalk. This raises a serious question with 

regard to the validity of employing values derived from previous studies to 

populate models used to simulate unsaturated processes. 

The field of engineering geology has made advances in the understanding and 

classification of the physical properties of the Chalk unsaturated zone, where the 

vast majority of construction projects are undertaken. Approaches to rock mass 

characterisation (Mortimore, 1990, Lord et. al, 1994) that employ the frameworks 

of stratigraphy, sedimentology, tectonics and geomorphology have been 

developed in an attempt to predict engineering performance. In doing so many 
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parameters important in the mode of operation of the Chalk unsaturated zone are 

quantified although it must be noted that some, vital in understanding of 

unsaturated hydrogeology, are not addressed by these schemes. 

This thesis aims to address the shortcomings outlined above through the 

application of a holistic approach to the assessment and quantification of the 

hydraulic properties of the Chalk unsaturated zone and its mode of operation. 

Ideas, theory and practice from the disciplines of soil science, hydrogeology and 

engineering geology are employed to develop conceptual models based on 

experimental data and field observations. 

1.2 Research objectives 

The objectives of this thesis are: 
 

 To establish a methodology for investigating the vertical and lateral 

heterogeneity of the Chalk unsaturated zone using field and laboratory data 

and use this to assess the variation and distribution of hydrologically 

important parameters at a variety of scales. (microns to 100’s Km). 
 

 To present and evaluate the results from novel laboratory tests which have 

enabled the characterisation of the unsaturated properties of both the 

matrix and fracture domains of the Chalk. 
 

 To assess the suitability of the Chalk lithostratigraphy to act as an 

appropriate framework within which extrapolations of variations in hydraulic 

properties observed in the field and laboratory investigations may be made. 
 

 To assess the ability and suitability of state of the art monitoring arrays as a 

means of monitoring and investigating conditions and processes prevalent 

in the deep unsaturated zone of the Chalk. 
 

 To develop conceptual models of the chalk unsaturated zone and its mode 

of operation based on field and laboratory observations.  
 

To enable these objectives to be realised, results from several complementary 

lines of investigation are presented. In order to assess the variation and 

distribution of hydraulic characteristics lithological specimens were taken from a 

variety of sources (borehole core and field exposures) and from a number of 

locations within the Anglo-Paris basin. Details of the locations, sites, stratigraphic 
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range and investigative methods employed are presented in Figure 1 and Table 1 

and solid and drift geology of the UK based locations in Figure 2. Unique to this 

study is the ability to compare results from the laboratory program with the data 

from two instrumented field sites specifically constructed under the FLOOD 1 

project to monitor the deep unsaturated zone. The FLOOD 1 experimental sites 

allow the behaviour studied and observed in the laboratory to be placed into a field 

context. In order to better understand the observed phenomena and their 

implications at the borehole and catchment scale a program of geophysical 

investigations was also undertaken at a number of sites. 
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Figure 1. General location of study areas and field sites. Relative topography of Chalk outcrop displayed using Digital terrain model (DTM) data. DTM data for UK sites from Digimap and from BRGM (Orleans) for the Hallue 

area.

Ian
pdf



 38

 

 

Table 1. Overview of the stratigraphic coverage and investigative methods employed at each study site in the three field locations. Stratigraphic coverage illustrated using information from the UK Southern province Chalk 

stratigraphy of Mortimore (2001). 
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Figure 2. Solid geology and covering superficial deposits for the three UK study 

areas from BGS 1:25000 mapping. For key to symbols see figure 
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1.3 Thesis outline 

Chapter one introduces the background to the present study outlining the key 

research objectives and the rationale and philosophy under which the investigation 

has been undertaken. The study relies on data derived from field sites located in 

disparate geographical areas. An overview of the key field areas, sites and 

investigative methods is presented here to give a feel for the breadth of the 

investigation and to allow the literature review to be placed in context. 

Chapter two is a literature review the purpose of which is to introduce and 

outline some of the key principles and established knowledge used throughout the 

thesis. An overview of the composition, description and classification of Chalk is 

first given followed by an introduction to the stratigraphic framework employed by 

the study. In the later stages of chapter two particular considerations are given to 

unsaturated zone processes and the key concepts that underpin our present 

understanding are introduced. Chapter two concludes by proposing a number of 

key research questions that are to be addressed by this thesis. 

In chapter three results of the preliminary laboratory test program are 

presented. An introduction to the rationale behind the program is given followed by 

descriptions of the methods of investigation and experimentation. Employing the 

data gained from the experimentation an assessment is made of spatial and 

stratigraphical variations in hydrological parameters and their link with index 

properties. These data are subsequently used as the basis for sample selection for 

the advanced testing program described in Chapter four. 

Chapter four presents methods and results from the advanced laboratory tests 

which were specifically designed to develop an understanding of Chalk 

unsaturated zone hydrogeology. Results are presented from novel experimental 

procedures enabling a detailed study of surface storage effects to be made. In 

order to provide answers to some of the research questions posed in chapter two, 

variations in the behaviour of unsaturated Chalk are assessed. The subsequent 

analysis addresses key areas of uncertainty in the current understanding; such as 

the operation and behaviour of the fracture matrix system, their associated 

thresholds and storage characteristics. The understanding developed in chapters 

three and four forms the knowledge base, which is used subsequently in Chapters 

five and six to interpret observations from the field investigations. 



41 

In chapter five the findings of a geophysical study are presented and discussed. 

The purpose of the geophysical study was twofold; (i) provide through direct 

observation a means of investigating the wider occurrence of previously 

unrecorded unsaturated zone phenomena observed at the Brighton study site and 

(ii) provide a means of characterizing the saturated and unsaturated zones of the 

Chalk in terms of both physical structure and flow regime, at both borehole and 

catchment scales. Drawing from the findings and information presented in 

subsequent chapters conceptual models for the operation of the Chalk are 

presented and discussed. The understanding developed in Chapter five is used 

later in chapter 6 as an aid in the interpretation of data from the instrumented field 

sites. 

A unique aspect of the present study is the ability to place the findings of a 

laboratory testing program in a realistic hydrogeological context which is the focus 

of chapter six where an outline and overview of the field instrumentation employed 

is presented. Data from the instrumentation are then assessed in relation to 

observed laboratory behaviour and used to evaluate flow processes in the 

unsaturated zone at the two study sites. A critical analysis of the monitoring arrays 

employed is also undertaken and spatial and temporal variations in the modes of 

operation of the deep unsaturated zone evaluated. 

A summary of the conclusions and findings of the study is provided in chapter 

seven, where the findings and contributions made to our understanding by the 

study are presented, followed by recommendations for further work. Finally, the 

implications of the findings are discussed, in relation to aquifer management 

strategies and hydrogeological practice, and general conclusions presented. 
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Chapter 2 Literature Review 

2.1 Introduction 

In very board terms elements and processes of the hydrological cycle are studied 

by three main disciplines – meteorologists are concerned with water in the Earth’s 

atmosphere, hydrologists are concerned with water on the Earth’s surface and 

hydrogeologists are concerned with water below the Earth’s surface, 

predominantly below the water table. There is then a gap between the ground 

surface and the water table which has tended to be addressed separately by these 

three disciplines each addressing their own concerns – meteorologists being 

concerned with evaporation and transpiration from the ground surface, 

hydrologists with the partition of evaporation, runoff and infiltration and 

hydrogeologists with the recharge to aquifers. This gap, between the ground 

surface and the water table, is referred to as the unsaturated zone or vadose 

zone, and is an extremely important component of the hydrological cycle. An 

understanding of the physical properties of this zone is fundamental to determining 

the hydrological behaviour and processes in operation at a catchment scale. In 

order to understand and characterise the unsaturated zone we rely heavily on the 

discipline of soil physics which gives us a quantitative framework within which to 

conduct our descriptions and analysis. In this Chapter a background to the key 

concepts, understanding and theory of unsaturated zone hydrology is provided. 

A primary aim of the current research is to attempt to quantify the variability in 

the hydraulic properties of unsaturated Chalk and to place this variability in its 

correct stratigraphical context. With this in mind the remainder of the chapter is 

dedicated to a review of the Chalk, with particular attention to previous studies 

conducted to attempt to understand the flow processes in the unsaturated zone 

and its physical properties. The review is intended to identify gaps in our 

knowledge and physical understanding of the Chalk whilst also providing a 

background to the stratigraphical and theoretical frameworks within which 

variability is to be assessed. 
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2.2 Lithology, composition and classification of the Chalk 

2.2.1 Lithological and compositional classification 

Chalk is recognised as a lithology in many parts of the world and ranges in age 

from at least the Jurassic through to the present (Mortimore, 1990). The general 

term chalk refers to a bioclastic deposit derived from pelagic sources composed of 

a matrix consisting of both coarse and fine fractions (Hancock, 1975 and Bell, 

1991). The coarse fraction, 10 µm to 100 µm, comprises between 5% and 25% of 

the volume (Hancock, 1975) and is derived from the fragments of large shelled 

organisms. The fine fraction, <3 µm, consists of coccoliths and foraminifera 

(Scholle, 1974). 

The more specific term Chalk, or 'the Chalk', is used to refer to the upper 

Cretaceous Chalk Group of North West Europe in the manner outlined by 

Mortimore (1990); implicit in the use of this term is the differentiation between 

chalk as a type of sedimentary rock and the Chalk as a formal term for a rock 

formation. Far from a trivial matter of nomenclature, use of the term Chalk implies 

an understanding, the absence of which appears to have impeded many previous 

studies into the unsaturated zone, that intra-formational lithological variation is 

inherent. With this more encompassing view the Chalk can then be classified as 

being a cocolithic limestone that may grade into and out of marls and caclarenites 

(Mortimore, 1990). Figure 3 and Figure 4 illustrate these classifications. 

 

Figure 3. Classification of chalk-clay mixtures based on standard system of clay-lime 

classification. (Mortimore, 1990). 
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Figure 4. Chalk sediments and relationships to tuffeau and clay. Question marks denote 

insufficient constraining data, (Mortimore, 1990). 

The distribution of both the clay-rich marl horizons and the hardgrounds are not 

random and their occurrence has been observed to be stratigraphically 

constrained. The development and preservation of hardgrounds can be related to 

both basin wide events and local tectonics which have acted to control deposition 

and diagenesis (Mortimore et al. 1996). In a similar manner the distribution of 

marl-rich horizons have been linked to both basin scale processes (Wray, 1999) 

and local tectonics (Mortimore and Pomerol, 1997). On the basis of geochemical 

evidence Wray argued two separate mechanisms for the occurrence of marl 

horizons; Volcanogenic marls, derived from volcanic ash falls and detrital marls 

considered the result of periodic increases in clastic input. The tectonic controls on 

the occurrence and distribution on these features are further discussed in section 

2.3.1 below. 

In contrast to the primary constituent of coccolithic limestone and the 

intermittent marl seams, the Chalk is also characterised by the occurrence of flint 

(Hancock, 1975; Mortimore, 1986). Contrasting with the weaker limestone and 

marls, flint, composed of cryptocrystalline silica, may take on many forms within 

the Chalk. Although typically distributed as semi continuous layers of nodules 

parallel to bedding it may also occur in an almost continuous tabular form (tabular 

flint horizons) or fill inclined or horizontal fractures (sheet flint). The formation of 

flint has been the subject of debate for many years (Hancock, 1975), although a 

generally accepted mechanism for their formation as an early stage diagenetic 

process was presented by Clayton (1986). Similar to the marl horizons the 

occurrence and form of the flints have been shown to be stratigraphically 
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controlled and have been linked to late Cretaceous tectonics (Mortimore, 1986b), 

section 2.3.1. 

2.2.2 Rock mass classification of the Chalk 

As well as compositional classification it is common in engineering geology to 

describe and classify the Chalk in terms of its hardness, strength and density. A 

number of such classification schemes have been proposed (Ward et al 1968; 

Spink and Norbury, 1990; Mortimore et al., 1990; Lord et al., 1994). The CIRIA 

scheme (Lord et al., 1994; Bowden et al., 2002), shown in Figures 5 and 6 

represents a readily employable and formalised method of field classification, 

which also incorporates the spacing of natural discontinuities. 

 

Figure 5. CIRIA classification method for Chalk. (Lord et al. 1994; Bowden et al. 2002) 

The major advantage to employing this type of engineering classification for 

hydrogeological description is that information relating to the bulk nature of the 

rock mass is provided rather than a single point determinant such as a 

permeability value. The merit of employing an engineering geology approach to 

hydrogeological characterisation is obvious if a suitably large rock mass is 

considered (Figure 7). 

Bowden (1998) showed that measurements of hardness, density and strength 

could be directly related to intact dry density (IDD) for the Upper and Middle Chalk. 

Furthermore, Lamont-Black and Mortimore (1998) showed a relationship linking 

IDD to natural moisture content (NMC) and that for Chalk with IDD values above 

1.70 Mg/m3 NMC can be considered to be equal to the saturated moisture content, 

and hence the porosity, Figure 8. This then gives the CIRIA classification some 



46 

hydrogeological significance. The deviation from the natural moisture content-IDD 

relationship for soft Chalk suggests that they are able to gain and lose water more 

easily than the harder low porosity Chalks. An exception to this general trend was 

seen for the Old Nore Beds of the Newhaven Chalk when compared with Seaford 

Chalk of an equivalent IDD (Figure 8), it was suggested that differences in pore 

size and pore throat diameters between the different stratigraphic units may be the 

cause. 

 

Figure 6. Details of CIRIA scheme for classification of engineering properties of Chalk 

(Bowden et al. 2002). 
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Figure 7. Idealised diagram showing the transition from intact rock to a heavily jointed rock 

mass with increasing sample size (Hoek and Brown, 1980). 

 

 

Figure 8. Relationship between intact dry density, natural moistire content and saturated 

moisture content (fitted line d) (Lamont-Black and Mortimore, 1998). 

The use of the CIRIA scheme is also suited to the characterisation of borehole 

core and may provide a method with which to quantify the distribution of some 

hydrogeologically important parameters. When linked with detailed geological 

descriptions of texture, lithology and biostratigraphy from core or field sections this 

method of characterisation becomes an effective means of understanding local 

and regional trends within the Chalk. The quantification of discontinuity spacing for 

Ian
pdf



48 

example can help identify the depth and variation of weathered mantle or fracture 

zones located at depth whilst density profiles may aid in lithostratigraphic 

interpretation. 

2.2.3 Stratigraphy of the Chalk 

Many schemes were developed throughout the nineteenth century in attempts to 

sub divide the Chalk but following the work of Jukes-Brown and Hill in 1903-04 all 

were superseded by the scheme proposed by the Geological survey. This 

scheme, referred to in this text as the traditional stratigraphy, recognised three sub 

divisions of Upper, Middle and Lower Chalk demarcated by the basal markers of 

the Glauconitic Marl, Melbourne Rock and Chalk Rock respectively. More recently 

the three-fold division has been superseded by the adoption of the 

lithostratigraphy of Bristow et. al, (1997), incorporating nine formations. The 

relationship between the two frameworks is shown in Figure 9.  

The present framework presents a number of advantages over the traditional 

stratigraphy; namely that the formations can be mapped at outcrop as either field 

brash or due to their topographic expression. The formations also show distinctive 

signatures in geophysical logs (section 2.2.4 below), which enable correlations 

between boreholes to be made and sub surface stratigraphy to be determined. 

2.2.4 Geophysical characterisation 

Pioneering work, undertaken by Gray (1958, 1965), showed that correlations could 

be made between boreholes in the Chalk using the signatures of down-hole 

electrical resistivity logs. In recognising this Gray led the way for other workers, 

Mortimore 1979, Murray 1986, Mortimore 1986, Mortimore and Pomerol 1987, 

who have since applied a similar approach. Figure 10 (Mortimore and Pomerol, 

1987) shows an example of such correlations. This field of endeavor has resulted 

in biostratigraphically constrained geophysical correlations having been made from 

the London basin up to Yorkshire and across the English Channel into the Paris 

basin. Whilst Gray recognised correlations with the traditional Chalk stratigraphy, 

more recent work (Mortimore, 1979, 1986) recognised key correlations between 

and within the newly adopted lithostratigraphic formations. Such correlations are 

important to the present study as it has been shown that they can be directly 

related to lithological variations, such as the occurrence of marl horizons 

hardgrounds and flint layers, at an inter-formational scale (Mortimore, 1986, 1990). 

Correlations are not restricted to the use of electrical logs and natural gamma logs 
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and sonic logs can also be employed. A study conducted in the Berkshire Downs 

(Woods and Aldiss, 2004) employing an optical borehole imaging sonde showed 

that detailed imagery could be used for stratigraphic evaluation in open boreholes 

where drill core was not available. Recent work has shown that seismic reflection 

surveys, when calibrated with sonic borehole logs, could also be used as a means 

of stratigraphic correlation (Evans and Hopson, 2000; Evans et al., 2003). 

 

Figure 9. The traditional and current stratigraphic frameworks showing key marker horizons 

and biostratigraphic zones for the Chalk of Southern England (Mortimore, 2001). 
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Figure 10. Geophysical logs and paleontological evidence from the Leatherhead cored 

borehole and correlation with logs from other boreholes. Note geophysical traces are not to 

scale although values of resistivity increase to the right and sonic velocity increase to the 

left. (Mortimore and Pomerol, 1987). 

Hydrogeological investigations in the saturated Chalk have used fluid logs, 

electrical conductivity, temperature and differential temperature (Ineson and Gray, 

1963) and flow logs (impeller; heat pulse; Tate et al., 1970), to investigate water 

movement within boreholes and the aquifer. Fluid logs have been interpreted 

alongside stratigraphical logs, video inspection and calliper logs, which infer the 
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presence of fissures, to show that key lithological changes can often be associated 

with flowing horizons (Jones and Robins, 1999, Schurch and Buckley, 2002, Nativ 

et al. 2003). In this manner the hydrostratigraphy of the Chalk has been 

investigated. Hydrostratigraphy in the Chalk is often extremely complicated due to 

the interaction of several factors including: 

 The presence of paleo-karst horizons (section 2.4.2) that may control flow 

paths in the saturated aquifer. 

 Complex variations in the lithological and fracture stratigraphy that act as a 

primary control on saturated flow (section 2.3). 

The potential effects of such hydrostratigraphy on the unsaturated zone appear 

not to have been considered in previous studies. 

2.3 Primary controls on the distribution of rock mass properties 

The present distribution of the rock mass properties of the Chalk are not random, 

they owe their origins to a great extent to the primary controls on deposition. The 

Chalk was deposited as a result of a major marine transgression that submerged 

the Anglo-Brabant massif and has historically been portrayed as an extensive and 

homogeneous formation deposited in a period of tectonic quiescence (Hancock 

and Rawson, 1992). In reality significant lithological variations exist which cannot 

be attributed solely to eustatic sea level changes, variations in layering, local and 

regional index properties and fracturing styles have all been shown to have 

resulted from deposition in a tectonically active basin during periods of sea level 

fluctuation (Mortimore, 1983, 1986, 1990, 1996; Mortimore and Pomerol, 1997; 

Bristow et al. 1997; Evans and Hopson, 2000). Mortimore and Pomerol (1998) 

considered lateral and stratigraphical changes in Chalk lithology to be related to 

three principle processes: 

 Global sea level fluctuation, controlling both clastic input and oceanic 

circulation and productivity. 

 Milankovitch cycles, controlling bedding and aspects of clastic input. 

 Late Cretaceous tectonic pulses, which acted locally to change seabed 

topography and globally to alter the water-landmass distribution. 

The complex interaction of these three principal controls resulted in the 

distribution of the primary rock mass fabric of the Chalk which, through 

subsequent exploitation and modification by Paleogene and Quaternary processes 

(section 2.4.2), resulted in the present day distribution of aquifer characteristics of 
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the Chalk. It is therefore important to understand the effects and controls which 

primary deposition and early tectonic activity exerted on the Chalk. With this in 

mind a brief review of the effects on the matrix and fracture domains is 

undertaken. 

2.3.1 Primary controls on sedimentation 

2.3.1.1 The effects of climate and sea level fluctuations 

The upper Cretaceous was a time of a major global rise in sea level that resulted 

in the submergence of significant tracts of the continental shelf (Zeigler, 1990; 

Hancock, 1993). The exact limits of the continental seas are unknown because in 

many areas subsequent erosion removed shoreline facies (Hancock, 1993). 

Coupled with global sea level rises climatic conditions also played a role in the 

formation of the Chalk. The effect of a warm and stable global climate were two 

fold; to increase oceanic productivity resulting in increased sedimentation rates of 

the primary constituent of Chalk – coccoliths, and to limit the terrigionous input to 

the shallow basins due to a lack of runoff from the available landmass under a non 

seasonal, possibly arid, climatic regime. Throughout the Upper Cretaceous rising 

sea levels acted to further limit terriginous input to the shallow basins through the 

submergence of the continental landmass the effects of which can be seen in that 

the Chalk becomes generally purer throughout the period of sea level rise. 

 

Figure 11. Relative sea level changes in northern Europe during the Albian and Late 

Cretaceous (Hancock, 1993). 
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Superimposed on this general rise in base level are the ubiquitous effects of 

Milankovitch cycles which acted as subtle controls on oceanic productivity and 

hence sedimentation rates and diagenetic alterations (section 2.4.1). Mortimore 

(1979) cites this as the mechanism responsible for the subtle cyclic changes in 

hardness normal to bedding which can be observed within the Chalk at the meter 

scale, referred to as A and B horizons. In addition to these trends the deposition of 

the Chalk was punctuated by several major oceanic events that are evidenced in 

the occurrence of basin wide and sometimes even global changes in 

sedimentation (Mortimore, pers. Comm.). The Plenus marls, Melbourne Rock and 

Chalk Rock are examples of such occurrences. Although major events such as 

these exhibited large controls on the rock mass of the Chalk we see today their 

effects must also be considered in relation to the basinal and tectonic setting 

prevalent at the time. The Chalk Rock for instance, is more developed in the 

shallower marginal basin settings of the transitional province, on the NE margin of 

the basin, where a fall in base level removes proportionally more accommodation 

space than in the basinal environments prevalent in the axial southern province, 

as depicted in Figure 12. 
 

 

Figure 12. Schematic cross-section of the Anglo-Paris Basin illustrating the lateral and 

stratigraphical change in Chalk lithology and associated tectonic phases. Based on 

Mortimore, pomerol and Foord (Mortimore and Pomerol, 1998). 
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2.3.1.2 Tectonic controls on sedimentation 

Changes in the Upper Cretaceous tectonic regime resulted in tectonic controls 

being exerted on the patterns and type of sedimentation within the Anglo-Paris 

basin at a local, intra-basinal and inter-basinal scale (Mortimore et al., 1990; 

Mortimore and Pomerol, 1997, 1998). An appreciation of the local and basinal 

variations of the tectonics and their consequent effects are, therefore, important in 

understanding the distribution of matrix properties at similar scales within the 

Chalk. Figure 12 (Mortimore and Pomerol, 1998) shows a schematic 

representation of the large-scale effect that intra-Chalk tectonic events had on 

controlling the lateral and stratigraphical distribution of Chalk lithology. 

Bloomfield (1995) demonstrated gross variations in porosity in the Chalk of 

England and defined the Chalk provinces shown in Figure 13. These provinces, 

which reflect coarse regional differences in sedimentation, may be linked to basin 

scale depositional controls (Mortimore 1983; Mortimore and Pomerol, 1998). 

Mortimore and Pomerol (1998) presented data from the Faircross cored borehole 

in Berkshire, Figure 14, to illustrate the relationships between index properties and 

the lithostratigraphic units, which in turn reflect tecto-eustatic changes within a 

basin. Using data from the North and South Downs, Mortimore et al. (1990) 

showed that the relationship between the lithostratigraphy and index properties 

may also vary laterally as well as stratigraphically within a basinal setting, Figure 

15. Analysis presented by Lamont-Black and Mortimore (1996) showed that in 

certain types of nodular Chalk variation in index properties exist at the hand 

specimen scale, Figure 16. 

Rather than illustrating the futility of determining the index properties of Chalk, 

research of this nature has highlighted the requirement for adequate sample 

descriptions, textural identifications and stratigraphic control if index properties are 

to be used as the basis for meaningful comparisons at any scale. 

Mortimore (1986) and Mortimore et al. (1990) used such an approach to show 

that the disparity in index properties seen between the North and South Downs 

(Figure 15) could be viewed as the product of deposition in contrasting tectonic 

settings within the same basin. The differences were interpreted as being due to 

sedimentation onto a relatively stable Anglo-Brabant platform with low dip and low 

amplitude periclinal syn-depositional folding, in the case of the North Downs. In 

contrast to the more tectonically active basinal setting of the South Downs where 
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en-echelon periclinal folding was of greater amplitude and produced steeper dips 

(Figure 17). 

 

 

 

 

 

 

 

Figure 13. Chalk Provinces and distribution of porosity (porosity values based on Bloomfield 

et al. 1996). L = Lower Chalk, M = Middle Chalk, U = Upper Chalk (Mortimore and 

Pomerol, 1998). 
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Figure 14. Stratigraphy and porosity distribution in the Chalk based on the BGS Faircross 

borehole, Berkshire. Hardgrounds shown excentuated to right, z represents zoophycos  trace 

fossils, burrowing denoted by vertical lines, nodular horizons as tick markes and nodulat flint 

horizons by black irregular shapes. (Mortimore and Pomerol, 1998). 
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Figure 15. Dry density profiles for the Chalk of the North and South Downs illustrating 

stratigraphical and lateral change in Chalk properties. IDD given in Mg/m3. (Mortimore et 

al. 1990). 

 

Figure 16. Cut slab of nodular Chalk (Beeding Hardground Shoreham Cement Works 

Sussex) showing variation in density, porosity and hydraulic conductivity. (Mortimore and 

Pomerol, 1996). 

Ian
pdf



58 

 
 

Figure 17. Extent and amplitude of asymmetrical, en-echelon, periclinal folding affecting the 

Chalk of southern England and the typical maximum dip on the north (steepest dipping) limb 

(Mortimore and Pomerol, 1998). 

The cause of the syndepositional folding is accredited to the periodic 

reactivation of deep basement faults during the Upper Cretaceous (Mortimore and 

Pomerol, 1997; Figure 18). 

The effects of the syn-depositional folding were argued (Mortimore and Pomerol, 

1998) to be threefold: 

 Slope generation leading to the development of erosional channels, 

hardgrounds and slump deposits. 

 The formation of pore fluid escape structures, sedimentary dykes and 

fossilised slides. 

 Changes in fracture style across the structures (see section 2.3.2). 

These effects have resulted in changes in sedimentation across such structures 

and both local and inter basinal lithological and textural contrasts have been 

recognised within the Chalk (Mortimore, 1986; Mortimore and Pomerol, 1987, 

1997 and 1991). Mortimore and Pomerol (1997) provide field evidence for the 

existence and operation of such structures in the Lewes Chalk of Sussex (Figure 

19), whilst confirmatory evidence of the effects of local tectonism is presented by 

Evans and Hopson (2000) who used seismic data from the Bournemouth area to 

image a number of syndepositional mound and channel structures in the Chalk. 

The formation and distribution of hardgrounds, nodular beds, flints and marl seams 

Ian
pdf



59 

within the Chalk have all been related to the growth of similar structures to that 

described above. 
 

 
 

Figure 18. Interpreted Vibroseis survey of the Ouse valley showing deep fault structure 

(Mortimore and Pomerol, 1997). 

 

 
 

Figure 19. Schematic cross section of slump structure within the Lewes Chalk at Hope Gap, 

Seaford Head, Sussex, showing effects of structure on sedimentation (Mortimore and 

Pomerol, 1997). 

Some flint bands have a regional distribution and can be used for 

lithostratigraphic correlation on a basin scale (Wray and Gale, 2006). Others are 

locally constrained and their distribution related to local tectonic controls 

evidenced in flint horizons being more wide spread and numerous in the 

intervening troughs than over the dome structures (Mortimore, 1986b). 
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Marl seams are characteristic of particular stratigraphic units in the Chalk 

(Figure 9). Marls of volcanic origin (Wray, 1995) are present in the Upper New Pit 

and Lower Lewes Chalk and have also been identified in the Seaford and 

Newhaven Chalks (Mortimore and Pomerol, 1998). The distribution of marl seams 

has also been observed to be linked to activation and growth of tectonically 

controlled structures (Mortimore et al., 1996, Bristow et al., 1997, Mortimore and 

Pomerol, 1998), resulting in their occlusion over the sea-bed highs related to the 

syndepositional growth of periclines and domes throughout the Upper Cretaceous 

(Mortimore et al. 1996, Bristow et al., 1997), see Figure 22. The loss of section 

over the dome features leads to attenuation of the chalk and an increase in 

nodularity whilst the thicker sections deposited in the intervening troughs are 

generally more marly in nature. Mortimore (1986a) showed how this trough and 

dome configuration could be associated with rapid lateral variations in thickness 

and lithology throughout Sussex, as depicted in Figure 20. 
 

 

Figure 20. Lithology in relation to structure in the Upper Cretaceous of Sussex. Intermediate 

sequences are those where no anomalies have been identified and thickness is uniform 

(Mortimore, 1986a). 

2.3.2 Primary controls on fracturing 

In general terms three types of fractures are recognised in the Chalk (Bloomfield, 

1996) faults, bedding plane fractures, and joints. Due to a lack of lithological 

contrast, faults in the Chalk are hard to identify and their occurrence may be more 

common than is previously thought. Mortimore (pers. Comms.) stated that as a 

general rule of thumb one may expect to encounter a fault with at least some 

minor displacement every seven meters either laterally or vertically within the 

Chalk during engineering works. Joints and bedding plane fractures are generally 
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considered to occur in three, more or less, mutually perpendicular sets: One 

parallel to bedding, formed by the bedding plane itself and two orthogonal sets 

roughly perpendicular to bedding, the bedding normal and bedding parallel sets 

described by Younger (1995). 

Bevan and Hancock (1986) presented data on regional fracture trends observed 

in the Upper Cretaceous of the Anglo-Paris basin, Figure 21. Two high angle sets 

were recognised which trended roughly NE-SW and NW-SE, and these were 

inferred to be related to extensional neotectonic regimes in the west European 

foreland as a result of the release of elastic strain during the Alpine uplift. 
 

 

Figure 21. NW trending mesofracture sets in S England and N France. (Bevan and Hancock, 

1986) 

Other workers (Mortimore 1979, 1997; Mortimore and Pomerol, 1997; 

Mortimore, 2011) however, cite the origin of the fractures as being much earlier 

and relate them to both their stratigraphy and syn-depositional tectonic setting. 

From field observations of the Brighton area Mortimore et al., (1996) observed 

fracture styles that varied across syn-depositional folding (Figure 22 and related 

these to periodic reactivation of underlying fault blocks during the Upper 

Cretaceous (Mortimore and Pomerol, 1991, 1997) (section 2.3.1). 
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Figure 22 Regional tectonics and local structure of Chalk. Schematic profile across the 

Hollingbury Dome, Brighton. Showing lateral change in lithology and fracture styles in the 

Newhaven Chalk. (Mortimore et al. 1996). 

The patterns of fracturing described by Mortimore et al. (1996) are consistent 

with variations observed in the Austin Chalk of Texas, Cooke et al. (2006). 

Furthermore Cooke et al. (2006) compare and contrast fracturing and mechanical 

properties of two carbonate sequences, a chalk marl sequence and a 

homogeneous dolomitic sequence and show that the occurrence of weak 

mechanical layers is crucial in the mode of fracture propagation and termination. 

These observations are in many ways borne out by the fracture stratigraphy and 

observations presented by Mortimore (2001), see Figure 23 and 24. Mortimore 

recognised formations lacking marl seams were characterised by predominately 

vertical fracture sets in contrast to formations with marl seams which contained 

predominantly inclined conjugate fracture sets. Although it was also recognised 

that variations in frequency and style occur in relation to lateral changes in 

sedimentation and that hardgrounds are generally more intensely fractured than 

the surrounding softer Chalk. 

Fracture style and occurrence have therefore been seen to be related to both 

primary sedimentology (lithology) and tectonic regime which are inextricably 

linked, a fact that further underlines the importance of strict stratigraphical control 

and detailed textural description in placing observations in a meaningful context. 
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Figure 23. Fracture Stratigraphy for the Chalk of southern England Mortimore (2001). 
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Figure 24. Contrast between the orientation and frequency of fractures typical of the Seaford 

(left) and Newhaven (right) Chalk Formations in Sussex (Mortimore, 2001). 

2.4 Secondary controls on the distribution of Rock mass 

properties 

Since shortly after its deposition and through to the present day a number of 

processes have acted to alter the primary depositional fabric of the Chalk resulting 

in the distribution of rock mass properties observed today. Some processes are so 

early stage they are considered in section 2.3 as primary controls whilst others 

such as the effects of subsequent exhumations and weathering are clearly late 

stage alterations. The distinction is rather arbitrary as, for instance, flints may 

strictly be considered a post depositional feature, as too may the primary fracture 

distributions. There is, therefore, a certain amount of overlap between some of the 

topics covered in this section and those that precede it. Both matrix and fracture 

domains have nonetheless undergone marked often highly localised changes 

throughout the period since initial deposition. 

2.4.1 Diagenetic alteration 

Initial post depositional porosities of up to 80% have been suggested for the Chalk 

(Hancock and Scholle, 1975; Clayton, 1986). Clearly processes have acted on the 

Chalk since its initial deposition to change these values to those presently 

observed. Hancock (1993) recognises two distinct types of diagenesis; that which 

is inevitable and occurred as a product of normal conditions associated with the 

depositional environment, termed intrinsic diagenesis, and that which occurred 

due to special circumstance termed non-intrinsic diagenesis. This is a useful 
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division in the context of the present study and the key characteristics of these 

diagenetic processes are outlined below. 

2.4.1.1 Intrinsic diagenesis 

Intrinsic diagenesis can be regarded as early stage alteration to the initial chalk-

ooze deposited on the sea floor and was the product of sea floor processes and 

physical conditions within the sediment pile at the time of deposition. Hancock 

(1993) presents a summary based on a five-layered model (Figure 25). Intense 

bioturbation in the upper oxygenated 0.3 m provide the distinctive ichnofacies 

(Jeans, 1980), and porosity reduced due to mechanical disturbance. Below this 

zone, in the 0.3 to 1 m interval, bacterial based processes dominate as the 

interstitial waters become anoxic and calcite precipitation acts as the primary 

mechanism in reducing the initially high porosity. Burrowing at these depths was 

restricted but included the larger thalassinoides creating the permeability contrasts 

important in the formation of flint (Mortimore, 1986b). The preservation of 

stratigraphically constrained trace fossils has been observed. For example the 

Cuilfail Zoophycos (Mortimore, 1986a), which can be used for correlation. 

Importantly, in Hancock's model biological activity is limited to the upper 1m or so 

of the sediment, below which physical compaction becomes the main agent for 

further porosity reduction as burial depth increases to hundreds of meters. The 

physical compaction can be seen using the scanning electron microscope. At high 

magnifications the welding of individual coccolith laths has been observed, as too 

have localised crystal overgrowths which are thought to be responsible for the 

Chalks bonding and hence it’s mechanical strength (Mortimore and Fielding, 

1990). The solution of calcite as burial proceeds is absent from this model and is 

considered as a non-intrinsic diagenetic occurrence and is not thought to be 

important in the Southern Chalk (Hancock, 1993). The resulting Chalk porosities 

and textures are, therefore, strongly dependent upon initial sedimentary controls 

and the Cretaceous Chalk may have changed little from early after deposition to 

today (Hancock, 1993). 



66 

 
 

Figure 25. Typical layers in white Chalks at time of deposition with approximate values for 

porosity and key features (Hancock, 1993). 

2.4.1.2 Non-intrinsic diagenesis 

Throughout the Chalk of the Anglo-Paris basin there are sedimentary features that 

can be related to depositional hiatus that range in severity from burrowed surfaces 

to fully lithified and mineralized sea floor hardgrounds (Hancock, 1993). The 

features may also range in geographical extent from the widely recognised basin 

wide hardgrounds such as the Chalk Rock and the Melbourne Rock to highly 

localised hardgrounds and nodular Chalks. Despite the diversity of form and extent 

the mechanism responsible for their formation is considered to be essentially the 

same, an increased time spent in the layer 0.3 to 1 m below the seawater 

sediment interface due to a restriction in the supply of sediment (Figure 25). 

Increased residency time in this environment would lead to a decrease in porosity 

due progressive calcification leading to the formation of hard nodules within the 

Chalk which eventually may coalesce to form a hardground (Figure 26). 
 

 
 

Figure 26. Progressive development of nodular Chalk eventually leading to a hardground as 

the rate of sedimentation decreased (Hancock, 1993). 
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This process results in complex and varied patterns of porosity developing over 

very small scales (Figure 16, Mortimore and Pomerol, 1998, Lamont-Black and 

Mortimore, 1996). In extreme cases, when residence times at the sediment water 

interface sufficiently increased, hardgrounds may eventually become phosphatised 

or glauconitised and show signs of complete lithification such as borings and 

encrusting fossils (Hancock, 1993). Primary porosity in such cases may be 

reduced to 10-20% (Scholle, 1974; Hancock, 1975). In hydrogeological terms the 

reduction in porosity and higher mechanical strength results in a rock which is 

more fractured and possesses a higher mass permeability than that of the 

surrounding Chalk (Price, et al. 1977, Mortimore, 2002). The restriction in 

sediment supply required to form such features may be attributable to a number of 

causes from the interaction of local syn-depositional tectonics and basin 

circulation, locally removing the deposited chalk-ooze, to basin wide sea level falls 

(Sections 2.3.1.1 and 2.3.1.2). The differences in the scales of these mechanisms 

account for the extent and severity of their formation, aerial extent and 

stratigraphical distribution. 

Macro textures in the Chalk referred to as ‘flazer marls’ (Hancock, 1975), 

‘solution seams’ (Scholle, 1977) or ‘griotte marl zones’ (GMZ) (Mortimore, 1986, 

2011) have been observed. The term clastic marl is used in this text to describe 

such Chalk textures and encompass all the previously named features. Clastic 

marls are characterised by a distinctive pattern of low angle intersections of veins 

of marly chalk set within a surrounding purer chalk matrix. They may range in 

severity from a faint ‘wispy’ feature of less than a mm to thicker, >10 mm, layers of 

marly chalk set amongst well developed nodular Chalk, in the more severe form 

they have been referred to as having an augen texture, see Figure 27. 

The exact origin of these features is unclear; Hancock (1993) considers them to 

be a product of the early stage solution of calcite, acting to concentrate the minor 

clay fraction within the Chalk whilst other workers cite a purely sedimentary origin 

for the features (Wray, 1995; Mortimore, 2011). Recent mineralogical work by 

Simonsen and Toft (2006) on features from Central Graben (North Sea) 

considered them to have been derived from volcanic ash falls. Regardless of their 

exact origin the occurrence of stratigraphically localised quantities of marly chalk 

may exhibit controls on the permeability of the Chalk matrix although the 

hydrogeological properties of these features do not appear to have been 

investigated. 
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Figure 27. Clastic marl features. A) in core containing Zoophycos isp. Burrow (lower right of 

A); B) plan view of clastic marl with Thalassinoides isp. burrow, C) cross section of B) 

burrows producing an 'augen' texture. (Simonsen and Toft, 2006). 

2.4.2 Palaeogene and Quaternary influences 

Chalk was subaerially eroded from large areas of England during the late 

Palaeogene when drainage systems developed toward the North Sea and has 

subsequently been affected by two glacial periods, the Anglian and Devensian. 

Alteration of the mass fabric of the chalk occurred in the near surface, 

predominantly <20 m, due to periglacial processes and dissolution at deeper levels 

as a consequence of changing base levels controlling groundwater flow and 

dissolution within the aquifer. Both of these effects have exerted controls on the 

distribution of physical properties within the unsaturated zone and are discussed 

below. 

2.4.3 Changes to the rock mass in the near surface environment 

It is a matter of some debate as to the exact extent to which the ice sheets 

invaded southern England. Kellaway (1971) argued that ice may have reached as 

far south as Chichester. These findings were based on the misinterpretation of 

various Chalk head deposits as being remnant boulder clays. More recent work, 

for example Boulton and Payne (1994), limits the ice much further north (Figure 

28) suggesting most of the southern Chalk remained ice free. Regardless of the 

exact extent of permanent ice coverage glacial periods had a marked affect on the 

Chalk and evidence for periglacial activity such as patterned ground, ice-wedges 
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and frozen cliffs in loose aggregates and involutions is widespread, (Shepard-

Thorn, 1975). 

 
 

Figure 28. The limits of the Anglian and Devensian ice sheets in southern Britain (after 

Boulton and Payne, 1994). 

At the near surface freeze-thaw cycles in the active zone of the permafrost 

produced a weathered mantle consisting of highly fractured Chalk, which may vary 

in thickness locally. It is this shallow process which is often credited with the 

commonly observed increase in fracturing in the top 5-6 m, the seasonally active 

zone of the permafrost. The formation of the extensive dry valley networks, a 

common feature of Chalk downland, has been the subject of much debate and 

numerous hypotheses have been developed to explain their origin (see Goudie, 

1990 for a review). The most commonly adopted theory being attributed to 

seasonal melting in the active layer above a deeper permafrost layer leading to 

dissolution and erosion of the frost weakened weathered Chalk mantle. The axis of 

Chalk dry valleys are characterised by deeply weathered profiles where the 

primary depositional fabric of the Chalk may be completely eradicated, in contrast 

to the interfluves where the weathering can be exceptionally shallow, see Figures 

29 and 30. 

Younger (1989) presented a model for the formation of weathering profiles of 

varying depths and severity attributable to the differential effects of carbonate 

dissolution and cryoturbation during the Devensian. The model proposed that 

dissolution was more severe in perennially unfrozen zones, taliks, underlying 

permanently flowing river reaches and is the cause of the enhanced permeability 

observed in these settings. In contrast interfluves, where dissolution was restricted 

to the upper shallow seasonally active layer, were subject to little dissolution and 

remain relatively impermeable at depth (Figure 29 a and b). Freeze-thaw action 
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below minor channels, where the talik was seasonally controlled, was thought to 

account for the formation of putty Chalk (comminuted Chalk, CIRIA grade Dm) at 

the gravel Chalk interface, and the persistence of permafrost below the seasonal 

talik would lead to a restriction of dissolution and consequent lower present day 

permeability at depth (Figure 29 b). The proposed model also accounts for the 

differences observed between narrow valleys with deeply weathered profiles and 

wider valleys with shallower weathered profiles, deeper profiles forming due to 

development of deeper perennial talik under a single fast flowing river. 
 

 

Figure 29. Likely periglacial conditions beneath (a) narrow reach and (b) wide reach of a 

perennial river valley during the Devensian (Younger, 1989). 

 

 

Figure 30. Typical weathering profiles for periglacial weathered interfluves of Southern 

England and Northern France showing the effects of the enhanced dissolution below clay 

with flints (after Mortimore and Pomerol, 1998) 
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Figure 31. Idealised cross section through chalk dry valley showing distribution of rock mass properties due to weathering effects on primary depositional fabric and 

associated CIRIA grades (Mortimore, pers. com.). 
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Deep solution features are also recognised in the Chalk and are often, but not 

always, associated with the occurrence of overlying Paleogene deposits or 

Quaternary Clay-with-flint (Jones and Robins, 1999). Acidic runoff from the 

overlying clay-rich strata can cause deep localised dissolution of the Chalk. 

Several phases of sediment fill can be often be recognised in a single feature 

suggesting that they may have been periodically active (Thorez et al., 1971). 

These features have been observed in several forms, roughly cylindrical solution 

pipes, wedge shapes which open downwards and planar features when primary 

fractures have acted as the initial flow path. Such effects are not restricted to dry 

valleys and as Figure 30 shows deep enhanced weathering may also occur in the 

interfluves. 

An idealised model which incorporates changes in the rock mass due to 

weathering, their spatial distribution and the effects of primary lithology in the near 

surface environment, was provided by Mortimore (pers. Com., 2005), see Figure 

31. The model is based on observations from many engineering investigations and 

it is not implied that all features are present at all locations 

2.4.4 Changes to the deep subsurface: the effects of base level. 

During the most recent glacial period, the Devensian, sea levels fell to 120-150m 

below present sea level and offshore drainage systems developed on the 

continental shelf (Belamy, 1995). During interglacial periods sea levels rose above 

present levels, as evidenced by the raised beach deposits that are preserved 

along the Sussex coast (Bates et al. 1998), see Table 2. 

Changes in base level will have caused flow paths within the aquifer to be 

altered and are thought to be responsible for the development of dissolution both 

above and below present water levels (D. Buckley BGS. pers. comm.). 

Comparison of the bases of incised paleo-channels recognised in the Sussex 

coastal region (Bellamy, 1995) with enlargements in coastal boreholes (Jones and 

Robins, 1999) below present water levels (Table 3) lends support to this theory. 

Above present water levels Lamont-Black and Mortimore (2000) showed 

dissolution within the Chalk to be associated with primary fabric of the Chalk in 

terms of fracturing, flint horizons and bioturbation. 

Such ‘paleo karst’, when present below current water levels may represent 

storage and flow horizons in the Chalk, the secondary fissure system of Price 
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(1987), its significance to storage and flow in the unsaturated zone appears to 

have remained unconsidered. 
 

 

Table 2. Approximate levels of raised beach deposits (Bates et al. 1998). 

 

 

Table 3. Channel bases of the Sussex coast (Bellamy, 1995) Compared with calliper log 

enlargements in coastal borehole (Jones and Robins, 1999). 

2.5 The unsaturated zone 

2.5.1 Key concepts, understanding and theory 

The unsaturated zone can be defined as the region of an aquifer that lies above 

the water table. As the unsaturated zone may in reality be close to saturation it is 

important to use a definition based on pore-water pressure rather than one based 

on the degree of saturation of the medium. Considering the system relative to 

atmospheric pressure, using gauge pressure, it follows that the pressure head, , 

at the water table is zero. Below the water table  is greater than zero due to the 

presence of a positive hydrostatic head. Above the water table  is, by definition, 

less than zero reflecting the fact that water is held in pore structures under tension 

by surface tension forces (Freeze and Cherry 1979). 

In the unsaturated zone, as in the saturated zone, flow occurs due to the 

presence of hydraulic head gradients. Hydraulic head, or simply head, is defined 
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as the potential energy of the fluid per unit weight. Total hydraulic head can be 

considered to be equal to the summation of three components, elevation head 

pressure head and velocity head. As the velocity of water in the unsaturated zone 

is so slow the latter of the three components is neglected and total head, H, is 

considered to be equal to the sum of the elevation head, hz, and the pressure 

head, . 
 

Hhz  

Equation 1 

In the study of the unsaturated zone it is common to refer to the pressure head 

as matric potential. In the present study the term matric potential is adopted, given 

the symbol , and is expressed in SI units of kPa. Other studies reviewed here 

have expressed  in terms of m H2O, expressed in units of m and hPa (note, 1m 

H2O = 9.81 kPa = 98.1 hPa). 

If an unsaturated profile is left without any infiltration or evaporation for a long 

period of time the water in the profile will redistribute, including some exchange of 

water between the saturated and unsaturated zones, due to the dissipation of the 

hydraulic gradient within the profile. Given a long enough period the profile will 

eventually reach a state of static equilibrium where no flow is occurring, this is 

known as the hydrostatic condition. By considering a hydrostatic profile of an 

idealised homogeneous granular aquifer, predictions can be made of the 

distribution of head and storage components throughout the profile, Figure 32. By 

definition, the elevation head increases with elevation with a gradient of +1 

therefore the pressure head must decrease with a gradient of -1. 

 
 

Figure 32. Theoretical relationships between head, depth and water content in the 

unsaturated zone, after drainage to equilibrium (Price et al, 1993) 
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In reality the hydrostatic condition is rarely achieved in the field. This is due to 

the removal and addition of water to the profile by evapotranspiration and 

infiltration continually affecting both the water content and head profile. A 

theoretical sequence of these effects is illustrated for a homogeneous granular 

aquifer in Figure 33. The initial hydrostatic condition is illustrated in Figure 32. The 

important concept illustrated in Figure 33, and first developed by Wellings and Bell 

(1980), is that of the zero flux plane (ZFP). For a divergent ZFP, DZFP, all water 

above the plane moves upwards while all water below the plane moves in a 

downward direction (i.e. water flow is away from the ZFP). For a convergent ZFP, 

CZFP, the converse is true and water from above moves downward whilst water 

from below moves upwards (i.e. flow is towards the ZFP). In each case no flow 

can occur across the ZFP and the head at the ZFP will either be a local maximum 

(DZFP) or minimum (CZFP). The way in which the DZFP and the CZFP develop 

and eventually dissipate is shown in Figure 33, and the annual cycle is 

schematically shown in Figure 34. Note that the diagrammatic representation of 

the ZFP shown in Figure 34 indicates slow residual drainage beneath the ZFP 

during water table recession (months April through to November). Unequivocal 

field evidence of this flux appears not to exist within the published literature which 

is due in part to the difficulties in monitoring pressures within the deeper 

unsaturated zone which are discussed further in section 2.7. 
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Figure 33. Theoretical relationships between head and water content against depth, in the 

unsaturated zone above a fixed water table, during infiltration and evapotranspiration 

processes (Price et al., 1993) 

The simple configuration of the unsaturated zone so far considered, that of a 

single unsaturated profile overlying a capillary fringe and saturated zone may in 

reality be more complex as multiple or perched water tables may exist (Freeze and 

Cherry, 1979) (Figure 35). Perched water tables may be discontinuous both 

spatially, due to the distribution of aquifer properties, and temporally due to the 

effects of recharge events. In the Chalk the existence of low permeability layers, 

such as marl and flint horizons may act to retard the downward flux of water 

resulting in the formation of perched water tables. 
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Figure 34. Diagrammatic representation of the seasonal partition of water fluxes by the zero 

flux plane method within the unsaturated zone of the chalk (Wellings and Bell, 1980). 

 

 
 

Figure 35. Perched water table, inverted water table ACD, and true water table EF. (Freeze 

and Cherry, 1979). 

Despite perched water within the Chalk having been documented (Headworth 

et. al., 1982, Harris et al., 1996, Jones and Robins, 1999) little consideration 

appears to have been given in previous unsaturated zone studies to its occurrence 

and cause. The possibility that the deep unsaturated zone may have the ability to 

store water and retard flow to the water table, due to the layered distribution in 

aquifer properties, appears hither to unconsidered. This is surprising since it may 

exhibit controls on the behaviour of specific yield (Section 2.5.4) in the Chalk. 

These points are further considered in section 2.6. 

2.5.2 The Soil Moisture Characteristic 

Figure 32 and Figure 33 show water content profiles that illustrate how below the 

water table pore space is completely saturated and the water content, θ, is equal 

to the saturated water content or porosity. Immediately above the water table lies 

the capillary fringe, although  in this region is negative the pore space remains 
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fully saturated. This occurs because water held within the pore space does not 

begin to drain until the pore pressure falls below a limiting value. This pressure 

known as the air-entry pressure and has a corresponding matric potential s. 

The phenomenon of capillary rise can be demonstrated using a capillary tube, 

as shown in Figure 36, and is caused by the surface tension of the air-water 

interface and the molecular attraction of the liquid and solid phases. The rise of a 

fluid in a capillary tube is given as: 
 

gRw
s 

 cos2
  

Equation 2 

Where s is the entry matric potential, equal to the negative height of capillary rise 

in meters, γ is the surface tension of the fluid (Nm-1), τ is the contact angle of the 

meniscus with the capillary tube (degrees), ρw is the density of fluid (kgm-3), g is 

acceleration due to gravity (ms-2) and R is the radius of the capillary tube (m). 
 

 
 

Figure 36. Rise of water in a capillary tube (Fetter, 1994). 

The negative sign in Equation 2 is due to the measurement being made using 

the surface of the water in the reservoir as the datum and implies that the water is 

drawn into the tube and suction or tension would be required to remove it. The 

smaller the radius of the capillary tube, the greater the height of the capillary rise 

and the more negative the matric potential. This theory can be applied to soils and 

rocks, whereby the pore spaces (or fractures with aperture 2R) act as capillary 

tubes. Therefore, soils and rocks with finer pore spaces will develop larger 

capillary rise, and thus have a thicker capillary fringe. In reality rocks and soils 

have a distribution of pore sizes and can be thought of as being analogous to a 

“bundle of cylindrical capillaries” of differing dimensions, the BCC model of 

Millington and Quirk (1961) and Muleum (1976). 
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As elevation increases above the capillary fringe the pressure head decreases 

accordingly and so the fraction of the pore space that can hold water under 

capillary forces also decreases. A gradual decrease in pressure will result in 

progressively smaller pores emptying, until at high suctions only the very narrow 

pores throats retain water. Figure 37 shows conceptual diagrams of possible water 

saturation states. 
 

 

 

Figure 37. Possible water saturation states and their evolution. (a) Complete saturation (b) 

Insular saturation. (c) Funicular saturation. (d) Pendular saturation. (e) Residual saturation 

(Adapted from Bear, 1979). 

In a partially saturated domain the void space of a porous medium is therefore 

partly filled by air and partly by water. The relative quantity of water in any 

representative elementary volume of porous media may be defined in two ways: 
 

w 
volume of water

Bulk volume
; 0    n  

Equation 3 

Sw 
Volume of water

Volume of voids
; 0  Sw 1 

Equation 4 

Where θ is the moisture content; Sw is the water saturation and n is equal to the 

total drainable porosity. The two definitions are related to each other in the 

following manner. 
 

 

Equation 5 

The relationship between water content, θ and , is known as the Soil Moisture 

Characteristic, (SMC), also referred to as the water retention function. Figure 38 

shows some hypothetical examples of typical SMC curves. It is evident from the 

examples shown that the texture of the medium, grain size, structure and the 

degree of compaction, act to control the form of the SMC. 

wSn
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Figure 38. Soil moisture characteristic curves for contrasting soil textures and structures 

(Hillel, 1998). 

The control exerted by texture and structure relate directly to the SMC because 

the SMC is, in effect, controlled by the pore size distribution within the medium. 

Employing the capillary bundle analogy referred to above from capillary theory it is 

accepted that the negative pore capillary pressure is inversely proportional to the 

pore radius (Equation 2). 

Because the relationship between θ and  is dependent upon the history and 

the direction of change (i.e. wetting, or drying) the SMC is hysteretic (Haines, 

1930, Richards, 1941). Hysteresis in the SMC is attributed to the following effects 

(Hillel, 1998): 

 The “ink bottle” effect, caused by the geometry of individual pores (Figure 

39). 

 The entrapment of air in dead end pores, causing insular saturation (Figure 

37 b). 

 Ageing phenomena, which may alter the pore size distribution and 

interconnectivity through physical modification of the soil structure (e.g. 

shrinking or swelling of clay minerals, dissolution). 
 

 
 

Figure 39. The ink bottle effect determines the equilibrium height of water in a variable 

width pore (a) in capillary drainage and (b) capillary rise (Hillel, 1998). 
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A hypothetical SMC showing the effects of hysteresis is shown in Figure 40. Note 

the outer bounding curves, here referred to as wetting and drying limbs, relate to 

sorption and desorption of water respectively. These bounding curves constrain 

the θ/ relationship that may exist within a particular porous medium; within these 

constraints however the relationship may vary, following a set of internal curves 

(scanning curves) dependent upon the history and direction of change. 
 

 
 

Figure 40. Soil moisture characteristic curve showing the effect of hysteresis (After Bear, 

1979). 

Despite the established understanding that the SMC is hysteretic in almost all 

practical engineering and agricultural applications the SMC is assumed to be non-

hysteretic. This is due in part to the difficulty, in terms of time and cost, of 

measuring a complete set of hysteretic SMC curves, and to the difficulty of 

representing these curves in mathematical form for use in analysis, though various 

models have been proposed (Mualem, 1974; Kool and Parker, 1987). 

2.5.3 Parametric relationships for the Soil Moisture Characteristic 

A number of empirical models have been proposed to represent the SMC, based 

on the assumption that for any given porous medium hysteresis is negligible (i.e. θ 

and  have a unique relationship) (Hillel, 1998). As it is beyond the scope of this 

thesis to provide derivations for the various methods by which the SMC can be 

mathematically represented, direction is given to the sources of the various 

models employed in this study. Such models are useful tools in the comparison of 

the unsaturated properties of porous media because they allow us to identify 
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pertinent thresholds and describe the behaviour of the SMC in numerical terms. 

For this reason and because later experimental results are placed within this 

context a brief description of several commonly used models are presented below. 

The most commonly used models are those of Brooks and Corey (1964) and 

van Genuchen (1980), hereafter referred to as simply BC model and VG model 

respectively. Both of these models describe the effective saturation, Se, of a 

porous medium as a function of , where Se is defined as: 
 

Se 
  r

  s

 

Equation 6 

where θs and θr are the saturated and residual water contents and Se varies 

between 0 and 1 (Figure 40). The BC model is given by: 
 

Se  s    s

Se 1  1
 

Equation 7 

where s and λ are parameters. The BC model is limited in that there is a very 

steep, transition from saturated to unsaturated conditions controlled by the limits 

put on the Se and  relationship (Figure 41). The model proposed by Van 

Genuchten (1980) does not suffer from this problem and is capable of producing a 

smooth transition from the near saturation state into negative matrix potentials. 

The VG model is given by: 
 

Se 
1

1  n













m

 

Equation 8 

where α and n are parameters and m is generally assumed to equal 1 - 1/n. Both 

the BC and VG models are essentially curve fitting equations which reproduce the 

form of the SMC relationship and the physical significance of their parameters is 

vague. The λ parameter in the BC model and the n parameter in the VG model are 

reported to be related to the pore size distribution. The m parameter in the VG 

model is reported to be related to the inverse of the air entry pressure of the 

porous medium (van Genutchen, 1980). 
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A SMC model was proposed by Kosugi (1994), referred to as the KV model 

hereafter, which was reported to have a more rigorous physical basis than the BC 

and VG models. The KV model is given by: 
 

Se 
1

2
 erfc

ln c   c 0  2

21 2













  c

Se 1  1

 

Equation 9 

In the KV model c is the air entry pressure (of the largest pores in the 

medium), 0 corresponds to the capillary pressure at the inflection point of the θ/ 

curve (the mode of the pore size distribution) and σ, dimensionless, is the 

standard deviation of the distribution of ln{(c-)/(c-0)}, and efrc denotes error 

function, (Kosugi, 1994). The KV model is based on an assumption that the pore 

radii have a log normal distribution. From capillary theory it is known that negative 

pore water pressure is inversely proportional to pore radius (equation 2), and 

therefore it stands that negative pore capillary pressures must also show a log 

normal distribution. 

The KV model differs from the BC and VG models in that it is a three rather than 

two parameter model, which reportedly enables greater flexibility in representing a 

wider range of SMC relationships, (Kosugi, 1996). It has been seen to be 

particularly suited to the representation of porous media containing a narrow range 

of pore sizes and has been successfully applied to limited data available from the 

Chalk (Ireson et al., 2006; Ireson, 2008; Ireson et al., 2009). 

Van Genuchten (1980) showed that the VG and BC models could be related to 

each other by means of transforming the parameters; in a similar manner Kosugi 

(1996) showed how all three models could be related to each other. By using a 

curve fitting technique to minimise the root mean squared error in Se between the 

VG model and the BC and KV, Ireson (2008) showed that better fits were 

obtainable through optimisation of the parameters, (Figure 41). 

It should be noted that although the models presented above cannot be used to 

represent hysteresis they are equally as applicable for describing the boundary 

wetting curve as they are the boundary drying curve and also the primary curves 

within. Indeed they can be used to describe any θ/ route within the SMC (Figure 

40) so long as no reversal in state of saturation, scanning, is encountered. 
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Figure 41. Comparison of BC, VG and KV models, based on Guelph Loam (drying), 

parameters derived a) analytically (transformation) and b) by curve fitting procedure (Ireson, 

2007). 

2.5.4 Specific Yield 

Specific yield is a saturated flow concept that is commonly employed in 

hydrogeology. It is defined as the volume of water per unit area of saturated 

porous medium, drained from a column per unit lowering of the water table. 

Conversely the specific retention is the volume of water retained in the column 

under the same circumstance. When expressed in terms of water content is: 
 

s r  n  

Equation 10 

Where θs is specific yield, θr is specific retention and n is equal to the total 

drainable porosity. Because moisture content, saturation and porosity are related 

to each other in the following manner: 

  nS 

Equation 11 

The same relationship can be obtained in terms of saturation if Equation 10 is 

divided by n: 

Se Sr 1 

Equation 12 

Where Se is the specific yield and Sr is the specific retention. Se is also referred 

to as the effective saturation. The specific yield of a medium is dependent on its 

pore-size distribution due to the effects of capillarity discussed in section 2.5.2. 

In Figure 42 (Bear, 1979) the effects of both depth and time on specific yield are 

shown; the shaded area indicating the volume of water drained when lowering the 
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water table between two times, t’ and t’’. The curves θ’
w=θ’

w(z’,t’) and θ’’
w=θ’’

w(z’’,t’’) 

are identical in shape as the medium is considered to be homogeneous. For the 

deep water table the two curves meet at θ = θr. When drainage occurs it takes 

time for water to flow under unsaturated conditions and drain to the saturated zone 

and hence the specific yield is dependent upon time and the depth of the column 

being drained (Figure 42). 

At an interface between two media with contrasting moisture retention 

properties it is required that the pressure in the water, , is the same as the 

interface is approached from each side (Bear, 1979). As  is proportional to θ it 

stands that a jump in the saturation state must exist at such an interface, Figure 

43. 

 

Figure 42. The effect of depth and time on specific yield (Bear, 1972). 
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Figure 43. Water saturation discontinuity between layers of different SMC (Bear, 1979). 

2.5.5 Unsaturated hydraulic conductivity 

Hydraulic conductivity, K, is the constant of proportionality between the volume of 

flow through a porous medium and the hydraulic gradient across it. First described 

by Henry Darcy in 1856 it is a characteristic of both the solid and fluid phases. In a 

saturated medium K remains constant so long as the fluid properties remain so, 

and because only saturated pore space can contribute to water flow in an 

unsaturated medium K is proportional to the saturation state, and hence  

(Richards, 1931): 
 

K  
 K()  f () and K()  f ()  

Equation 13 

Considering a porous medium as analogous to a “bundle of cylindrical 

capillaries” (BCC), according to capillary theory as the moisture content of the 

medium decreases progressively smaller pores are left saturated and so the larger 

pores, most efficient flow paths, cease to contribute to flow and large initial 

decreases in K occur as the moisture content decreases. This is borne out by 

consideration of the shape of the SMC (Figure 40), since the shape of the SMC is 

controlled by the pore size distribution then so must the form of the relationship 

between K and . In reality the situation is even more complex. Flow may occur as 

thin films along the walls of larger pores in a state of pendular or funicular 

saturation (Figure 2.35) and simultaneously as tube flow through narrow saturated 
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pores, correspondingly as the pore space loses connectivity the flow paths will 

become increasingly tortuous (Hillel, 1998). 

The unsaturated hydraulic conductivity, K(), like the saturated hydraulic 

conductivity Ks, cannot be measured directly and due to its interdependence on θ 

or , the measurement of K() is difficult. Methods for deriving K() require 

monitoring θ, to calculate storage changes over time or monitoring  to calculate 

head gradients. 

In the laboratory it is possible to control the state of the medium to derive K(), 

however, the size of laboratory samples raises concern that the sample may not 

be truly representative of field conditions (Brouyére et al., 2004). In particular the 

size of sample required to test a representative elementary volume of the fracture 

domain may be prohibitively large. This matter is further complicated due to the 

very low saturated hydraulic conductivity of the Chalk (section 2.6.2), laboratory 

methods may, therefore, be time consuming and inaccurate. 

Cooper et al. (1990) describe techniques successfully used to calculate K() in 

the field by imposing artificial hydrological conditions on field instrumentation. 

More recently, Ireson et al. (2006) employed inverse techniques, based on 

monitoring a natural system and modelling it to infer parameter values. Although 

these methods have been undertaken with some apparent success a paucity of 

laboratory data with which to compare the results of field and modelling studies 

mean that K() relationships for the Chalk remain relatively poorly defined. 

2.5.6 Parametric relationships for unsaturated hydraulic conductivity 

A number of models have been proposed which represent the hydraulic 

conductivity of unsaturated porous media (Burdine, 1953; Brutsaert, 1967; 

Mualem, 1976). Again it is considered beyond the scope of this thesis to provide 

mathematical derivations and proof of these models. It is, however, considered 

important to provide a brief discussion with regard to the most commonly used, 

that presented by Mualem (1976), as it has been successfully integrated with the 

SMC relationships outlined in section 2.5.3 (Brooks and Corey, 1966; van 

Genuchten, 1980; Kosugi, 1996) and is utilised in much of the commercially 

available software employed for unsaturated flow modelling (Ireson, 2007). 

The basis of the model, similar to those proposed for the SMC, is the BCC 

analogy with correction factors included for the aforementioned complicating 

effects of tourtuosity and pore connectivity (section 2.5.5). Mualem (1976) 
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presents a model where K() is given by the product of Ks and the relative 

hydraulic conductivity, Kr: 
 

K() KsKr 

Equation 14 

Reasoning that for any given water content, θ, only pores with a radii less than R 

will remain full, gave the relationship: 
 

 (R)  g(r)dr
0

R  

Equation 15 

Where g(r) is the pore water distribution function and g(r)dr represents the volume 

of full pores of radii r per unit volume of porous medium and pore radii range from 

Rmin to Rmax.. 

On the basis that only water filled pores can contribute to hydraulic conductivity 

and that hydraulic conductivity in a capillary tube is proportional to r2, Mualem 

presented the following equation: 
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Equation 16 

Where L is an empirical parameter that accounts for the tourtuosity and pore 

connectivity. Combining capillary theory (Equation 2), the pore water distribution 

function (Equation 10) and the definition of effective saturation (Equation 6) with 

equation 14 the Kr relationship can be expressed in terms of  (Mualem, 1976): 
 

Kr(Se )  Se
L

dx

0

S e


dx
0

1



















2

 

Equation 17 

Here x denotes a dummy variable for Se. 

Combining capillary theory (Equation 2) and the BC model for the SMC 

(Equation 7) the following BC-Mualem hydraulic conductivity relationship was 

derived (Mulem, 1976): 
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Kr  Se
L22/  

Equation 18 

In a similar manner van Genuchten (1980) obtained the VG-Mualem 

relationship by combining Equation 2 and Equation 6:  
 

Kr  Se
L[1 (1 Se

1/ m )m]2 

Equation 19 

Through analysis of a number of soil samples, Mualem (1976) found an optimal 

value of L=0.5 and this value has been adopted by subsequent workers, (van 

Genuchten, 1980; Kosugi, 1996). Recent work by Schaap and Leij (2000) found 

that the performance of the VG-Mualem model was improved by using different 

values of L, which were reported to often be negative. It was also observed that 

performance could be enhanced if Ks was used as a fitting parameter and not 

constrained to its measured value, optimal values being observed to be around 1 

order of magnitude less than measured. These findings suggest that the Mualem 

model for unsaturated flow is best viewed as an empirical relationship and that Ks 

and L are best used as unconstrained fitting parameters. 

2.6 Groundwater flow and storage in unsaturated Chalk 

2.6.1 The Chalk as an Aquifer 

Due to its primary depositional fabric and the effects of secondary alteration the 

rock mass of the Chalk can be thought of as blocks of fine grained porous matrix 

intersected by a network of fractures (section 2.2). In the saturated zone, since 

both the fracture and matrix domains possess void space they may both contribute 

to the storage of water, and because the pore space of the matrix is open to the 

fracture domain exchange may occur across this interface. This is to say the Chalk 

exhibits dual porosity behaviour (Figure 44 a). Similarly, when both the fractures 

and the matrix are fully saturated and in the presence of an hydraulic gradient, 

water flow may occur in both domains and Chalk is said to exhibit dual 

permeability behaviour also (Figure 44 b) and c). 

In the saturated zone Chalk has therefore been idealised as a dual porosity dual 

permeability aquifer (Price, 1987), the fracture domain providing the permeable 

pathways for flow and the matrix providing the bulk of the storage. In the 
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unsaturated zone the situation may be more complicated due to the significantly 

different properties exhibited by the fracture and matrix domains. 
 

 

Figure 44. Schematic representations of a) dual porosity and b) dual permeability (Barker, 

1993) and c) a dual porosity dual permeability medium (Price 1993). 

In hydrological terms the matrix is characterised by a high porosity (typically 20-

40%), low hydraulic conductivity (10-4-10-2 m/d) and low air-entry pressure (-300 

kPa) (Price et al., 1993). In contrast the fractures have a low porosity, constituting 

around 1% of the total porosity of the rock mass (Downing et al., 1993), a high 

hydraulic conductivity (2 to 4 orders of magnitude in excess of that of the matrix, 

(Price et al. 1977; Williams et al., 2006), and high air entry pressures around -

5kPa (Cooper et al., 1990; Wellings, 1984a). Consequently it is likely that in the 

unsaturated zone the fractures will be unable to hold and transmit water (Figure 

32) as in the majority of the profile the matrix potential is likely to be below the air 

entry pressure of the fractures and will cause them to drain (Wellings, 1984a), 

whilst the matrix may remain almost completely saturated throughout the profile. A 

schematic representation of this scenario can be seen in Figure 45. In this 

situation the majority of the unsaturated zone acts as a single permeability system 

controlled by the hydraulic conductivity of the matrix. 

The distribution of rock mass properties considered in section 2.2 suggests 

aquifer properties of the Chalk to be both heterogeneous and anisotropic. The 

theoretical idealisation given in Figure 45 is therefore likely to prove unrealistic and 

represents a simplification of the system. A number of field studies have been 

undertaken into the hydrological behaviour of the unsaturated zone and attempts 

made to reconcile the contrasting behaviour of the fracture matrix system (section 
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2.7). Few however appear to have done so in detail sufficient to interpret their 

results in the context of aquifer heterogeneity and anisotropy. 

 

 

Figure 45. Theoretical head and water content for a homogeneous chalk profile drained to 

hydrostatic equilibrium (Wellings 1984a). s 
f and s 

m are the respective air entry pressures 

of the fractures and the matrix. 

2.6.2 Porosity and Hydraulic conductivity of the Chalk matrix 

The most extensive database of aquifer properties relating to the Chalk is held by 

the British geological Survey (BGS) in the form of the aquifer properties database, 

a thorough review and presentation of this data was given by Allen et al. (1997). 

Unfortunately, much of the data is derived from pumping tests and is 

representative of volume averaged aquifer properties, including fractures, 

pertaining to saturated conditions. Additionally the data has a strong bias towards 

high yielding valley sites (MacDonald and Allen, 2001). The use of such data in the 

context of the present study of unsaturated characteristics is, therefore, of limited 

value. Allen et al. did present the results from a study of a large number of Chalk 

matrix specimens from which a relationship between horizontal hydraulic 

conductivity and porosity was derived (Figure 46). 

Bloomfield et al. (1995) present data examining regional trends in matrix 

porosity and dry density of the Chalk of England employing the former threefold 

traditional stratigraphy. These data were subsequently re-plotted by Mortimore and 

Pomerol (1998) (Figure 13), who showed the distributions to be related to the 

primary depositional and tectonic controls previously discussed. 

Using data from the BGS's Faircross borehole in Berkshire the stratigraphical 

distributions of porosity were investigated further by Mortimore and Pomerol 

(1998) (Figure 14). The data show coarse differences in porosity linked to 
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stratigraphy. The absence of rigorous analysis and the lack of intra formational 

(lithological) subdivision preclude definitive stratigraphical relationships and an 

understanding of the impact of lithological variation to be ascertained from this 

study. In a similar manner other detailed studies (Mortimore et al. 1990, Figure 15; 

Lamont-Black and Mortimore, 1998, Figure 8) which have illuminated regional and 

stratigraphical variations have not sought specifically to address the effects of 

lithological variation and are, therefore, of limited use in determining the presence, 

absence or significance of intra formational variations. 

 

Figure 46. Hydraulic conductivity distribution and porosity hydraulic conductivity 

relationship for 997 Chalk samples (Allen et al., 1997). 

It is evident that none of the studies reviewed here have attempted to 

investigate intra-formational variations in matrix porosity and K in a manner, 

sufficiently detailed to ascertain the potential effects of lithological variation. This 

would appear to be a shortfall in the current hydrogeological understanding of the 

Chalk. 

2.6.3 Pore size distributions in the Chalk matrix 

From the review of the concepts, understanding and theory of the unsaturated 

zone (Section 2.5) it is apparent that while porosity is undoubtedly an important 

hydrological parameter; an understanding of the pore size distribution is required 

to fully understand unsaturated behavior. 

Few studies have been conducted which quote values relating to the pore size 

distribution of the Chalk. In those that do pore throat values have often been 

expressed in terms of a single value on a distribution curve (see for example 

Mortimore and Pomerol, 1998). The d50 value for a porous medium being the size 
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of the median pore diameter equal to the 50th percentile on a cumulative pore size 

distribution curve. Expressing a pore size in terms of a single value is of limited 

use in the study of unsaturated processes as it reveals little about the distribution 

of the pore sizes and hence the form of the SMC. An exception to this general 

shortcoming is the study conducted by Price et al. (1976). 

Price et al. (1976) analysed pore size distribution data for 52 samples from the 

Chalk from England using mercury injection porosimetry (MIP). MIP is a method of 

determining the pore-size distribution of porous media (Washburn, 1921). The 

technique is based on the principle that mercury is a non-wetting fluid to most 

solids (i.e. the angle of contact between mercury and the solid phase is greater 

than 900) so mercury must be put under pressure if it is to invade the pore-space, 

the pressure required being dependent upon the size of the pore-space. A test 

comprises of placing a specimen of known volume into a test chamber and then 

evacuating all air from the chamber. Mercury is then introduced in to the test 

chamber and then subjected to incremental increases in pressure. The volume of 

mercury intruded in to the specimen is recorded at each pressure increment. The 

pressure may then be converted to an equivalent pore size using capillary theory 

(Equation 2) and the fluid properties of mercury with the solid phase porous 

medium. In converting from measured pressure to pore throat diameter the 

assumption is made that all pores throats are cylindrical and the interconnecting 

pores are spherical (Washburn, 1921), the same assumption made under capillary 

theory using the BCC analogy, section 2.5. 

On the basis of their analysis Price et al (1976) identified both regional and 

stratigraphic trends in pore size distributions, also reported in the subsequent work 

of Price (1987) and Price et al. (1993). Two distinct provinces were recognised for 

the Upper Chalk, the Northern and Southern province shown in Figure 47, it was 

also shown that within a province the pore size distributions for Middle and Upper 

Chalk were similar and that the Lower Chalk exhibited a greater range of pore 

sizes and smaller average pore size when compared with the corresponding 

Middle and Upper Chalk (Table 4). As the study was conducted under the former 

threefold stratigraphic scheme it cannot be adequately placed into the present 

lithostratigraphic framework. 
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Figure 47. Envelopes of pore size distribution curves for Upper Chalk based on 28 

specimens (From Price 1987, 1993, after Price et al. 1976). 

 

 
 

Table 4. Summary of Chalk pore size data (after Price et al., 1979) 

Several features of pore size distribution curves of Chalk specimens, Figure 47, 

were noted by Price (1987); 

 Virtually no intrusion was observed below a pressure of about 300 kPa, 

corresponding to a pore-throat diameter of 1x10-6 m. 

 The pore size distribution is very narrow although 'tails' exist at both large 

and small sizes (high and low pressures). 

 The low-pressure 'tail' may be caused, at least in part, by entry of mercury 

into depressions on the surface of the specimen. 

 A mercury-injection curve can be treated as equivalent to a water-drying 

curve because both are controlled by pore throat sizes. 

 The size distribution of pore throat diameters appeared to be log normal. 
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The work of Price et al. (1976) appears to remain the only study to investigate 

variations in the pore size distribution of the Chalk. Correspondingly it has 

provided background data to subsequent studies (Price et al., 2000; Mathias, 

2005; Ireson, 2006, 2007) and is the source of the general truism, found 

throughout the literature, that the air entry value of the chalk matrix is -300 kPa; 

see for example; Price, (1987, 1993), Price et al., (2000), Allen et al., (1997), 

Mathias, (2005), Ireson (2006, 2007). 

The reliance of subsequent work on the findings of a single study are 

concerning, especially as evidence suggests that pore size distributions between 

different chalks may not be uniform, as suggested by Price (1976). Bloomfield 

(1999) presents MIP data that show variation in pore size distribution between 

weathered and un-weathered chalk from Hampshire the latter having much larger 

pore throat sizes (Figure 48). 

Chalk specimens tested by Brouyére (2004) appear inconsistent with the high 

air entry values identified in chalk from the UK (see section 2.7.3). To date there 

appears to have been no study conducted linking physical (lithological) 

characteristics and pore size distributions of chalk with unsaturated behaviour. 

With the advent and application of more sophisticated modelling techniques based 

on pore-size distributions and the SMC it appears necessary to investigate further 

the degree of natural variation in the SMC and to compare techniques available to 

do so. 

 

Figure 48. Pore throat size distributions for weathered and unweathered Chalk from 

Hampshire England. The weathered chalk was obtained from a depth of 1m (Bloomfield, 

1999). 

Ian
pdf
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2.7 Previous investigations of the Chalk unsaturated zone 

Investigations into the Chalk unsaturated zone have been numerous and since the 

late 1960's a variety of investigative methods have been employed in an attempt to 

better understand its behaviour. Studies have historically employed either 

laboratory techniques (Price et al., 2000) or field techniques (for example: Smith, 

1970; Wellings and Bell, 1980) or, as is common in recent studies, a combination 

of these techniques (Zaidman et al., 1999; Mathias, 2005, 2006; Brouyére, 2004, 

2006; Ireson, 2006, 2008). It is, therefore, difficult to group individual studies in a 

convenient manner for the purpose of review. Previous studies are classified here 

on the basis of the main thrust of the investigation and it should be understood that 

there is a certain amount of overlap between the classifications used. 

2.7.1 Solute transport studies 

Prior to 1970 the prevailing wisdom was that flow through the unsaturated zone 

occurred as a consequence of water flowing through the fracture network which 

pervades the Chalk directly to the water table. This understanding was based on 

two lines of evidence. Firstly observations made at pumped groundwater sources 

had shown that the occurrence of bacteria was concurrent with periods of heavy 

rainfall and that during such periods the pumped water would become turbid, and 

secondly, that a rapid rise in the water table was related to the onset of winter 

rainfall. The implication being that rapid flow was taking place through the fracture 

network that was acting as a physical link between the ground surface and the 

water table. 

In the late 1960’s and early 1970’s doubt was cast on this perceived wisdom by 

a series of studies that were undertaken with the specific purpose of 

understanding the transport processes in the unsaturated Chalk. The earliest such 

study, Smith et al. (1970), used Tritium as a tracer. Tritium, not naturally occurring 

in the atmosphere, owes its origins to thermonuclear testing which began in 1954. 

Smith et al. used records of the tritium content in rainfall and compared them to 

pore water samples taken from vertical profiles in the Chalk of Berkshire (Figure 

49) in an attempt to assess water velocity and flow mechanisms. 
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Figure 49. Tritium content in Chalk profile and in rainfall (from figures 1 and 2 of Smith et 

al. 1970, (reproduced from Mathias, 2005). 

Based on the assumption that the tritium peak in the rainfall corresponded with 

the peak in the Chalk profile, vertical velocity of the water was calculated to be 

0.88 m/yr. This provided compelling evidence that flow through the matrix rather 

than the fractures was the dominant mechanism of recharge. Based on this 

apparent velocity it was calculated that no tritium should be present below 13 m 

depth. However it was noted that 15% of the observed tritium occurred below this 

depth. Smith et al. took this as evidence that 15% of the recharge had occurred 

through the fracture domain. 

Foster (1975) reinterpreted the data from Smith et al. (1970) noting that little 

tritium was observed in the saturated zone of the Chalk, an observation at odds 

with the bypass flow mechanism inferred by the previous study. Foster argued that 

the distribution of tritium would vary aerially and be concentrated in the fractures 

and that this would lead to significant concentration gradients between the fracture 

and matrix domains. Using an analytical solution to Fick’s diffusion law it was 

demonstrated that a significant increase in tritium concentration in the pore water 

and consequent decrease in the concentration in the fracture water could occur 

due to diffusive exchange between the two domains. Foster suggested that such a 

mechanism may account for the low levels of tritium observed in groundwater 

below the water table whilst being consistent with a system dominated by fracture 

rather than matrix flow. Oakes (1977) presented a similar model for the migration 

of solutes, which again assumed that water movement was through the fractures 

and solute retardation was due to diffusive exchange with the immobile matrix 
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water. Whilst Young et al., (1976) showed that the profiles of several solutes; 

tritium, chloride and nitrate, could be adequately modelled employing a uniform 

downward velocity model which implied only inter-granular matrix flow and the 10-

15% bypass recharge of Smith (1970). A number of similar studies, Oakes et al., 

1981; Wellings, 1984b; Geake and Foster, 1989 and Gardner et al. 1990, have all 

found solute profiles consistent with a uniform velocity model. It would seem that 

whilst it has been recognised that solute and water movement through the 

unsaturated Chalk occurs at vastly different rates, the study of solute profiles in 

these cases has failed to distinguish between fracture and matrix dominated 

systems. 

Zaidman et al. (1999) investigated transport processes in the unsaturated Chalk 

of Yorkshire. This study differs from the solute studies discussed above in that it 

employed a variety of methods including soil physics instrumentation, laboratory 

testing of cores and remote sensing to investigate unsaturated processes. By 

applying a conductive tracer, monitoring the field conditions and resistivity 

response of the subsurface over a ten month period at two sites, Zaidman et al. 

showed fracture flow to be a significant mechanism in the transport of solutes. 

Furthermore, the detailed site characterisation employed by the study enabled a 

link to be made between lithological variation, the occurrence of marl seams, with 

the incidence of fracture flow. The study highlighted some of the key components 

that may act to control recharge mechanisms in the Chalk illuminating that spatial 

and temporal variations in recharge mechanisms may exist. The results of this 

investigation are of particular relevance to the present study, in terms of both the 

laboratory and field based findings as discussed later in this thesis. 

2.7.2 Soil physics studies 

The theory developed by soil physicists describing the movement and storage of 

water in unsaturated media, section 2.5, has been employed in numerous studies 

of the Chalk unsaturated zone dating back to the work of Wellings and Bell (1980). 

Although a number of such studies have since been undertaken, see for example 

those of Cooper et al., 1990; Hodnett and Bell, 1990; Gardner et al. 1990; 

Mahamood-ul-Hassan and Gregory, 2002, Haria et al. 2003; Ireson et al. 2006 and 

Ireson, 2008, the experimental method is essentially the same. Such studies have 

attempted to understand the physical movement of water by employing various 
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types of field instrumentation to monitor variations in water content (θ) and matric 

potential () under natural and forced conditions. 

The conceptual framework for these studies, a selection of which are 

summarised in Table 5 and Table 6, is essentially that proposed by Welling and 

Bell (1984a), outlined in section 2.6.1 and Figure 45, that water flow in the fracture 

domain is activated only when matric potential exceeds the fracture air entry value 

(s
f) or drainage exceeds matrix hydraulic conductivity resulting in the same. The 

fractures are therefore seen as an on/off system with a threshold activation value 

which has historically, and almost unquestionably, been taken as -5 kPa, which 

using capillary theory (Equation 2) can be related to a fracture aperture of 30 μm 

(Wellings, 1984a; Price, 1993). 

In situ measurements of  allow calculation of hydraulic conductivity (K) and 

several workers have derived (K/) curves for the Chalk, for example Figure 50. 

Using variations of the instantaneous profile method, values of saturated matrix 

hydraulic conductivity, ranging from 1x10-3 to 6x10-3 m/day and saturated fracture 

hydraulic conductivities, ranging from 0.05 to 0.5 m/day have been observed at 

various Chalk sites across the UK (Wellings, 1984a; Cooper et al., 1990; Hodnett 

and Bell, 1990; Mahamood-ul-Hassan and Gregory, 2002). Values of saturated 

fracture hydraulic conductivities observed from packer testing in the saturated 

zone, however, range from 0.01 to 100 m/day (Allen et al., 1997; Nativ et al., 2003; 

Williams et al., 2006). This significant discrepancy may be attributable to two 

factors; firstly there is uncertainty about whether the instantaneous profile method 

has ever observed fully saturated fractures, and secondly it may be unrealistic to 

suppose that fractures in the unsaturated zone, which may be enlarged due to 

chemical and mechanical processes, may ever entirely fill. 
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Table 5. Details of the major soil physics studies investigating the Chalk unsaturated zone; 

instrumentation employed, depth of investigation and frequency of monitoring. 

The study of flow processes by these field methods focuses on the 

interpretation of empirical evidence to imply flow processes in the unsaturated 

zone. Whilst these appear to be based on a solid conceptual foundation their 

findings have rarely been called into question and all have several factors in 

common namely that: 

 Almost all of these studies have been conducted over shallow, near surface 

depth intervals (the single exception being Wellings, 1984a). 

 Most studies have identified fracture flow as having occurred periodically in 

the shallow surface. 

 Most studies have poor site characterisation, many relying on literature 

values rather than site-specific data for parameters such as porosity and 

matrix K. 

The soil physics instrumentation employed in these studies has allowed several 

workers to obtain SMC data for Chalk in situ by plotting readings of moisture 

content (θ)	 and matric potential (), to produce drying and/or wetting curves 

(Figure 51). The effects of unquantifiable heterogeneity in the subsurface 

complicate the study of the SMC by these methods and the presence of fractures, 

flints and natural variation in porosity may easily bias these results, making them 

highly site specific and, therefore, of limited use for determining variation in the 
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SMC due to primary lithological control and of dubious value in the study of 

disparate sites. 

 
 

Table 6. Details of the locations of sites where the major soil physics studies have been 

conducted. 
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Figure 50. Hydraulic conductivity matric potential, (K/), relationships determined from 

three soil physics studies;	Cooper et al., 1990	 (left),	Mahamood-ul-Hassan and Gregory, 

2002 (right) and Wellings, 1984a (bottom). 

 

Figure 51. Water content matric potential, (θ/), relationships determined from two soil 

physics studies;	 Mahamood-ul-Hassan and Gregory, 2002 (left) and Ireson et al., 2005 

(right). 
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Whilst soil physics based studies are used as the benchmark for the behaviour 

of the unsaturated zone they appear to be deficient in a number of key areas. The 

often poor site characterisation coupled with the limited vertical extent of 

investigation mean that the potential effects that heterogeneity and anisotropy of 

the rock mass may impose on unsaturated processes remain to be investigated. 

Furthermore, the studies are site specific and poor lithological characterisation 

prevents meaningful comparison of the results between study sites. It therefore 

remains unclear from these studies as to whether it is appropriate to extrapolate 

the observed behaviour of the shallow subsurface either into the deeper 

unsaturated profile or between geographical locations. The single study that did 

seek to investigate a deeper profile using soil physics instrumentation (Wellings, 

1984a) did so only for a year and had poor lithological characterisation. The study 

identified periodic fracture flow in the shallow profile but an absence of fracture 

flow at depth. Although this has often been cited as evidence for a lack of fracture 

flow in the deeper unsaturated zone it remains unclear whether the chalk profile 

studied by Wellings and Bell may be considered typical or otherwise. 

Despite many field investigations having been focused on understanding 

recharge processes in the Chalk it is notable that relatively few have monitored the 

response of the water table and the unsaturated profile simultaneously, Wellings 

and Bell (1980), Haria et al., (2003) and Ireson et al. (2006) however did. 

Perhaps the most comprehensive of these studies was undertaken by Haria et 

al. (2003) who monitored two sites; one on the interfluve with a deep water table 

(18 m depth), the other on the dry valley bottom where groundwater was close to 

the surface (4 m depth). Hourly measurements of water potentials in the 

unsaturated zone to 3 m depth identified very different groundwater recharge 

processes between the two sites. On the interfluve site only matrix flow through 

the chalk unsaturated zone at 3 m depth was inferred. In contrast, at the dry valley 

site, both rapid preferential flow and matrix flow processes were inferred to have 

occurred at a 3 m depth. Observing a correlation between groundwater depth and 

unsaturated profile moisture content Haria et al. cited the potential importance of 

the capillary fringe in sustaining higher moisture contents in the unsaturated zone 

at the shallow groundwater site, resulting in a reduced water storage capacity. The 

reduced storage capacity meant that little water was required to wet the shallow 

profile before rapid preferential flow events occurred, as demonstrated by rapid 

water potential response to rainfall. In contrast, where the groundwater was 
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deeper, water potential profiles showed that the same rainfall pulses were 

attenuated and preferential (fracture) flow was postulated not to have occurred. 

The reason given for the difference in behavior was that ‘intermediate’ storage 

sites, the tertiary storage of Price et al. (2000) (section 2.7.4), located on chalk 

surfaces and at chalk block ‘contact points’ remained empty being unaffected by 

the capillary fringe and was therefore able to absorb the downward water fluxes. 

There appears however to be several limitations to this study. Firstly, although 

groundwater was monitored at the deep site other measurements were limited to 

the upper 3 m of the unsaturated profile therefore leaving some 15 m of 

unsaturated profile across which no data was gathered. It appears therefore that 

the role and effect of the capillary fringe remains inferred rather than measured at 

the deeper site. In fact no field study yet undertaken appears to have attempted to 

determine the presence and extent of the capillary fringe. It is entirely plausible 

that the same attenuation effects observed by Haria et al. could result from the 

presence of more intermediate storage sites simply due to a thicker unsaturated 

profile without having to instigate the effect of an unmeasured phenomenon. 

Secondly, as is common to almost all previous Chalk unsaturated zone 

investigations, lithological characterisation was poor and so it remains unclear 

what other factors may have contributed to the observed behaviour. 

2.7.3 Modelling studies 

Three recent studies have attempted to model the behaviour of the Chalk 

unsaturated zone, Brouyére (2006); Mathias (2005) and Ireson (2008). All of these 

were undertaken as part of a PhD, and full details can be found in the respective 

theses, Brouyére (2001), Mathias et al. (2006) and Ireson (2008). Although cited 

here as modelling studies all have relied to some extent on laboratory 

determinations of physical properties of the chalk. 

All three of these models share a similar conceptualisation of the Chalk, being 

based on the equivalent porous medium (EPM) approach. EPM approaches allow 

a standard solution for Richards' equation (the equation describing flow in variably 

saturated porous media) to be employed, and both fractures and matrix are 

idealised as a porous medium; that is to say flow in individual fractures is not 

explicitly modelled and it is assumed that a representative elementary volume 

(REV), a volume sufficient to include all natural variation in the physical properties 
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of the media (Bear, 1979), is simulated. To enable this moisture retention curves 

(SMCs) are required representing both the fractures and the matrix of the Chalk. 

The main difference between the three models is in the manner in which the 

fracture and matrix domains are combined in order to obtain the bulk properties 

defining the behaviour of the EPM. Brouyére defines a threshold  at which the 

medium switches between matrix and fracture properties, whilst both Mathias and 

Ireson use a different technique, obtaining the bulk properties by summing 

properties of each of the two domains. According to Ireson (2008a) the distinction 

is academic and either method could be used to obtain an identical outcome. The 

conceptual framework used by Mathias and Ireson is summarised in Figure 52; 

showing how SMC curves for both the matrix and fracture domains are combined 

using a continuity condition. In the context of the present study it is the manner in 

which these models were parameterised which is of most interest. 

 

Figure 52. Conceptualisation of the EPM model for the fracture and matrix domains of 

chalk. Super script m and f refere to matrix and fracture respectively and sub script s and r 

indicate saturated and residual states. 

Brouyére analysed core specimens from the Senonian Chalk of Belgium 

(Brouyére, 2001). From initial saturation  was incrementally reduced to -150 m, to 

examine the Chalk matrix properties. Rapid desaturation over the range of 

potentials 0 >  > -0.4 m was attributed to drainage of “micro-fissures", and these 

data were ignored. The remaining θ/ data were fitted for the matrix using the Van 

Genuchten (VG) model, with θr fixed at 1 % in order to reduce the number of fitting 

parameters. In the absence of data estimates of VG parameters associated with 

the fractures were made based on assumptions; the fracture porosity was 

assumed to be 1% (consistent with Price et al., 1993), and fracture air entry 

pressure, assumed (arbitrarily) to be -1 kPa, in order to desaturate the fractures at 



106 

low . The VG parameter nf and θf
r were derived by assuming continuity at the 

threshold , θƒ
r
 =θm

s. 

Mathias et al. (2006) estimated effective saturation curves for the Chalk matrix 

using the mercury intrusion experiments carried out by Price et al. (1976), and 

these data were fitted with the BC model (by identifying the parameters m
c = -300 

kPa and mm = 2). For the fractures, a range from -0.02 to -0.0025 kPa for f
s was 

arbitrarily considered. Model simulations of coupled flow and transport found this 

parameter to be insensitive, and therefore the value of -0.005 kPa was selected. It 

was arbitrarily assumed (in order to obtain parameters for the fracture domain) that 

the fractures would have an effective saturation of 1% when  was equal to the air 

entry potential of the matrix. λf  was determined, using Equation 7, to be 0.72. For 

the purpose of comparison these BC model parameters have been converted to 

equivalent VG model parameters, by applying the transformations λ=-1/s and n = 

λ+1 (Mathias, 2005). The equivalent VG parameters for the Chalk matrix and 

fractures are shown in Table 7. 

 

Table 7. Comparison of the equivalent VG parameters used in the modelling studies of 

Brouyére (2001, 2004) with those of  Mathias (2006). 

In contrast Ireson derived KV parameters for the fractures directly from soil 

physics field instrumentation data. In undertaking this for two separate study sites, 

West Ilsley and Warren Farm, Ireson dispensed with the assumptions made by 

both Mathias and Brouyére relating to the fracture domain and was able to define 

more rigorously parameters describing the fractures at these sites. For matrix 

properties Ireson used data from the MIP tests of Price et al. (1976), in a similar 

manner to Mathias, as a base case and further refined the parameters using 

inverse modelling employing an EPM and field data. The conceptualisation of the 

near-surface profile modelled by Ireson is characterised by: 

 A reduction in the proportion of the bulk volume taken up by the matrix. 

 An increase in the proportion of the bulk volume taken up by the fractures. 

 The fracture pore size distribution is modified such that there are more 

fractures, with a wider range of apertures in the near surface. 
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 The matrix pore size distribution remains unchanged. 

It was noted that the physical basis for the extrapolation beyond the weathered 

chalk and into the soil was questionable as pore size distributions may be 

drastically modified in this zone and fractures are unlikely to exist in soil. However, 

no consideration was made for potential variations in the physical properties of the 

Chalk in the deeper sub-surface. Undertaking a sensitivity analysis Ireson noted 

that it was the saturated K of the matrix, determined through optimisation to be 

5x10-4 m/day, which largely determined model performance. This parameter was, 

however, held constant throughout the conceptualised profile used in the model 

simulations. 

 

Figure 53. Examples of bulk SMC curves derived from inverse modelling of West Isley field 

instrumentation data (Ireson, 2008). 

Figure 54 shows a plot of the bulk fracture-matrix θ/ curves from each of these 

modelling studies, data presented from Ireson (2008) relates to the SMC of the 

'consolidated' chalk; hypothesised to occur in the deep profile. From the plot 

(Figure 54) and the reported parameter values (Table 7) it is clear that the main 

difference is that the matrix of Brouyére tends to de-saturate far more readily at 

moderate potentials, -100 kPa (-10 mH2O), the matrix of Ireson at around -200 

kPa, and Mathias' at around -330 kPa (not shown on plot). In each case, the 

experimental methodologies upon which the matrix properties are based differ. 

The properties of Brouyére were based on data derived using Richards' apparatus 
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(Richards, 1941, Brouyére, 2006), and as noted by Ireson (2008) appear 

inconsistent with a body of work that has been carried out on the English Chalk 

(especially the θ/ curves of Mahamood-ul-Hassan and Gregory, 2002, Figure 

51). This suggests the widely held assumption that the Chalk matrix air entry 

pressure is -300 kPa (often cited, and originating from a single study looking at 

mercury intrusion experiments, by Price et al., 1976) should be re-examined. 

Whilst these apparent discrepancies may hint at the presence of natural variation, 

differences in test procedures cannot be discounted as the cause. It is, therefore, 

suggested that further laboratory testing of Chalk matrix specimens be undertaken 

using both mercury intrusion and Richards' apparatus (or equivalent) techniques 

would be useful, and a comparison of these techniques may provide valuable 

insights. 
 

 

Figure 54. Examples of the equivalent porous medium soil moisture characteristic (θ/) 

curves of Ireson (2008) compared with the relationships proposed by Mathias (2005) and 

Brouyére (2001). (Ireson, 2008). 

The empirically observed fracture activation threshold of Wellings (1984a) -0.5 

m H2O (-5 kPa) is shown in Figure 54 along with details of the SMC curves of 

Mathias, Brouyére and Ireson. For both the Mathias and Brouyére models, the 

fractures are essentially desaturated at this threshold, and begin to saturate as  

increases above it. However the data of Ireson suggests the fracture domain is 

already around one-third to two-thirds saturated at this threshold, dependent on 

which site is considered. The model of Ireson is based on field data, rather than 

assumptions, and so may be the more reliable, but as little is known with regard to 

natural variability of the model parameters it may be unwise to employ these in 

more general studies of the Chalk. 
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2.7.4 Laboratory studies 

Apart from the laboratory work undertaken as part of the study conducted by 

Brouyére (2004) and those based on the work of Price et al., (1976) namely 

Mathias, (2005); Mathias et al., (2006) and Ireson, (2008), there appear to have 

been very few laboratory based investigations in to the behaviour of unsaturated 

Chalk. Work undertaken by Price et al., (2000) and Zaidman et al., (1999) provide 

valuable insights into the behaviour of unsaturated Chalk. 

The work described by Price et al. (2000), based in part on that of Low (1997), 

investigated the phenomena of storage on the surface of chalk matrix blocks first 

cited in the MIP investigation of Price et al. (1976). Drainage tests were carried 

out, in an air-water capillary pressure (AWCP) apparatus, on saturated chalk 

samples, to determine whether the matrix would drain for  values from -4.9kPa to 

-150kPa (assumed to be the range likely to be experienced in the field). Results 

indicated that drainage of the chalk, in the absence of fractures, was of the order 

of 0.5-1% of pore space, or about 0.15-0.4% of bulk volume. There was a clear 

correlation between the amount of drainage from the block, and the block surface 

roughness, with more water draining from blocks with rougher surfaces. Similarly, 

there was a correlation between the amount of drainage and ratio of surface area 

to volume, with more water draining from blocks with a larger surface area. The 

results, substantiated with complementary MIP experiments conducted on whole 

and fragmented specimens, were taken as evidence for the existence of tertiary 

storage sites, those of intermediate size between the narrow pores and the wider 

fracture apertures, related to surface depressions on chalk surfaces Figure 55. 

These investigations lead to the application of the concept of filling and draining 

of irregularities on fracture surfaces being applied to the Chalk and also lead to a 

reported 'new' conceptual model for the generation of fracture flow in the 

unsaturated zone of the Chalk Figure 55. The model proposed by Price et al. 

(2000) suggested that fracture flow could be generated at any depth in an 

unsaturated profile, but will probably be initiated at levels where the matric 

hydraulic conductivity is relatively low and in a sequence of uniform vertical 

permeability is likely to originate near the water table rather than high in the 

unsaturated zone. It should be noted that neither of these concepts were new. 

Surface storage effects having been described previously by Tokunaga and Wan 

(1997) but not explicitly applied to the Chalk and the initiation of fracture flow at 

low permeability horizons documented in the study of Zaidman et al. (1999). 
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Figure 55. Diagrammatic representation of the initiation of flow in a fracture between two 

chalk blocks. Initially, only the matrix conducts water (a). As pore suctions fall, the smaller 

depressions on the fracture walls fill with water (b). As suctions fall further (c), larger 

depressions fill and the narrowest portions of the fracture (BC) begin to conduct water. At 

high rates of recharge, successively larger depressions fill and eventually the fracture may 

fill with water along its entire length (d and e). Price et al. (2000). 

It is concerning that the upper limit of  investigated, -4.9 kPa (approximately 

0.5mH2O), is almost identical to that identified from soil physics studies as the 

fracture flow threshold. As such the investigation precludes valuable information 

regarding the de-saturation of fractures and fracture surfaces and, therefore, can 

be said to have provided only a partially quantitative analysis of storage at these 

intermediate sites. Further laboratory investigation is required to better quantify the 

magnitude and dynamic of this storage. 

The investigation conducted by Price et al. (2000) revealed little about the 

behaviour of unsaturated chalk below the matrix air entry value (at intermediate to 

low ). Work undertaken by Zaidman et al. (1999), however, provides information 

relating to chalk under these conditions. As part of a larger study Zaidman et al. 

investigated the electrical conductivity of matrix core specimens under conditions 

of variable saturation with a saline solution (Figure 56). This was undertaken in 

order to provide data for the calibration of resistivity imaging surveys aimed at 

monitoring tracer movement in unsaturated profiles. Despite the core specimens 

being derived from three separate field sites the results show remarkable 

consistency. In each specimen conductivity is seen to reach an almost residual 
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value concurrent with a saturation state of around 0.6 – 0.7 (60-70%). Although 

not stated by the authors this may point to a fundamental change in the 

configuration of the pore fluid at low saturation values. 
 

 
 

Figure 56. Saturation resistivity plot for eight core specimens, note large increase in 

resistivity to near residual values occurs at saturation values of around 0.5. (Zaidman et al. 

1999). 

 
 

Figure 57. Schematic diagram illustrating hydraulic processes in the upper 25 m of the 

Chalk. (Zaidman et al., 1999). 

Additionally, the field study of Zaidman et al. provided insights into the 

behaviour unsaturated chalk at depths deeper than most previous soil physics 

studies. Interpretation of resistivity surveys, field sections and soil physics 

instrumentation showed rapid bypass (fracture) flow to occur along steeply inclined 

joints during high intensity rainfall in autumn and winter, but not usually during the 
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summer. Joint saturation was observed to occur locally and progress upwards 

from horizons rich in thin marl layers. These observations are summarised in 

Figure 57. 

In the context of the present study the conceptual models described by both 

studies are highly relevant, and the findings of Zaidman et. al, (1999) are 

confirmatory evidence for the operation of the mechanism proposed by Price et. al. 

(2000). Both studies act to highlight the requirement for adequate sub surface 

characterisation to be conducted in order to interpret hydrological processes 

occurring in the unsaturated zone. 

2.8 Measurement of matric potential 

A multitude of methods exist to measure  and these may be sub-divided based 

on a multitude of criteria; whether they provide direct or indirect measurements of 

, whether they are laboratory of field based techniques, measurement range, 

equilibration time, etc. It is not the intention to provide an exhaustive review of all 

the potential and previously employed techniques here; comprehensive reviews of 

instrumentation are provided by Mullins (2003) and Ireson (2005, 2007, 2008). It is 

necessary, however, to provide a brief background and description of some of 

those commonly used in previous studies into the Chalk unsaturated zone and all 

of those used within the present study. 

2.8.1 Tensiometers 

The invention of the tensiometer is commonly attributed to W. Gardner, with a 

design for field applications attributed to Lorenzo A. Richards during the 1920s 

(Mullins, 2003). With the advent of the tensiometer came the ability to measure, 

what is traditionally referred to as directly, . Since its invention, and in light of 

technological innovations in materials and measurement systems, the tensiometer 

has been subject to many modifications. A range of instruments now exist which 

enable the measurement of  to be made over a varied range and in a variety of 

environments; most however rely on the same fundamental principles which were 

first exploited by Richards. 

2.8.1.1 Traditional Tensiometers 

A comprehensive review of traditional tensiometers is given by Mullins (2003), only 

the main points of which are summarised here. 
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A tensiometer consists of a porous cup or 'ceramic stone' connected through a 

tube to a manometer or other measuring device, with all parts being water filled. 

When the ceramic stone is placed in contact with the media to be investigated, the 

water in the cup comes in hydraulic contact and equilibrates with the soil water 

through the pores in the ceramic stone. Water held under tension in the media 

exercises a suction, which draws out a certain amount of water from the 

tensiometer. This then reduces the pressure of the water in the tensiometer, and  

is read by means of a manometer, a vacuum gauge or an electrical transducer 

(Hillel, 1998). The ceramic has a small pore size, so that it retains water in the 

pores by capillary action until the differential pressure between the water and air is 

much greater than atmospheric pressure. Since the pores of the ceramic remain 

full, air cannot pass through it and the chamber remains full of water to an 

absolute pressure equal to the saturated vapor pressure of water at the prevailing 

temperature (about 1.2 kPa at 10° C). In principle, therefore, the borehole 

tensiometer can measure  to about –98.8 kPa. In practice, however, water filled 

tensiometers have a lower measuring limit of around -8.0 to -8.5 mH2O or 

approximately -80 to -85 kPa (Mullins, 2003; Hillel, 1998) because below this 

cavitation will occur. Cavitation occurs when air bubbles form at microscopic 

irregularities, nucleation sites, within the instrument. These then expand and the 

water column breaks down as the water effectively boils. Because dissolved air in 

the groundwater tends to move into the reservoir and come out of solution 

tensiometers have an air trap that allows air to collect without blocking the 

instrument. It is usual to “purge" the tensiometer at regular intervals, by replacing 

any trapped air with de-aired water. 

In the case that readings of  are required at a considerable depth (say ≥8 m) a 

pressure transducer tensiometer can be used, with the transducer located near to 

the measuring depth (see Borehole jacking tensiometers below). Otherwise, a 

large hanging water column will be present, which will break once the tension 

approaches 10 mH2O. Figure 58 shows a schematic diagram of the principle 

components of a tensiometer and a diagram of a mercury filled manometer type 

installation, note that the mercury manometer may be replaced with a pressure 

transducer, vacuum gauge or any other type of pressure measurement system. 
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Figure 58. Schematic diagram of principle components of a porous cup tensiometer (left) 

(Lourenco, 1992). Schematic diagram of a mercury filled monometer type porous cup 

tensiometer (right) (Mullins, 2004). 

2.8.1.2 Borehole jacking tensiometers 

The Borehole or Jacking tensiometer, developed by CEH Wallingford, allows  in 

open (unlined) boreholes at depths greater than 10m to be monitored. These are 

bespoke instruments which are not commercially available, the use of which has 

not been previously described in the scientific literature although they are very 

similar to the jacking tensiometers employed by Wellings and Bell (1980a). The 

following summary of their construction and use is largely a condensation of the 

instruction manual (CEH, 2005). 

The construction of each individual tensiometer is shown in Figure 59. It 

consists of a chamber, open on one side. A porous ceramic plate is bonded to the 

chamber, so as to close the open side. A pressure transducer is fitted to the top of 

the chamber to measure the pressure of the water inside. Since water can pass 

freely through the ceramic plate, even though air is excluded, the water pressure 

inside the tensiometer will come to equilibrium with that in the formation, allowing 

the water potential in the formation to be measured in the same way as any other 

tensiometer. 

Similar to all traditional tensiometers air may enter the tensiometer by a variety 

of means and to maintain its ability to measure water potential it is necessary to 

purge the tensiometer with water. Two valves accomplish this; one allows water to 

enter the tensiometer through a tube to the surface and is opened by an electrical 

solenoid, controlled from a remote battery. The other allows the water out, as it is 
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displaced by the incoming water and opens automatically when the pressure in the 

chamber is greater than that outside. In case of failure of one of these latter 

valves, two are connected in series. Small tubes connect the valves with the inside 

of the chamber. The inlet valve introduces water near the midpoint of the chamber, 

whilst the outlet valve takes it from the top of the chamber, very close to the 

pressure transducer diaphragm. This ensures that as much of the air as possible 

is removed. 

The tensiometers are mounted on an aluminium alloy tube, made in 5 m long 

sections. The lower sections have the tensiometer units mounted onto them at 

predetermined positions. The upper sections are plain and serve only to carry the 

lower sections. Small screw jacks are welded to the aluminium tube sections. The 

tensiometer units are fixed to these, so that when the jack is operated, the ceramic 

plate is pressed against the side of the borehole. This makes a hydraulic 

connection between the water in the formation and that inside the tensiometer. 
 

 
 

Figure 59. Schematic diagram of a borehole tensiometer, showing the component parts (left) 

and the arrangement of modular units (right) to enable multiple level monitoring. 

Smaller diameter aluminium alloy tubes, connected to the screw thread of each 

jack, extend to the surface for operating the jacks. A 2 mm inside diameter flexible 

plastic filling tube, a twin-core electrical cable for operation of the solenoid valve 

and a heavy-duty pressure transducer signal cable also extend to the surface. 

Once installed the data cables from individual tensiometers are connected to a 

digital data acquisition system and readings may be electronically recorded at any 

desired frequency. 
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2.8.1.3 High capacity tensiometers 

The high capacity tensiometer; variably referred to in the literature as the 'Imperial 

College Suction probe', 'suction probe' or 'Imperial College type tensiometer' was 

first developed by Ridley and Burland (1993), allowing for the first time the direct 

measurement of negative water potential below -100 kPa to be made (Ridley and 

Burland, 1993). Although other methods of measurement are often cited as being 

direct measurements of  they are in fact indirect. In the porous cup tensiometer 

measurement is essentially made of the vapour pressure of water in the water 

filled reservoir and not the fluid pressure, once the water boils the vapour pressure 

reduces to zero and the instrument ceases to function. Similarly, in the pressure 

plate apparatus, it is the air pressure surrounding the medium that is measured 

and not the fluid pressure in the medium under investigation. 

Contrastingly the Suction Probe provides a truly direct measurement of water 

pressure that is achieved by exploiting the tensile strength of water. By preventing 

the formation and cavitation of vapour bubbles within the sensor a continuous 

water phase can be maintained from within the media to the sensors point of 

measurement, the transducer diaphragm, even under extremely low pressures 

(Tarantino and Mongiovi, 2001). Several design improvements made to the 

traditional water filled tensiometer make this possible (Ridley and Burland, 1993): 

 The water reservoir is kept as small as possible, typically <<1 mm3. 

 The internal surface of the reservoir is very smooth so as to provide fewer 

cavitation sites. 

 Only very clean de-aired water is used. 

 A high air entry ceramic stone with a very uniform pore size is used to 

prevent air entering the reservoir under conditions of low . 

Figure 60 shows a schematic diagram of the principle components of a suction 

probe. 

Much of the published literature regarding the suction probe is either devoted to 

its deployment and use in the laboratory (Toker et al. 2004; Lourenco et al., 2005) 

or documents the development of essentially identical instruments by other 

workers (Marinho and Chandler, 1994; Tarantino and Mongiovi, 2002). No 

published work could be found pertaining to the use of the instruments solely for 

the purpose of hydrogeological investigation, although Toker et al. may be seen as 

a partial exception. 
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Figure 60. Schematic diagram of a Whykham-Farrance type suction probe showing assembly 

of the principle components (after Lourenco et al., 2005). 

The published development work (Ridley, 1993; Ridley and Burland, 1993; 

Marinho and Chandler, 1994; Ridley and Burland, 1999; Take and Bolton, 2003; 

Tarantino, 2003; Toker et al. 2004; Lourenco, et al. 2005) have all shown that 

careful preconditioning of the instruments with cycles of vacuum and pressure 

allow for reliable measurement of water potentials, some as low as -1500 kPa, to 

be made. 

Suction probes have several additional benefits, particularly over porous media 

type sensors, in measuring very low . Because the porous tip remains saturated 

the instrument displays no hysteresis effect therefore hysteresis of the porous 

media may be investigated. Due to the small water reservoir and porous tip very 

short equilibration times, in the order of <1 second can be achieved (Toker et al. 

2004), allowing for real time monitoring of . The ability to digitally log readings 

from the device allow for high temporal resolution data to be collected over a large 

range of  limited by only by the air entry value of the ceramic tip and the range of 

the pressure transducer. Similar to all other types of tensiometer however it is 

important that the porous stone is in intimate contact with the medium to be 

investigated for measurements to be made. 

Whilst this instrument is ideally suited to laboratory studies, where it has 

previously been applied, there appears to be no reason why it cannot be deployed 

in the field with adequate and careful installation, although this appears not to 

have been undertaken as yet. 
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2.8.1.4 Porous material sensor methods 

Porous material methods involve equilibrating  between a porous material (the 

sensor) with the media to be measured. The water content of the sensor material 

is then measured, using a variety of techniques. If the relationship between the 

water content and , the SMC, of the sensor is known then a measurement of the 

sensors’ water content can be used to determine its matric potential and hence the 

 of the soil in which it was in equilibrium with may be determined. In this manner 

such techniques produce indirect measurements of . 

Porous material sensors can be calibrated using a pressure plate apparatus. 

This enables laboratory measurements to be taken for porous material samples, 

subjected to varying . A number of such techniques are described in detail by 

Klute (1986). Calibration can either be carried out for the porous sensor water 

content against , or for the variable measured by the instrument e.g. resistance 

or voltage output against . 

2.8.1.5 Filter paper method 

The filter paper method is an indirect method of determining  and is a type of 

porous material sensor. Developed by Gardner in 1937 (Mullins 2003) it is a cheap 

and relatively simple method of determining  over a wide range. The method 

requires a filter paper to be placed either in intimate contact with or very close to 

the media under test and sealed in an airtight container. Once equilibrium has 

been achieved between the paper and the media, determined by stability of the 

filter paper mass, the paper is weighed and its water content determined 

gravimetrically. The corresponding  is then determined from a calibration curve 

(Mullins, 2003) to realise a single point on the SMC curve. The moisture content of 

the porous medium is then incrementally changed, by drying, and the test 

repeated to gain another θ/ point. 

Equilibration times may range from many days to months, dependent on the 

saturation state of the porous medium, and so it may take a correspondingly long 

time for a complete test to be realised. Additionally, SMC curves generated in this 

manner often lack detail as the readings are isolated values and the time required 

to produce a continuous detailed curve is prohibitive. Errors due to mass 

determination in the filter paper and potential disturbance of the test specimen are 

easily imparted on the procedure. Issues have also been raised regarding 
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calibration of the filter papers and variability between batches of similar papers. 

Because the method requires water to enter and leave the sensor, the sensor itself 

is subject to hysteresis and therefore should be used only in a drying or wetting 

direction and with the correct calibration curve. The filter paper method is 

inappropriate for use in field studies. 

2.8.1.6 Dialectric porous material sensors (equitensiometers) 

Porous material sensors that work through monitoring the response of a dielectric 

material mounted within a porous sensor are commercially available. For field 

applications the sensor is typically installed in a narrow diameter borehole and 

must be in intimate contact with the porous media. 

A dielectric is an electrical insulator which when placed in an electric field, 

causes positive and negative charges within it to be pulled in opposite directions, 

producing polarization, and storing energy in the material. The electrical energy 

stored by a dielectric is described by the material's permittivity, measured in 

picofarads per meter. The relative permittivity (√K) is the ratio of a material's 

permittivity to that of a vacuum and is also referred to as the dielectric constant 

(Gardner et al., 2003). Topp et al. (1980) showed that the dielectric constant of a 

porous material is strongly dependent on the volumetric water content and that the 

dielectric constant was almost independent of soil density, texture and salt 

content. Permittivity values returned by the instrument may then be related to 

water content and  through the use of calibration curves derived from laboratory 

experiments. 

One such commercial product, the Deta-T Equitensiometer, is a type of porous 

medium sensor and consists of a granular matrix around a dielectric 'theta' probe. 

This product, cited by the manufacturer to be capable of measurement of  in the 

range 0 to -1500 kPa (Delta-T product literature), requires the use of pre-

determined calibration curves, unique to each instrument, which come 

programmed into the instruments. 

Whilst equitensiometers appear to provide a method for continuous monitoring 

of the in situ matric potential of the unsaturated zone their behaviour is poorly 

understood (Ireson, 2006, 2008). Ireson (2008) showed use of the manufacturers 

6th order polynomial calibration curve provided unreliable data in the 'wet' range, 

above -40 kPa (Figure 61). A much better calibration curve was achieved through 



120 

use of a calibration curve based on the Van Genutchen equation (section 2.5.6) 

and the manufacturers data points. 
 

 

Figure 61. Schematic diagram of how the equitensiometer works (Top). Comparison of two 

calibration techniques for the equitensiometer, manufacturers calibration data and Van 

Genutchen curve fit for entire range(bottom left) and 'wet' range >40kPa. Ireson (2008) 

It would appear that, in the absence of improved calibration beyond that 

supplied, data from equitensiometers should be used with caution. As a minimum 

requirement data must be adequately filtered prior to use to remove the 'wet' range 

where inaccuracies have been shown to exist (Ireson, 2008) and measurements 

should preferably be qualified through the use of complementary instrumentation 

such as traditional tensiometers. 
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2.8.1.7 Porous (capillary) plate methods 

Capillary plate methods are suitable for use in the laboratory and provide what has 

traditionally been described as direct measurement of . Two procedures are 

commonly used and are very similar in configuration but allow vastly different 

ranges in  to be investigated. 

The Pressure Plate is variably referred to in the literature as Richards' Apparatus 

(Brouyére, 2001) or Air Water Capillary Pressure apparatus (AWCP) (Price et al., 

2000). The method requires that a specimen be placed on top of, and in intimate 

contact with, a saturated porous ceramic plate with a high air entry value in a 

pressure vessel. The vessel has two orifices, one provides air that is used to 

regulate the pressure acting on the specimen inside the chamber, and the other 

allows water that has passed from the specimen through the ceramic plate to be 

removed. The porous plate acts as an interface between the upper pressurised 

and lower atmospheric water filled portions of the apparatus. A specimen is 

brought to equilibrium moisture content (stable mass) at a pre-determined  value, 

controlled by regulating the air pressure acting on the specimen in the upper 

chamber. Once equilibrium has been reached the moisture content of the soil 

sample is determined gravimetrically and a single point on the SMC curve has 

been realised. The test must then be repeated under different applied pressures to 

generate points from which a SMC curve may be determined. Because air 

pressure is used to generate the matric potential very low values may be 

investigated, limited by the air entry value of the porous plate and the bearing 

capacity of the pressure vessel. 

The suction plate is essentially an identical procedure but instead of 

pressurising the air surrounding the specimen to expel water from it the water 

reservoir below the porous plate is reduced in pressure so as to draw water from 

the specimen. Because the water in the reservoir will boil at -98 kPa, 

measurements are limited to this value. 

2.9 Conclusions 

The existing literature contains many theoretical representations of the chalk 

unsaturated zone, for example Figure 45, all of which, with the exception of that 

proposed by Zaidman et al. (1999), assume the Chalk matrix to be homogeneous. 

Whilst such considerations are certainly of value the assumptions on which they 

are based are simplistic and do not take into account the inherent heterogeneity of 
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the Chalk. There is, therefore, a need to re-examine our conceptual understanding 

of the Chalk unsaturated zone and attempt to reconcile it with our understanding of 

lithological variation. Several factors presently limit our ability to do this. A lack of 

data pertaining to the hydrogeological properties of primary depositional 

(lithological) contrasts and a lack of a suitable framework with which to extrapolate 

any measured or inferred properties. 

Very few studies have been undertaken which have attempted to systematically 

relate basic index properties to the adopted Chalk stratigraphy. The few that have 

were either limited in geographical extent (Mortimore and Pomerol, 1998) or 

restricted in the properties measured (Mortimore et al., 1990). No studies have 

been conducted into inter-formational variations in hydrogeological properties and 

similarly no studies appear to have attempted to investigate intra-formational 

variations in matrix K to ascertain the control that lithological variation may 

imposes on these parameters. It appears, therefore, that whilst lithological 

contrasts have long been recognised within the Chalk, and indeed form part of the 

basis of the current stratigraphic scheme, little is known as to their hydogeological 

significance. This is a serious shortfall in the hydrogeological understanding of the 

Chalk. 

Various workers (Price et al., 2000; Haria et al., 2003) have attempted to 

understand how the fracture domain plays a role in the storage and flow 

mechanisms. These workers show that due to fracture surface irregularities, the 

fractures are likely to behave not as a binary, on/off system, but in a similar 

manner to other porous media (that is, the degree of saturation is controlled by ). 

These findings have provided a conceptual basis for modelling studies using EPM 

approaches (Brouyére, 2005; Mathias 2005; Ireson, 2008a). The representation of 

the fracture domain in these studies has, however, been based on assumed 

values or site-specific data and the matrix properties on limited data. 

Whilst the development and application of modelling techniques to the Chalk 

unsaturated zone have made recent and significant advances they appear to rely 

on parameters whose variation is poorly, if at all, understood. Our understanding 

of reality has been surpassed by our ability to mathematically represent it. This 

situation may lead to the blanket application of erroneous parameters and in turn 

to erroneous reporting. As key policy decisions are often made on the basis of 

‘what if’ scenarios and their input into models, the use of realistic and rigorously 

researched parameters in such models is of the utmost importance. In order that 
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such modelling techniques may be applied more broadly the variation in key 

parameters, and the variation in the form of the chalk SMC, must be ascertained. 

Matrix properties are amenable to laboratory investigation because blocks of 

intact matrix can be removed from the ground and studied under highly controlled 

conditions, however, the same cannot be said for the fracture properties, which 

would be hard to replicate in the laboratory. This is reflected in the literature on this 

subject, which includes numerous attempts to quantify the matrix properties (Price 

et al., 1976; Brouyére et al., 2004), but no attempts to quantify the fracture 

properties, a partial exception being the work by Price et al., (2000) looking at 

storage on the matrix block surfaces analogous to fracture walls. 

The study of processes operating in the unsaturated zone, using soil physics 

instrumentation, has been informative. The majority of studies however, have been 

conducted over shallow (<5 m) depths and with poor site characterisation. The 

study of hydrological processes in the interval where the chalk is likely to have 

been most disturbed by weathering may therefore have masked the presence and 

effects of lithological variation. The question remains, therefore, as to how well the 

established understanding can be related to processes operating in the deeper 

unsaturated zone, where primary depositional features will be better preserved. 

Detailed data pertaining to the mode of operation of the deeper unsaturated zone 

appears to be almost non-existent, and although mechanisms have been inferred 

from solute transport studies these appear to have been largely inconclusive. 

Anecdotal evidence gained from experience operating groundwater sources 

(Headworth, 1979), and geophysical investigation of the deeper unsaturated zone 

(Zaidman et al., 1999) suggest, contrary to many contemporary modelling studies 

(Mathias, 2005, 2006), that the operation of the fracture domain is important. 

Direct and systematic observations from the deeper unsaturated zone are required 

if these issues are to be addressed. 

The key research questions that arise from this review of literature are: 

 Can the Chalk stratigraphy be related to variations in basic properties 

(porosity, density, hydraulic conductivity)? 

 What is the nature of intra-formational contrasts in matrix hydraulic 

conductivity; can they be quantified and how significant may they be in 

determining the behaviour of the unsaturated zone? 
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 Is there variation in the SMC of the Chalk matrix and if so can it be related 

to useful predictors, such as stratigraphy or other properties such as 

porosity, density, hydraulic conductivity? 

 Can the nature and dynamics of the fracture domain be studied under 

laboratory conditions and if so; can the fracture matrix threshold be 

adequately defined in a quantifiable manner, and does it exhibit systematic 

variation? 

 Which hydrological processes are active in the deep unsaturated zone, how 

can these be studied, do they show spatial and temporal variation and if so 

can this be related to observed variations in physical properties? 

Having identified the current state of the art from a review of the literature a 

number of key research questions have been posed. Subsequent chapters of this 

thesis are devoted to describing the investigations undertaken in an attempt to 

answer these questions and in so doing enhance the present understanding of the 

hydrogeological character of the Chalk and its influence on the behaviour of the 

unsaturated zone. 
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Chapter 3 Preliminary laboratory 

testing 

Lithological characterisation 

3.1 Introduction 

The preliminary laboratory program was designed to address some of the key 

research questions outlined in the previous chapter relating to the distribution of 

aquifer properties within the Chalk and to investigate their stratigraphic 

relationships. In order to hydrogeologically characterise the Chalk the spatial 

variation of important aquifer properties (porosity, hydraulic conductivity and 

fracturing) are assessed. The characterisation undertaken during the preliminary 

laboratory investigation involved the recovery and analysis of specimens derived 

from rock core and field exposures and the subsequent determination and analysis 

of physical and hydraulic properties of a large number of specimens. The purpose 

of this exercise was to: 

 Investigate the interrelationship of index properties, density and porosity 

and hydraulic conductivity (K). 

 Undertake an assessment of stratigraphical and geographical variation in 

index properties and K. 

 Conduct an assessment of variations in K relating to primary depositional 

fabrics and fracturing. 

 Conduct a detailed characterisation of each of the instrumented UK 

research sites, East Ilsley and North Heath Barn, in order that they may be 

used in later investigations into the mode of operation of the unsaturated 

zone. 

 Provide stratigraphically constrained samples of Chalk in each study area 

from which representative specimens may be selected for further analysis 

at the advanced laboratory testing stage. 
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3.2 The study areas and sites 

For the purpose of the present study the sites from which material was collected 

can be grouped into three distinct geographical areas; the Berkshire Downs, 

represented by the East Isley research site; North Downs by RC9599, RC9598 

and Ludsdown; and the South Downs represented by a number of sites from the 

Brighton area. Details of the sites, their location and stratigraphic range are 

presented in Figure 1 and Table 1. The limited number of specimens retrieved 

from the Hallue precluded any meaningful formational analysis and the results 

from these tests are presented in Chapter 4 in relation to the advanced tests 

conducted. 

3.3 Rock Core analysis and specimen recovery 

Where recently recovered rock core was available (EI2, NHB2 and Shoreham PS) 

the fresh core was transported to the UoB laboratories for removal from the core 

lining and analysis. The core surface was cleaned by use of a metal scraper and 

photographed. Lithological features were recorded on a graphical log with 

accompanying written notes recorded where appropriate. Descriptions of the cores 

were made with particular attention paid to the palaeontological and stratigraphical 

evidence contained in the chalk cores so that: 

 An accurate diagram could be constructed displaying both the stratigraphy 

and structure of the recovered core. 

 The structure and engineering grade of the chalk could be compared with 

the laboratory test results from specimens recovered from the cored 

boreholes. 

All cores were logged using industry standard BS5930 (1999) and the CIRIA 

recommendations for the description of Chalk (Bowden et.al, 2002; Spink, 2000). 

From the core-logs from North Heath Barn and East Ilsley graphical logs were 

prepared displaying the various layers in the recovered Chalk including marl 

seams, iron-stained nodular sponge beds, flint horizons and hardgrounds. 

During the core-logging, assessment was made of standard descriptions and 

measurements of Total Core Recovery (TCR %), Solid Core Recovery (SCR %), 

Rock Quality Designation (RQD %), and fracture frequency (Ff) in fractures per 

meter. TCR, SCR and RQD are not presented but were used to correct the depth 

of the lithological logs in the event of any core loss. Careful consideration was 

taken to differentiate between fractures induced due to disturbance from drilling 
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activity and naturally occurring fractures. Natural fractures commonly display 

evidence of subtle to heavy manganese and / or iron staining whilst such staining 

is absent in induced fracturing (Shand and Bloomfield, 1995) Figure 62. Whilst 

logging the core lithological specimens were removed, labelled with the borehole 

name, sample depth and orientation. 

In cases where core was available which had previously been logged and 

described in detail by Professor R. Mortimore (RC9598, RC9599, Ludsdown, 

Lewes CSO, Pycombe east and Pycombe west), specimens were retrieved from 

storage with reference to the existing lithological logs. 

Index property determinations required irregular specimens of approximately 

400 to 700 g (wet) mass whilst specimen recovery for determination of K required 

lengths of solid core at least 100 mm in length. In both cases specimens were 

selected which displayed no signs of fracturing. Additionally specimens of marl 

material were retrieved from fresh drill core as these were of specific interest to the 

study. 

For the purposes of the present study two types of marl material were defined, 

clastic and plastic, based on their physical properties and recognised by textural 

and colour contrasts with the surrounding matrix material (Figure 62). Clastic 

marls, those that were seen to be competent in core being incorporated within the 

bonded matrix material, were observed as individual ‘wisps’ of less than a 

millimeter up to a centimeter in thickness. Intervals in excess of 200 mm in vertical 

extent containing zones of many such clastic marls where also observed (Figure 

62). Plastic marls were observed to possess a weakly bonded structure, which 

could be readily separated from surrounding matrix material and easily deformed 

by hand pressure. Plastic marls varied in thickness from 5 mm to 200 mm and 

often graded into and out of clastic marl seams (Figure 62). When present in 

sufficient quantity these were removed from the core, placed in a plastic bag and 

labelled with borehole name and depth interval. 
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Figure 62. Photographic examples of a) marls seams and b) natural fractures observed in 

recovered core. Core is 100mm nominal diameter, length as stated in caption. 

Ian
pdf
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3.4 Specimen recovery from field exposures 

To enhance the stratigraphic coverage provided by the available cores in the 

Brighton area field specimens were recovered from exposures at Shoreham 

Cement works and Southerham Grey Pit. During retrieval reference was made to 

descriptions of the exposures provided by the field guide of Mortimore (1987). 

Each field section was studied and stratigraphical constraint provided using 

lithological and bio-stratagraphical evidence. Large blocks of approximately 

500x250x250 mm displaying no obvious signs of weathering or fracturing were 

removed, labelled with location, orientation and an estimated depth in meters 

below the top of the exposure. A similar procedure was followed for the recovery 

of specimens from the Hallue catchment although blocks were smaller due to the 

constraints of transportation. 

3.5 Specimen preparation 

Specimens fell into four basic categories dependent on their origin and intended 

testing procedure; those from core and field exposures for the determination of K 

and index properties, those from core solely for index property determination and 

plastic marl seams recovered from fresh drill core. 

To enable determination of K using triaxial equipment specimens of known 

dimensions are required. In order that the procedure was to follow as closely as 

possible that outlined in BS 1377: part 6: 1990 cylindrical specimens were required 

having a length to diameter ratio of 2:1. Specimens recovered from cores were cut 

at both ends perpendicular to their length using a grinding wheel, then sealed in 

aluminium foil and cast into plaster blocks for stability. Blocks were then secured 

to the base of a pillar drill and a specimen extracted using a water-flushed 

diamond tipped core barrel of 40 mm nominal internal diameter. Upon successful 

retrieval of a core of adequate length the specimen was labelled with specimen ID 

and orientation, trimmed with a grinding wheel to a nominal length of 80mm, 

washed of any surface detritus and left to dry in an oven at 105 oC. In the event 

that a core was produced in excess of 160 mm length the core was divided into 

two or more specimens and labelled using an alphabetical suffix of the original 

specimen ID; A denoting the stratigraphically upper specimen. The remainder of 

the original specimen was removed from the plaster block, the foil removed and a 

suitable sized specimen retrieved and labelled for the determination of index 

properties. The retrieval of a sample for index property determination was 
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undertaken whether the extraction of a 40 mm core was successful or not. 

Specimens for index property determination were cleaned of any surface residue 

and lightly trimmed of any fragile edges and placed in an oven at 105 oC. 

Specimens were extracted from the large field samples in a similar manner, 

although not cast in plaster blocks but secured to the drill base by use of clamps. 

For large samples several sub-specimens were often retrieved from the same 

block and labelled with an alphabetical suffix unrelated to stratigraphical position. 

3.6 Procedure for the determination of Index properties 

The porosity of irregular specimens was determined using the gravitational method 

(BS: 1377: 1990: Part 2: test 7.3), and IDD using the method described by 

Lamont-Black and Mortimore (1996) reported as being capable of achieving an 

accuracy of ±0.025 Mg/m3. The laboratory procedures are summarised below. 

Specimens were oven dried at 105 oC until their weight had stabilised. The 

drying of specimens was necessary to achieve complete saturation during the 

initial stage of the porosity determinations so as to minimise errors in the saturated 

mass due to the entrapment of air. Specimens were then transferred to a vacuum 

vessel that was sealed and evacuated before water was added to saturate the 

specimens by imbibition. After a period of not less than three days of periodic 

evacuation the specimens were extracted and any surface moisture adhering to 

their surface removed by lightly shaking before being weighed on a balance 

accurate to 0.01 g to determine saturated mass (ms). Specimens were then oven 

dried at 105 oC until their weight had stabilised, removed from the oven left to cool 

to laboratory temperature and weighed to determine dry mass (md). 

Dry specimens were then coated in wax at 65 oC, to seal the surface but not 

invade the pore space, left to cool then weighed in air (Ww) and when submerged 

in pure water (Wv); allowing for the volume of the sample to be calculated by 

Archimedes’ principle. Corrections were made for both the volume and density of 

the wax applied to the specimens. Index properties were determined using the 

following calculations: 

Sv  wwa mww wv  

Equation 20 

IDD 
md

Sv

 

Equation 21 
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n 
(ms md )

Sv

 

Equation 22 

Where Sv is the specimen volume, mwa is the mass of the waxed specimen in air, 

mww is the submerged mass of the waxed specimen, wv is the volume of wax 

applied to the specimen, md is the dry mass of the specimen and ms is the 

saturated specimen mass. Records from individual tests are presented in 

appendix 2. 

3.7 Procedures for determination of hydraulic conductivity 

Due to the different physical nature of the plastic marl material and the intervening 

bonded matrix separate procedures were used to assess K. For bonded Chalk 

matrix, including that containing clastic marl features, adequate specimens for 

triaxial testing were obtained directly from rock core or field specimens as outlined 

above. 

For the plastic marl seams it was generally not possible to retrieve intact 

samples of sufficient size for testing in triaxial apparatus, due in part to their limited 

thickness. Although attempts were made to do so these were unsuccessful and 

the alternative method for assessing K described in section 3.7.2 was employed. 

3.7.1 Chalk matrix and clastic marl specimens 

The hydraulic conductivity of prepared core specimens was determined as far as 

was practically possible in accordance to the method described in BS: 1377: Part 

6; constant head testing using an hydraulic cell apparatus with pore pressure 

measurements. 

Prepared cores were oven dried, saturated with water by vacuum imbibition 

before being placed in a latex membrane and securely attached to the base 

pedestal and top cap using rubber 'O' rings. The test cell was then assembled and 

filled with water. 

Prior to the constant head flow test two pre-test procedures were conducted. 

Firstly the saturation state or β value of the specimen was determined to ensure 

that an adequate saturation state had been achieved. Top and bottom pore water 

lines were closed and the cell pressure raised by a nominal 100kPa and the pore 

pressure in the specimen monitored. Saturation state was assessed using the 

following equation: 
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applied cell pressure

increase in pore pressure









100  

Equation 23 

If the test indicated that saturation was below 96%, required under the BS 

standard, pore pressure was raised to the cell pressure, to dissolve entrapped air, 

and the test repeated. If required this procedure was repeated until a satisfactory β	

value was obtained. Secondly, so as to simulate field conditions as closely as 

possible all specimens were consolidated to a state related to their native 

condition. A nominal consolidation pressure (Pc) was determined employing 

average properties of Chalk; porosity 34% and grain density of 2.71x103 kgm3 

(Allen et al., 1997); the density of water (ρw); and assuming all porosity to be water 

filled (Price, 1993) an approximate value for Pc of 20 kPa per meter of overburden 

was calculated using equation 24: 
 

Pc  2.71 0.66  w  0.34   g  

Equation 24 

Consolidation was achieved by closing both drainage lines, raising the pressure 

in the test cell and then opening the bottom drainage line allowing the pore fluid to 

drain until the pressure in the top pressure line was equal to that that in the bottom 

pressure line. This was the only significant deviation from the procedure outlined in 

BS: 1377: Part 6 which states that consolidation is required to be achieved by a 

series of equally spaced steps not in excess of 33% of the total consolidation 

pressure used. This deviation was not thought to impart any significant error for 

two reasons. Firstly, the Chalk is a relatively stiff material and was not observed to 

undergo any significant deformation under the confining pressures employed, 

secondly the pore pressure within the sample was continuously monitored 

ensuring that no hydraulic gradient existed at the start of each hydraulic 

conductivity test. 

Once all necessary pre-test procedures were completed the top pore pressure 

was set to be approximately 40 kPa above that in the bottom and pore pressure 

lines opened initiating flow through the specimen. Flow was maintained under 

constant hydraulic gradient, typically for 10 minutes, or in the case of very 

impermeable samples until at least 3 times the volume of water to which the 

volume gauges were sensitive, 3 mm3 (Millar, 1999), had accumulated in the lower 

volume gauge. Pressure in the top pore pressure line was then increased by a 
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further 40 kPa to initiate the second flow increment. This procedure was repeated 

until four steady state flow increments were achieved. Note that pore pressures 

quoted here are nominal and that for testing extremely permeable and 

impermeable specimens the applied pressure gradients were adjusted so as to 

prevent errors due to turbulent flow or low volume measurements. Turbulent flow 

being recognised by the deviation of data points from a straight line passing 

through the origin when results were plotted on a graph of hydraulic gradient 

versus flow rate. 
 

 

Figure 63. Example of a data sheet from the determination of K for specimens tested using 

triaxial apparatus. 

Data from the experiments were recorded using digital data acquisition software 

connected to a number of calibrated transducers measuring; water pressure in the 

confining cell and top and bottom pore water lines; volume of water in the 

confining cell and the top and bottom pore water reservoirs; and a thermocouple 
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located within the confining cell. After the test specimens were removed from the 

apparatus and measured using digital callipers to an accuracy of 0.1 mm. Two 

sets of three equally spaced measurements were taken to determine specimen 

length and diameter and the average of the readings taken as the dimensions 

used for analysis of the data. Specimens were then set aside for further analysis. 

Data files containing the raw test data and specimen information were 

processed using an in-house computer program that allowed all necessary 

corrections to be made for system head loss and variations in temperature. 

Processed data files were then manually checked and results recorded in a 

database. Figure 63 shows an example of the data sheet produced for each test 

specimen. Full details of individual specimens and tests are available in appendix 

2. 

3.7.2 Plastic marl specimens 

Where adequate plastic marl material could be recovered from the available core it 

was retrieved and stored in airtight containers. A small amount of undisturbed 

material, for SEM analysis, was removed and the remaining material hydrated with 

water and periodically worked with a spatula on a glass sheet until homogenised 

at approximately the liquid limit. Several unsuccessful attempts (data not 

presented) were made to test plastic marl material in a triaxial cell apparatus. 

Material, pre-consolidated at 2000 kPa in 38 mm sample tubes was extruded into 

latex membranes, mounted in the hydraulic cell and subjected to the procedure 

described in 3.7.1. In the most sustained attempt the application of an hydraulic 

gradient of 1100 kPa across a 25 mm high specimen for a period of three days 

produced no measurable flow. The triaxial method was not pursued further and an 

alternative method for estimating K was employed. 

Testing was conducted in accordance with the method described in BS 1377: 

Part 5: 1990: section 3, using an oedometer cell with calibrated compression 

apparatus, to determine one-dimensional consolidation properties. A total of seven 

stress increments were systematically applied to each specimen. Using Terzaghi’s 

1D consolidation theory (Terzaghi, 1943) the consolidation characteristics 

coefficient of consolidation (Cv) and coefficient of compressibility (mv) were 

calculated using the t90 square-root time fitting curve method for each increment. 

Consolidation characteristics were then used to estimate a theoretically derived 
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value for coefficient of permeability, k, which can be estimated from the theoretical 

relationship (Terzaghi, 1943): 

Cv  k Mvwg 1
 

Equation 25 

Where ρw is the mass density of water, Cv coefficient of consolidation (m2year-1) 

and Mv is the coefficient of compressibility (m2MN-1)and g acceleration due to 

gravity. This can be reduced to: 

k CvMv(0.311)109 

Equation 26 

Results from these tests do not represent measured values of k as they are 

derived from a theoretical relationship and should, therefore, be considered only 

as estimates. The results are presented in 3.9.3 and full details of individual 

specimens and tests are available in Appendix 2 

3.7.3 Fractured specimens 

Although no specimens were purposefully selected containing natural fractures the 

procedure for the recovery of core specimens yielded six cores within which single 

undisturbed natural fractures were preserved, examples of two such specimens 

are shown in Figure 64. Although it was not always possible to separate the two 

parts, the fracture could be clearly traced through each specimen presenting the 

opportunity to investigate flow through fractured Chalk in a triaxial apparatus under 

controlled conditions. No published values or results from such an investigation 

conducted on the Chalk could be found in the literature and so this was considered 

to be of interest to the present study. 

Recovered specimens were trimmed on a grinding wheel, ensuring that the 

fracture was present in both ends of the core before saturation by vacuum 

imbibition. If necessary cores were then re-assembled, ensuring that the surfaces 

mated in their natural positions, measured, placed in a latex membrane and 

mounted in the hydraulic cell for testing. 

A test comprised of a saturation check, consolidation stage and four constant 

head flow increments, as per a standard determination of K, section 3.7.1. Cell 

pressure was then raised and the procedure repeated under increased 

consolidation pressure, Pc, to simulate the effects of increased overburden. Using 

the nominal value of Pc (Equation 24) cell pressures between 125 to 1000 kPa 
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were used to simulate the effect of overburden between ~6.25 and 50 m on 

fracture K. Pore pressures in the experiments were typically <2% of Pc and 

therefore the effective pressure acting across the fracture may be regarded as 

being approximately equal to Pc. To ensure that a laminar flow regime was 

maintained within the specimen a check was made of the straight line fit between 

hydraulic gradient and flow rate for each constant rate test and the test repeated at 

lower flow rates if required. At the end of the test the specimen was removed from 

the cell and carefully examined for damage. Post testing no specimen showed 

signs of increased fracturing; conversely some specimens appeared to have 

annealed during the test procedure. The results from these tests are presented in 

section 3.9.3. Full details of all specimens and tests are available in appendix 2. 
 

 

Figure 64. Examples of specimens containing natural fractures used for triaxial testing. a) 

P1, vertical fracture with heavy manganese staining. b) RC86A steeply inclined fracture with 

light manganese speckling on fracture surface. 

3.8 Scanning electron microscopy 

From selected specimens a smaller, approximately 1 cm3, sub specimen was 

extracted, by chipping with a hammer, oven dried at 105 oC, mounted on a stage 

with epoxy resin and coated with carbon for analysis with the scanning electron 

microscope (SEM). The resulting digital images (micrographs) are used to 

investigate both pore scale and surface characteristics of selected specimens. The 

process of sub specimen retrieval was destructive and undertaken only once other 

laboratory tests had been conducted. Micrographs of individual specimens are 

available in Appendix 2. 
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3.8.1.1 Matrix and marl specimens analysis 

Specimens were selected for analysis with the SEM to conduct a qualitative 

textural comparison of matrix and marl features. Micrographs, at magnifications of 

x50, x500, x2000, x5000 and x10000, are used to investigate and illustrate the 

effect of particle shape and pore scale geometry exert on results from the 

laboratory tests. 

3.8.1.2 Fracture analysis 

To aid the investigation into fluid flow and retention on and within natural fractures 

data were required which describe the geometric properties Chalk fracture 

surfaces. No such data appears in the published literature the nearest equivalent 

being limited to a single description of a micro fissure aperture reported by Bell et 

al., (1999). Given the importance of fractures to fluid behaviour in the Chalk and 

the very limited data pertaining to them, a cursory analysis of the surface of a 

chalk 'fracture' was undertaken. 
 

 

Figure 65. a) Photomicrograph of specimen surface relief, line A-B represents horizontal 

axis in b) length 1.3mm. b) Digitized fracture surface height in units of m and standard 

deviations from mean value. Mean value 4.7x10-5 m shown by horizontal line, 1 standard 

deviation = 1.6x10-5 m. 

A single specimen (N13) was prepared for SEM analysis by trimming with a 

hammer so that two clean, mutually perpendicular artificially induced fracture 

surfaces were obtained. The specimen was then mounted on a pedestal, so that 
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one surface was parallel to the SEM stage and one was perpendicular, and a 

photomicrograph obtained of the 'rough' edge of the specimen at 100x 

magnification, Figure 65 a). A digital trace was then made using a graphics 

package, producing an accurate representation of the surface that was then 

digitised in a graphing package. Using 1000 units parallel to the surface length 

(resolution 1.3x10-6 m) and 1000 units perpendicular to length (resolution 8.9x10-8 

m) a representation of the micro scale relief of the specimen surface over a length 

of 1.3x10-3 m was produced, Figure 65 b). The resulting data are used to provide a 

physical basis for subsequent analysis into the properties of simulated fractures 

and water retention and mobility on fracture surfaces. 

3.9 Results 

Descriptive statistics based on the 413 sets of index property values and 237 

determinations of K, excluding determinations of fractured and plastic marl 

specimens, (Figure 66), show the sample as a whole to exhibit characteristics 

considered typical for the Chalk; high porosity (mean 35.12%); Low K (mean 

1.5x10-3 m/d) and mean IDD of 1.77 Mg/m3. These are comparable to those 

derived by previous workers (Mortimore et al., 1990; Barker, 1994; Bloomfield, 

1995); and very close to those of Allen et al. (1997) who calculated a mean 

porosity of 34.0% and IDD of 1.79 Mg/m3 from analysis of 2000 specimens and a 

mean K of 6.3x10-4 m/d from gas permeability tests on 977 specimens. Such close 

agreement between sample averages suggests the present sample to be as 

representative of the Chalk as could be expected considering the limited sample 

size. It should however be noted that the samples used by both Allen et al. (1997) 

and Bloomfield (1995) contained chalks from the northern province which are 

typically denser, less porous and less permeable than Southern province Chalks 

(Mortimore et al., 1990) and as such a bias in the present sample towards higher 

IDD and, lower K and porosity cannot be ruled out. Any such bias may reflect the 

fact that comparatively few specimens were derived from formations higher in the 

stratigraphy, postulated by Mortimore et al. (1990) and Mortimore and Pomerol, 

(1998) to posses lower IDD and higher K and porosity. Regardless of any bias the 

current sample encompasses both the range in Chalk matrix K quoted as typical 

by Reeves (1979) and also the variation in IDD, K and porosity observed by Allen 

et al. (1997) and Bloomfield (1995). 
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Figure 66. Summary plots of IDD, porosity and hydraulic conductivity results for all 

specimens tested. Hydraulic conductivity results shown only for triaxial tests. 
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3.9.1 General relationships between porosity, dry density and 

hydraulic conductivity 

The relationship between IDD and porosity data determined from the sample was 

linear with a coefficient of correlation, R-squared value, of 89.6% (Figure 67a). 

This general relationship has been recognised in previous studies  (Mortimore and 

fielding, 1990; Allen et al., 1997; Bloomfield et al., 1995 and Lamont-Black and 

Mortimore, 1998). The coefficient of correlation is lower than has been observed in 

previous studies, notably that of Bloomfield et al., who achieved a coefficient of 

correlation in excess of 99% for a sample of Middle Chalk of East Anglia. Potential 

sources of this apparent discrepancy include; inaccuracies in the testing 

procedure, related to the determination of mass, volume and degree of saturation 

and differences in the current sample characteristics with those of Bloomfield et al.  

The general relationship predicts a zero porosity density (2.68 ±0.1 Mg/m3), 

very close to but slightly lower than that of pure calcite (2.71 Mg/m3) (Carmichael, 

1989). This illustrates both the general purity of the Chalk with respect to calcite 

and that for the sample as a whole porosity is largely interconnected (Bloomfield, 

1995). Likely causes of the discrepancy between the predicted zero porosity 

density and that of pure calcite are; the sample contained minerals less dense 

than calcite and/or the presence of non-interconnected porosity. Specimens of 

Chalk containing clastic marl features, those derived from marl-rich formations and 

mineralised hardgrounds are likely to have affected the sample in both of these 

ways. 

The relationship between index properties and K were also determined to be 

linear (Figure 67), but exhibit much lower correlation coefficients of 33.7% and 

31.2% for IDD and porosity respectively. The poor correlation between K and 

index properties may be explained by the nature of the measurements. Index 

properties are bulk measurements averaged over the entire specimen volume, 

whilst K may be dependent upon the occurrence of very small features, such as 

clastic marls. Due to their small volume when compared with that of the complete 

specimen clastic marls exert little control on the bulk measurements but may be 

significant in controlling K within a specimen as illustrated in Figure 68.  

This effect is evidenced by the majority of specimens possessing clastic marl 

features plotting below the correlation lines with K, Figure 67 b) and c), implying 

that such features tend to reduce K. The effects of marl features on K are 

described further in section 3.9.3. Discounting specimens possessing marl 
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features, between 2 to 3 orders of magnitude variation in K can be observed for a 

given value of IDD or porosity, index properties, therefore , provide poor predictors  
 

Figure 67. a) Porosity intact dry density relationship determined for all specimens tested. b) 

and c) Relationship respectively between K and IDD and K and porosity for specimens tested 

on triaxial apparatus. Note that K scales are logarithmic. 

 

Figure 68. Example of three specimens with similar IDD and differing K due to the inclusion 

of clastic marl seams. 
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of K. It is feasible that differences in pore geometry related to primary depositional 

fabric and micro fossil assemblage act to control matrix K although detailed study 

would be required to establish such a link. 

3.9.2 Trends in porosity, dry density and hydraulic conductivity 

Statistics of sub samples based on both geographical location and stratigraphical 

division are shown in Table 8 and presented graphically in Figure 69 in the form of 

box plots showing sample distribution. In Figure 69 the inter-quartile range, 25th to 

75th percentile, is shown by the grey box; thin lines or 'whiskers' extend to the 

lower and upper range of the distribution, data outliers are shown by separate 

symbols and the median value by the horizontal line within the box. 
 

 

Figure 69. Box plots showing distribution of index property determinations versus formation 

for a) Intact dry density showing CIRIA density classifications, b) Porosity and c) Hydraulic 

conductivity. NCk is Newhaven Chalk formation, SCk is Seaford Chalk formation, LCk is 

Lewes Chalk formation, NPCk is NewPit Chalk formation, HCk is Holywell Chalk 

formation, ZCk is Zig Zag Chalk formation and WmCk is West Melbury Chalk formation. 

Table 8. (Next page) Results from intact dry density, porosity and hydraulic conductivity 

determinations for Chalk specimens. n number of specimens, mean arithmetic mean, median 

value, s.d standard deviation, 25% and 50% value of 25 percentile and 50 percentile in 

cumulative distribution, Min. minimum, Max. maximum, sk. distribution skewness. 
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To investigate regional and stratigraphic trends in the data a statistical analysis 

was required. Parametric tests provide the strongest statistical evidence, however, 

these could not be used due to the often small sample sizes and a non-parametric 

test was required. The Mann-Whitney U test was chosen as appropriate for this 

task having the advantages of being applicable to cases where relatively few data 

have been sampled (Davis, 1986) and being easy to implement. 

The U test compares data from two groups selected from a sample. Data from 

the two groups are combined into a single sample, ranked and the sum of the 

ranks calculated. The sum of the sample ranks is then compared with the sum of 

the ranks calculated from each of the two groups under test. If the groups were 

drawn from the same sample population it would be expected that their ranks 

would be spread evenly throughout the sample and not segregated. The measure 

of the dispersion or segregation in the group ranks compared to the sample ranks 

is the test statistic U, given by: 
 

U  R(X i) 
n(n 1)

2i1

n  

Equation 27 

Where n is the number of observations of X in the first group, Xi is the ith 

observation of the variable X in the first group and R(Xi) is the rank of the ith 

observation in the sample. The null hypothesis states that the difference in ranks 

between the groups is the result of chance rather than the alternative; they are due 

to statistical significance in the populations. The significance level of the test, the P 

value, was set at 95% and the test procedure accomplished using Minitab 

software. The U test was only employed if the sample size was greater than 5 for 

samples with fewer specimens no statistical analysis was undertaken. 

3.9.2.1 Regional trends 

Inter-regional trends in porosity were established by combining data from samples 

derived from the two formations common to all locations, the New Pit and Lewes 

Chalk formations. On the basis of statistically significant differences a number of 

regional trends where identified; 

 Porosity was seen to be higher in the sample from the North Downs than 

that from the Berkshire Downs; the South Downs sample exhibited the 

lowest porosity. 
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 IDD data showed the North Downs Chalk to be lower in density than the 

Berkshire Downs the South Downs being the densest. 

 Regional trends in K showed North Downs Chalks to have higher K than 

those of the Berkshire Downs and the South Downs to posses the lowest K. 

These trends show variations in index properties that reflect the transitional and 

southern provinces of Mortimore and Pomerol (1998), Figure 13. In agreement 

with the findings of Mortimore et al. (1990), Figure 15, variations between the 

North and South Downs data indicate more complex distributions of properties 

also exist within these provinces, in contrast with the single southern province 

recognised by Bloomfield (1995) and Allen et. al. (1997), 

3.9.2.2 Stratigraphic trends 

Results from the analysis of formational variation are presented along with the box 

plots in Figure 69. Only relationships of statistical equivalence at and above the 

95% confidence level are shown. Other samples, which were found to be 

statistically discrete, imply the presence of stratigraphical variation in properties 

between the formations tested. 

IDD data showed clearer stratigraphical segregation than other determinants. 

On the basis of IDD the only inter-formational contrasts that could not be 

statistically resolved were the Lewes and New Pit formations in both the North and 

South Downs. 

Inter-formational trends in porosity for the Berkshire data indicate an apparent 

increase in porosity down stratigraphic section, between the Lewes and New Pit 

Chalks. This may however be a consequence of the hardgrounds present at the 

Berkshire site. In both the South and North Downs data no differentiation could be 

made between the Lewes, New Pit and Zigzag formations. The Holywell Chalk 

was however shown to exhibit lower porosity than the surrounding New Pit and 

Zigzag formations at both of these locations. In the South Downs, where more 

complete stratigraphic coverage was achieved, porosity was not seen to decrease 

on the basis of stratigraphic level. The Newhaven Chalk was identified as being 

less porous than the underlying Seaford formation and the Zig Zag formation was 

seen to be more porous than the overlying Holywell Chalk. These findings are at 

odds with those of Scholle et al. (1977); Scholle, (1983); Price, (1987); Bloomfield, 

(1995) and Allen et al. (1997) all of whom report a decrease in porosity with depth 

(and by proxy stratigraphic level). One potential cause of this discrepancy is the 
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limited stratigraphic resolution provided by the three fold stratigraphic scheme 

utilised by the former studies that may mask small-scale stratigraphic trends. The 

present study suggests that porosity distributions in the Chalk may be related to 

processes other than depth of burial (Bloomfield, 1995). 

Stratigraphical relationships with K appear to be the least well defined. In the 

Berkshire Downs the Lewes and New Pit formations are statistically 

indistinguishable. Data from the North Downs show that the Lewes and New Pit 

formations could not be resolved on the basis of K but indicate a decrease in K 

with stratigraphic level to occur below the New Pit. In the South Downs K contrasts 

between Lewes and New Pit were resolved and data show a stratigraphic trend of 

reducing K from the Seaford through Lewes to the New Pit formation. This 

stratigraphic trend is not evident at all levels however and the Newhaven Chalk is 

seen to display higher K than the underlying Seaford formation whilst a large 

section of the stratigraphy, the New Pit, Holywell and Zig Zag formations, could not 

be resolved on the basis of K. 

3.9.3 Intra-formational variation in hydraulic conductivity 

Specimen descriptions coupled with K values from laboratory tests allow an 

appraisal of the variation in K at a sub-formational scale to be made. Sub-

formational variation in K is assessed in terms of primary depositional sedimentary 

structure and illustrates differences between the K of pure matrix, clastic and 

plastic marl seams. 

3.9.3.1 Clastic marl features 

The sample of hydraulic conductivity values from the triaxial testing contained 38 

specimens visually identified as containing clastic marl features. Comparison of 

the K distribution of the sample of specimens containing marl features with that of 

the pure matrix specimens show that the presence of such features acts to reduce 

the hydraulic conductivity, Figure 70a and Figure 71. The significance of this 

observation was tested using the U test, which showed the two groups to be 

statistically discreet. The sample with no marl features having a mean K of 1x10-3 

m/d compared with 2.2x10-4 m/day for the sample containing marl features, Figure 

71. 

The effect of marl features can be further illustrated through comparison of 

measured K where a number of individual specimens were derived from a single 

parent specimen, Figure 70b. Sub-specimens containing marl features 
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consistently display reduced K compared with pure matrix specimens, however 

contrasts in K at the scale of the parent specimen, 100 – 500 mm, vary greatly. 

Contrasts in excess of an order of magnitude between marl and matrix K are 

evident for specimens displaying high matrix K values whilst for chalks with lower 

K matrix the contrast is generally less than an order of magnitude. 
 

 

Figure 70. a) Box plots of hydraulic conductivity samples of specimens with and without 

clastic marl features. b) Comparison of hydraulic conductivity values from specimens 

derived from a single parent specimen, open symbols represent specimen containing marl 

feature. 

 

Figure 71. Summary data from K tests for specimens containing marl features and those of 

pure matrix. 
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The effect of clastic marl features on the pore scale geometry of the chalk 

matrix was investigated using SEM micrographs. Figure 72 shows an example 

were two areas examined from a single specimen, PE4, were examined. The 

clastic marl feature contains large platy mineral forms and few pore openings are 

evident in the surface, in contrast the surrounding matrix material is composed of 

smaller angular grains that display a more open pore structure. A reduction in 

interconnected porosity and subsequent increase in the tortuosity of flow paths, 

due to the higher concentrations of platy minerals, are most likely the cause of the 

decrease in K seen in specimens containing marl features. 
 

 

Figure 72. Micrograph of specimen PE4 taken at 2000x (2k) magnification showing the 

contrast in pore geometry between a clastic marl seam (left) and surrounding matrix material 

(right). 

3.9.3.2 Plastic marl seams 

Results from the consolidation tests, see Figure 73 and Table 9, estimate the 

hydraulic conductivity of the, plastic, marl seams to be extremely low, generally 

<1x10-8 m/d, around 4 orders of magnitude less than that of matrix material, 

average 7.8x10-4 m/d. Whilst these tests should be considered only as estimates 

the values are comparable with those presented by Thornly et al. (2006) who used 

a similar procedure to investigate reconstituted samples of bentonite and kaolinite. 

The estimates may also be considered to be conservative as the determination 

employs reconstituted specimens that, under the relatively low pressures used in 

the tests, are most unlikely to attain a level of consolidation comparable to their 

field state. Theoretically the k/pressure relationship could be extrapolated to be 

representative of diagenetic burial depths although for several reasons this has not 

been undertaken. Firstly, it is highly unlikely that the initial depositional geometry 
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of the sediment grains, which will exhibit a major control on permeability, was 

adequately reproduced in the experiments. Secondly, the experimental method is 

approximate and is used here only to provide an estimate of k. Thirdly, it is the 

relative permeability of the marls compared to the surrounding matrix material, 

rather than their absolute values, which is of importance in determining the affect 

that marls may have on a flow field. 
 

 

 

Table 9. Results of the consolidation tests conducted on plastic marl material. Cv = 

coefficient of consolidation, Mv = coefficient of compressibility, k = derived value for 

hydraulic conductivity and e = void ratio. 

Micrographs from SEM analysis of several undisturbed plastic marl specimens 

retrieved from the NHB2 borehole are compared with specimen PE23, the average 

density matrix specimen from the Brighton area, Figure 74. The plastic marl 

specimens consist of relatively large platy minerals in a closely packed layered  
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Figure 73. Consolidation characteristics of plastic marl material. Cv = coefficient of 

consolidation, Mv = coefficient of compressibility, k = derived value for hydraulic 

conductivity. 

 

 

 

Figure 74. SEM micographs of specimens of undisturbed plastic marls from NHB2 taken at 

magnifications of 2k, 5k and 10k compared with average density matrix specimen from the 

Brighton area, PE23. 
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arrangement. This fabric reflects the original geometry of the clay-rich sediment 

after deposition and compression during diagenesis. Grain shape and 

configuration are such that marl specimens show an almost complete absence of 

porosity. In contrast, matrix specimens of chalk exhibit a relatively open framework 

of loosely packed tabular grains within which porosity is preserved. The very low 

estimates of K for the plastic marls are consistent with the SEM images, a lack of 

interconnected porosity rendering them effectively impermeable at pore scale. The 

arrangement of the sediment grains also suggests that estimates provided from 

the consolidation tests may be conservative and plastic marl seams in their 

undisturbed state may have a much lower K than estimated using consolidated re-

constituted material which is unlikely to have reproduced the mineral alignment 

seen in the SEM images of undisturbed marls. 

3.9.4 Fractured specimen hydraulic conductivity 

Results from the testing of cores containing single natural fractures, shown in 

Figure 75, show that the presence of a fracture acts to increase K by several 

orders of magnitude compared to typical matrix K and that the confining pressure, 

Pc,, provides a strong control on K. .The majority of specimens display a rapid 

reduction in K of around one order of magnitude as Pc increases from 200 to 400 

kPa whilst above 400 kPa Pc a marked reduction in the rate of decrease in K is 

observed. In one instance a slight increase in K was observed to occur under the 

highest Pc. 

Comparison of K values from fractured and none fractured sub specimens 

obtained from the same parent, Figure 75, show that under the highest Pc 

fractured specimens display between 0.5 to 1 order of magnitude higher K than 

their none-fractured counterparts whilst at the lowest Pc variation up to 2 to 2.5 

orders of magnitude were observed. A comparison of sub specimens containing 

no fractures (Figure 76) illustrates that in the absence of marl features less than a 

half an order of magnitude difference in K is observed due to variations in matrix 

properties alone. These results indicate that even under the highest Pc the 

fractures provide conduits for fluid flow and are not completely closed. The 

increase in K observed under high Pc may indicate fracture dilation occurred 

(Millar, 2000), however, it is unclear how this could occur under conditions of 

isotropic consolidation. 
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Figure 75. Variation in hydraulic conductivity for fractured specimens with increasing 

confining pressure. Values of matrix K for specimens derived from the same parent 

specimen presented for comparison. 

 

 

 

 

Figure 76. Variation in matrix hydraulic conductivity for sub-specimens derived from a 

single parent specimen containing no fractures from a) rock core and b) large field 

specimens; open symbols represent specimens with a clastic marl feature. 

 

 

Ian
pdf



153 

Saturated flow in a smooth, parallel opening of aperture, ah and width w can be 

described by the cubic law (Snow, 1968; Foster and Crease, 1975; Barker, 1991, 

1993, National Research Council, 1996.) as: 

dx

dhwa
Q h 

12

3

 

Equation 28 

Where Q is flow rate and γ is the kinematic viscosity of water, at 20 oC (1.004x10-6 

m2s-1) and dh/dx is hydraulic gradient. Note that values of ah, hydraulic aperture, 

are not the true aperture which would vary in a natural fracture. ah is equivalent to 

the aperture of a uniform aperture fracture that would produce same fracture 

permeability as that observed under laminar flow conditions during the 

tests.Assuming that the fractures in the tested specimens were of full width, 40 

mm, an approximate truth for most specimens, a value for ah can be calculated for 

each confining pressure using values of Q and dh/dx measured during the 

experiments. Using Equation 28 hydraulic aperture values for the tested 

specimens were calculated to range from 4.57x10-4 to 3.90x10-5 m, Table 10. 

 
 

Table 10. Calculated hydraulic aperture (ah) values determined from fractured specimen K 

tests using the cubic law. 

Values of ah calculated in this manner should be considered as estimates as in 

reality the fractures studied would differ in several respects from the ideal model 

described by the cubic law; being neither smooth walled nor strictly parallel. As a 

result of surface roughness increasing both the tortuosity of flow paths and 

resistance to fluid flow use of the cubic law would consequently underestimate 

aperture values for real fractures. Perhaps more importantly the analysis 

undertaken here does not account for any flow through the matrix and all flow is 
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assumed to occur through the fracture opening. This assumption is not valid for 

chalk where matrix K may account for a significant proportion of a specimens’ 

measured K. Estimates of matrix contribution to the total flow through two 

specimen’s (SC10A and RC86A) were made using matrix K values measured from 

their non-fractured counter parts and range from 2 to 77%, dependent upon Pc. 

This additional contribution to K from the matrix will lead to progressive over 

estimates of ah as Pc increased. 

The relationship between Pc and ah, was found to fit a power law and correlation 

coefficients in excess of 80% (Figure 77) were achieved for all specimens. 

Extrapolation of the Pc/ ah relationship to provide values of ah under zero Pc results 

in unrealistic a values, 0.26 m for specimen P1 for example. Calculated ah values 

under moderate confining pressure, however, provide values consistent with 'micro 

fissures' (see for example Reeves, 1979; Bell et al., 1999; Price et al., 2000; 

Brouyére, 2001), the existence of which was refuted by Price et al. (2000). 

Experimental evidence presented suggests not only their existence but also that 

the relationship between depth of occurrence and hydrological properties of these 

features is be highly non-linear. 
 

 
 

Figure 77. Fitted power law relationship between hydraulic aperture (ah) calculated using the 

cubic law and confining pressure (Pc) for fractured specimens. 

Given the very limited data pertaining to 'micro' fissures in the Chalk and their 

potential importance to unsaturated zone processes, the validity of employing the 
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cubic law to derive aperture values warrants further investigation. The applicability 

of the cubic law to represent real fractures has previously been debated. Price 

(1996) argued, based on the work of Sharp & Maini (1972), that the cubic law is 

invalid for a rough fracture; Younger and Elliot (1996) cited a number of references 

(Witherspoon et al., 1980; Gale et al., 1985; Brown, 1987; Zimmerman et al., 

1992) to argue that it was likely that the cubic law could approximate the flow 

through fractures within a factor of two. More recently, Wefer-Roehl et al. (2002) 

investigating solute transport, used the cubic law to determine aperture values 

comparable to those determined here, reporting values of between 1.0x10-6 and 

2.8x10-5 m for five specimens of Eocene chalk (Israel) containing single high angle 

fractures. 

Using the cubic law, a fracture with an average aperture of a is represented by 

two opposing surfaces of mean separation am. If the two surfaces are parallel and 

identical then the average aperture will decrease linearly with decreasing 

separation. However, if the two surfaces are not identical (dissimilar) then the 

average aperture will be dependent upon the surfaces' topography and the 

relationship will not be linear. Causes of dissimilarity between opposing fracture 

surfaces include the introduction of an offset due to displacement or preferential 

alteration of one surface due to dissolution, precipitation or by mechanical means 

(Bloomfield, 1999). The surface topography from specimen N13 (Figure 65) may 

be used to model the characteristics of an idealised dissimilar fracture by 

transforming the original surface; inversion of the y axis and reversal of the x axis, 

to create two opposing but dissimilar surfaces, see Figure 79. In this case no 

unique value exists for a, it is better described by a frequency distribution of 

discrete values whilst separation of the two surfaces may be expressed in units of 

standard deviations of surface topography. 

The cross sectional area available for fluid (XSA) flow can be calculated for a 

parallel-sided fracture as: 
 

 

Equation 29 

where fl is fracture length and am is mean separation, and for a fracture with 

dissimilar sides as: 
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                                                                                  0 

Equation 30 

where dx is a length along the fracture surface where fs is the separation between 

surfaces along the length dx. The percentage of the fracture in contact with the 

opposing side (Lc) can be calculated as: 
 

∑
∑

100 

                                                                                0 

Equation 31 

Where fs represents sections of the fracture of length dx which are in contact 

with the opposing side. Figure 78 is a plot of the XSA of both similar and dissimilar 

sided fractures with decreasing separation. From Figure 78 it can be seen that the 

cross sectional area available for flow in the simulated dissimilar fracture departs 

from the parallel fracture model once the contact area increases beyond 30%, 

consequent with mean separation of around 1x10-5 m (1 std.dev of surface 

topography). Above this threshold both representations produce almost identical 

results, suggesting that, for this idealised fracture, little error would be introduced 

into aperture calculations based on an approximation to a parallel plate for a 

>1x10-5 m. Note that for the idealised surface significant deformation is required to 

achieve a separation of less than one standard deviation in surface topography 

see Figure 79. 
 

 

Figure 78. Comparison of fracture XSA derived from parallel plate (similar surface) analogy 

and analysis of rough dissimilar surfaces. a) XSA available for flow vs separation for parallel 

plate and rough sided dissimilar fracture. b) Percentage of fracture length in contact vs 
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separation for rough sided dissimilar fracture. 1StDev = 1 standard deviation in surface 

topography. 

 
 

Figure 79. Previous page. Representation of a dissimilar sided fracture, derived from surface 

analysis of specimen N13, at a number of separations expressed as standard deviations in 

topographic relief. 

Aperture values for the fractured specimens are typically above this threshold, see 

Table 10 and Figure 77, the cubic law may, therefore, provide hydraulic aperture 

values that provide relatively reliable estimates of typical mean aperature values in 

the tested specimens. The extent of any error would, however, be dependent on 
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the actual characteristics of the tested fracture surfaces which were not 

determined in this study and remain to be assessed. 

3.9.5 Characterisation of the research sites 

The lack of core recovery at both research sites precluded analysis of the very 

shallow, <1.5 m, profile. Below this depth recovery of intact core was excellent 

allowing detailed lithological and structural descriptions to be made. 

Figure 80 a) and b) show the structure of the Chalk, CIRIA engineering grade, 

formations penetrated and key marker horizons present in the core at each site. 

Also shown are the locations of field instruments for the measurement of  in the 

deep unsaturated zone; the jacking tensiometers, referred to in Chapter 6. 

Profiles of the physical properties of the Chalk at each site constructed using 

the laboratory test results and fracture information from core logging are shown in 

Figure 81 and Figure 82 along with geophysical logs of natural gamma and 

induced conductivity. The geophysical logs can be readily correlated with the 

marls recognised in the core and are identified by either localised increases in 

gamma count, conductivity or both. The high gamma low conductivity responses at 

the top of the EI2 borehole are associated with the mineralised hardgrounds of the 

Top Rock and Chalk Rock, consequent with very high density chalks. The 

geophysical logs are further discussed in Chapter 6. 

K values displayed in Figure 81 and Figure 82 are for core specimens only; 

values for plastic marls and fractured specimens are not included. Discounting 

clastic marl specimens a variation of around one order of magnitude in matrix K is 

observed at both NHB2 and EI2. At both sites matrix K values do not exceed 3x10-

3 m/day and in agreement with the regional relationships, section 3.9.2, matrix K is 

marginally lower at NHB2 than at EI2, average K of 6x10-4 and 1x10-3 m/d 

respectively. 

Feature frequency (Ff), expressed as fractures per meter, Figure 81 and Figure 

82, vary both within and between the research sites. At the NHB2 site average Ff 

was 2.25 with an absolute range of 0 to 6. The profile at EI2 was seen to be more 

highly fractured, average Ff of 4.75, range 0 to 15. More highly fractured intervals 

occurred at depth at each site and conversely intervals occurred where no 

fractures were observed, although the latter were more common and of greater 

extent at NHB2. At EI2 a 2 m interval, 6 to 8 m depth, consequent with the very 

high density Chalk Rock and in a 1m section above the Southerham marl no 
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natural fractures were recorded. At NHB2 intervals of up to 5 m containing no 

natural fractures were recorded; for example below the Bridgewick and Caburn 

marls. Consequently no decrease in Ff with depth was observed at either site. 

Ff and fracture style appear to show common formational relationships at both 

sites; Fracturing in the New Pit Chalk was more intense (Ff NHB2 2.4, EI2 5.4) and 

typically of higher angle (>30o) compared with the overlying Lewes Chalk, where 

less intense fracturing (Ff: NHB2 0.8, EI2 3.8) at predominantly lower angles 

(<30o) was observed. These observations are in agreement with those of 

Mortimore (2001). 

Additional differences between the fracture characteristics of the research sites 

can be seen with reference to the CIRIA fracture classifications (Figure 5). At 

NHB2 no fractures were assessed as containing infill material, all were grade A. 

Contrastingly at EI2 fractures containing clays and weathered chalk material, 

grade B, were observed in the top most 12 m of the EI2 profile, above the Caburn 

marl, indicating the presence of larger aperture fractures which may have been 

connected to the surface soil. 

Textural observation of the plastic marl seams indicated that they had been 

subjected to deformation. Slickenside fabric was often found preserved within 

plastic marl material; observed once fresh material was broken. Fractures 

retrieved in core from both sites were often observed to terminate against plastic 

marl seams in contrast to clastic marl seams across which few fracture 

terminations were observed; for examples see Figure 62. 
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Figure 80. Lithological and structural logs of core from a) NHB2 and b) EI2 research site 

boreholes showing key marker horizons, CIRIA engineering grade and tensiometer 

locations.
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Figure 81. Logs of NHB2 borehole showing stratigraphy and key marker marl horizons determined from core and geophysical logs, laboratory test values of IDD, 

porosity and K and fracture frequency. See text for explanation of units. 
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Figure 82. Logs of EI2 Borehole showing stratigraphy and key marker marl horizons determined from core and geophysical logs, laboratory test values of IDD, 

porosity and K and fracture frequency, tested plastic marl horizon highlighted in red. See text for explanation of units.
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3.10 Discussion 

Testing of a large number of lithologically diverse specimens has provided a 

number of insights into variations in the properties of the Chalk on regional, 

formational and intra-formational scales. 

No single measured determinant was able to fully characterise the 

lithostratigraphy. IDD provided the best approximation and this probably reflects 

gross lithological differences between Chalk formations. Chalk lithostratigraphy is 

based on field sections and is expressed in the landscape by features that the field 

mappers can recognise including changes of slope from concave to convex, 

escarpments and dip slopes. In areas where topographic expression is weak the 

same boundaries may be mapped using differences in the nature and form of field 

brash. Differences in field brash reflect gross lithology and arise from inherent 

differences in the meso scale fracture characteristics, density and texture of the 

different Chalk formations; Holywell and Lewes Chalks for instance provide 

nodular brash, New Pit Chalk occurs as smooth slabs and Seaford as a pure white 

flinty brash (Bristow et al., 1997). As such the lithostratigraphy does not, nor may it 

be reasonably expected to, directly reflect changes in density, a fact borne out in 

the present data. That laboratory data show that the Lewes and New Pit Chalk 

formations cannot be differentiated on the basis of IDD in either the North nor the 

South Downs reflect the fact that it is gross lithology which is mapped. Importantly 

it does not necessarily follow that the two should exhibit similar hydrogeological 

properties and differences in, for example fracture style or marl occurrence, which 

would not factor in the laboratory test of IDD may prove to exhibit hydrological 

significance. Alternatively, should hydrological significance be linked to a 

parameter such as IDD, it is of equal value to know of areas of similarity within the 

stratigraphy as to know of areas of contrast. 

Geographical trends in IDD, porosity and K do, however, support the assertion 

of Mortimore and Pomerol (1998) that the distribution of physical characteristics 

are linked to basin morphology. Basin margin sites such as the Berkshire Downs 

display reduced porosity/increased IDD and reduced K compared with their axial 

counterparts in the North and South Downs. Sub-regional variation, between the 

South and North Downs, support the notion proposed by Mortimore et al., (1990) 

and Mortimore (1986) that differences in structural evolution may have led to 

differences in physical characteristics at intra regional scale. In applying a more 

robust statistical analysis of laboratory data the present study provides additional 
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credence to the interpretations made in these former studies. The assessment of 

inter-regional variation were confined to the New Pit and Lewes Chalks and so it 

remains unclear as to whether or not these findings would hold true for other 

formations. In regional terms the stratigraphic coverage of the present study was 

relatively poor and it has not been possible to provide a complete correlation 

between porosity, IDD, K and stratigraphy, a much larger scale study would be 

required to do so. The present study may act as a precursor to such an 

undertaking, data from which could easily be assimilated with those already 

presented. 

Contrasts in primary depositional fabric and their relation to K suggest that for 

hydrogeological purposes the Chalk should not be regarded as homogeneous. 

Discrete contrasts of several orders of magnitude in matrix K exist at sub 

formational scale coincident with marl horizons. These contrasts appear to have 

been overlooked by many previous studies due in part to limitations in the 

approach to lithological description and classification employed. Where the 

presence and effects of marls has been noted (Harris et al., 1996; Mortimore and 

Pomerol, 1998; Zaidman et al., 1999) analysis has not been conducted to 

ascertain their likely K values and so the magnitude of the contrasts has remained 

to be evaluated. Historically selective sampling of the purer matrix material 

appears to have resulted in a simplified view of the Chalk. A strong correlation 

between porosity and IDD has previously been used to infer that the Chalk matrix 

is both extremely pure and consists of a matrix porosity that is interconnected 

(Bloomfield, 1996; Allen et al., 1997). Whilst this inference would appear sound it 

is important that it does not form the basis of erroneous conclusions when 

attempting to conceptualise the Chalk as an aquifer; whilst the overall amount of 

clay material in the Chalk is indeed extremely low it is not uniformly distributed 

being concentrated at specific (marl) horizons. Averaging the properties of a 

sample of Chalk will inevitably overlook localised heterogeneity and consequently 

conceptualisations based upon ‘blind’ averaging will fail to account for the 

distribution of properties observed in a real chalk profile.  

Consider for instance the K profile presented in Figure 81 and Figure 82 where 

only values for the tested matrix and clastic marl specimens are presented and the 

Chalk appears to have a K of between 10-4 and 10-3 md-1. Incorporating K values 

for marl horizons results in a markedly different profile dominated by small scale 

but large magnitude variations in K. Figure 83 illustrates this for a section of the 
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NHB2 borehole. K profiles for the two research sites, derived through extrapolation 

or up-scaling of laboratory test results indicate marl horizons exhibit a major 

control on matrix K distribution at a sub formational scale, see Figure 84 and 

Figure 85. 

 

Figure 83. Schematic of up scaling of laboratory tests to derive synthetic K profiles for 

NHB2 and EI2 (Figure 84 and Figure 85).  

The present study illustrates that to understand the distribution of aquifer 

properties within the Chalk a discriminatory approach to lithological 

characterisation is required. Lithology must be studied and testing undertaken 

based on observed contrasts in order to quantify potentially significant variations. 

The use of rock core has been crucial in this study. Field exposures, where the 

Chalk has been subjected to surface weathering are of limited value compared to 

cores from below the weathered zone, where marl seams and fractures in fresh 

state can be observed and recovered for testing. On the basis of the laboratory 

results a hierarchical K relationship has been established: 
 

    Fracture    >>    (Matrix  > Clastic marl)   >>   Plastic marl 

102  to 10-3 md-1 (10-2  to 10-5 md-1      10-3  to 10-5 md-1) 10-7  to 10-9 md1 

 

This relationship appears not to have been appreciated by many studies of the 

hydrological properties and behaviour of Chalk. Reeves (1979) for example 

suggested two ranges of K can be used to describe the Chalk, 10-5 to 10-2 m/day 

and 1 to 1,000 m/day, relating to matrix and fractures respectively. Whilst the 

matrix values of Reeves encompass the values reported here for the matrix and 

clastic marls it does not account for the low K (~10-8 m/day) estimated for the 
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plastic marl material. The range for fracture K reported by Reeves appears to miss 

the lower end of fracture K, 10-3 m/day, observed in fractured specimens under 

high confining pressures. It is of concern that many workers have used similar 

‘accepted’ values to infer the occurrence of matrix and fracture flow in conceptual 

and field studies of the unsaturated zone without attempting detailed lithological 

appraisal. A cursory analysis of rainfall and K can be used illustrate the potential 

implications of this oversight. 

 

 

Figure 84. Schematic profile of hydraulic conductivity at NHB2. Note some marl horizons 

have been omitted for clarity and marl thickness is not to scale. 
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Figure 85. Schematic profile of hydraulic conductivity at EI2. Note some marl horizons have 

been omitted for clarity and marl thickness is not to scale. 

Table 11 contains UK Meteorological Office rainfall data for the period 1971 to 

2000 from three weather stations, Eastbourne, located near to the South Downs 

and Rothamstead, located near to the Berkshire Downs, and Wisley located near 

to the North Downs. These data are restricted to winter months as in summer 

months rainfall is likely to be less effective due to soil moisture deficits. From 

monthly average rainfall and average days of rain >1 mm per day a coarse 

estimate of approximate daily rainfall intensity estimate is made on a monthly 

basis, Table 11. 

Comparing rainfall intensity, Table 11, with matrix K values, Table 8, and 

accepting the conceptual model of Wellings and Bell (1984a) (section 2.7.2) it is 
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clear that fracture flow should be a relatively common occurrence and, given their 

extremely low K, fracture flow in the vicinity of marl seams during recharge should 

be ubiquitous. Many field investigations however conclude that fracture flow in 

unsaturated Chalk, inferred assuming Chalk K in the range of 10-3 m/day to be 

coincident with matrix flow, although present is a rarity (Wellings, 1984a; Cooper 

et al., 1990; Hodnett and Bell, 1990; Mahamood-ul-Hassan and Gregory, 2002). 

Whilst the Chalk matrix may possess such high K, data suggest K of 10-3 m/day to 

be towards the higher end of matrix K for many Chalk formations (Table 8). It is, 

therefore, possible that many former studies, where lithological characterisation 

has been poor, may have misinterpreted flow processes and consequently 

underestimated the importance of fracture flow. 
 

 
 

Table 11. Estimates of average daily rainfall intensity for the period 1971-2000 at three Met. 

Office rain gauges in southeast England. *Met Office data (www.metoffice.gov.uk), ** 

estimate derived from monthly data. 

Given that a key aspect of the conceptual framework under which these studies 

were conducted appears at odds with the present findings; namely that Chalk 

profiles may not be assumed to be homogeneous, concern regarding the validity 

of these former studies exists.  

Almost all former studies were conducted at shallow depths in the unsaturated 

zone (Table 5 and Table 6). Extrapolation of the findings of these studies to 

deeper (10’s of m) Chalk profiles is problematic as evidence suggests that fracture 

characteristics of the Chalk should not be regarded as being isotropic over such 

scales. Testing specimens containing single natural fractures (section 3.9.4) found 

K to be inversely proportional to confining pressure, implying that Chalk profiles 

possess anisotropy related to in situ stress and hence depth. The vast majority of 

reduction in K was observed to occur at pressures below 400 kPa, equivalent to 

an overburden of ~20 m. Concurrent with the increases in stress is an assumed 

decrease in effective aperture and increase in contact area leading to lower K 
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values. These assumptions are similar to those cited by Walsh (1981) in a study of 

the behaviour of fractures in granite under high stress >5000 kPa. Walsh 

accredited a decrease in permeability to an increase in the contact area of 

asperities rather than due to an increase in the tortuosity of flow paths. The main 

factors controlling K reduction cited by Walsh were the elastic moduli of the rock 

and the geometrical configuration of the fracture surface. Elastic modulus was not 

determined for the tested Chalk specimens and further investigation of this factor 

may provide some explanation of the differences in the K / stress behaviour of the 

different specimens. Additional work to better determine the geometry of real 

fracture surfaces, along the line of that presented in section 3.9.4, may also be a 

potential area for future research. 

Calculated hydraulic apertures for the specimens indicate fracture apertures to be 

small, see Table 10 and Figure 77. Small aperture fractures may be highly 

significant in the behaviour of unsaturated Chalk as they may not be able to drain 

under the matric potentials prevalent in the unsaturated zone (Price et al., 2000). 

Figure 86 shows the air entry pressure for idealised fractures of varying aperture 

calculated using Equation 2 (assuming aperture = 2R) and the range of hydraulic 

apertures calculated from the experimental data, illustrating the air entry pressure 

of fractures which, from the laboratory experiments, may be typically expected to 

exist under varying confining pressure / depth. There are however several short 

comings that prevent this plot being a meaningful representation of the 

unsaturated zone. Firstly, the range of  prevalent in the deeper unsaturated zone 

is poorly understood and so it is not clear whether or not such fractures could 

indeed hold water, this would only occur if in situ  exceed the fracture air- entry 

pressure. Secondly, there is uncertainty regarding the accuracy of the calculated 

hydraulic aperture values. Whilst the first concern will be addressed through the 

use of field instrumentation (chapter 6) some discussion regarding calculated 

hydraulic aperture values is required. 
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Figure 86. Air entry pressure (kPa) and fracture aperture determined using the parallel plate 

analogy for water retention (blue line). Red line represent the range of hydraulic aperture 

values calculated from the experimental data under confining pressures up to 1000 Kpa. 

Although the hydraulic aperture values reported here are in broad agreement 

with aperture values reported by Wefer-Roehl et al. (2002) they are certainly not 

accurate. Wefer-Roehl et al. 2002, report that a reduction in fracture aperture 

leads to a greater proportion of solute entering the matrix and that specimens with 

larger matrix porosity possessed greater solute retardation capacity; suggesting 

that matrix flow constituted a progressively higher proportion of total flow for 

increasingly narrow fractures. The non-negligible contribution of the permeable 

matrix, estimated here as contributing up to 77% of the measured flow, therefore, 

invalidates aperture values determined using the cubic law. Even where matric 

flow can been reasonably estimated, using the K of sister (A and B) specimens, 

correction would not be straightforward. Dardis and McCloskey (1998) used 

numerical modelling verified with the laboratory data of Mattison et al. (1997), to 

investigate the importance of matrix-fracture interactions and concluded that they 

were non-additive. Citing pore-scale feedback between the fracture and matrix 

(coupled flow processes) as a reason Dardis and McCloskey note that a sparse 

population of non-interconnected fractures act to increase bulk permeability 

compared with that calculated using an effective medium value. The importance of 

coupled flow in fractured chalk appears not to have been investigated but given 

the physical characteristics of fractured chalk it is a potentially important area for 

future investigation.  

Whilst the calculation of accurate aperture values may have eluded the present 

study the assertion that K in fractured Chalk is stress dependent remains valid. 

This is in agreement with the work of Lylle and Foged (2004), who used centrifuge 
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experiments to show the permeability of fractured chalk decreased with increased 

stress. Confirmation that it is not only the presence of fractures, but also their 

position (depth), that acts to control hydrological anisotropy in the Chalk. Further 

confirmation of aperture depth dependency can be found in the findings of other 

workers. 

Hadlow (pers. Com.) undertook analysis of geotechnical logs from a large 

number of site investigation boreholes in the Chalk of SE England and determined 

a general relationship between depth and fracturing using records of CIRIA Grade. 

The correlation co-efficient of 0.72, showed the change from CIRIA Grade B to 

Grade A chalk (open to closed fractures) typically occurred between approximately 

18 and 25 mBGL. Whilst studies of seismic velocity profiles for Chalk profiles in 

the UK and northern France, conducted by Lawrence (2007) show an increase in 

seismic velocity to above 2000 ms-1 to occur between the depths of 20-26 mBGL. 

A similar observation at 26 mBGL can be made from a seismic velocity profile 

presented by Mortimore (1993) (Lawrence, Pers. Com. 2009). Lawrence cites the 

cause of this to be a decrease in fracture aperture with depth, again agreeing with 

an observed change from CIRIA Grade B to Grade A chalk and hypothesizes that 

it results from the relaxation of fracturing within the rock mass as opposed to the 

effect of surface weathering, which was postulated to exploit this phenomenon. 

The observations of both Hadlow and Lawrence were made in a variety of 

locations and at various stratigraphic levels, which suggest independence of 

lithology or geomorphological setting. It is notable however that a shift from CIRIA 

grade A to B chalk at around 20 to 25 m was not recorded in the logs from NHB2 

and EI2, which possibly reflects the subjective nature of estimating fracture 

apertures from rock core. 

Useful comparisons may also be made using data from field studies of in-situ K. 

Nativ et al. (2003) conducted tests in fractured Eocene chalk from the Negev 

desert (Israel) and noted a marked reduction in K occurred below 20 mBGL, and 

Price (1994) conducted similar tests in the Chalk saturated zone in the Arundel 

area of Sussex reporting K values between 0.1 and 35 m/day which showed a 

reduction of around 2 orders of magnitude over a 20 m near surface interval. 

The non-linear relationship between stress and aperture, illustrated by the 

fractured core experiments (section 3.9.4), consistent with the observations of 

Hadlow, Lawrence, Nativ et. al. and Price, suggests a reduction in fracture 

aperture at around 20 m depth in Chalk profiles to be a wide spread phenomena. 



172 

To better define aperture / stress relationships and understand the factors which 

act to control them additional experimentation would be required, ideally 

incorporating a more comprehensive approach to rock mechanics coupled with 

efforts to isolate matrix and fracture flow components. 

In addition to the regional variation in matrix properties a key difference 

between the two research sites appears to be the degree of fracturing recorded at 

each site. The higher frequency of fracturing recorded at EI2 may possibly be due 

to the area having experienced greater effects of periglacial or perhaps even ice 

sheet loading. EI2 is very close to the accepted limit of the Devensian Ice sheet 

(Boulton, 1992) (Figure 28) whilst NHB2, being much further south, is unlikely to 

have been affected. 

The hydrological effect of the difference in fracturing at the two sites and the 

role that marl seams may play in controlling water movement in the unsaturated 

zone remain unclear and cannot be gained from the laboratory study of saturated 

conditions. It may be reasoned that the characteristics of fractures such as length, 

aperture and connectivity, coupled with the saturation state of the chalk matrix, will 

dictate how effective marl seams will be at impeding water flow. If fracturing in the 

rock mass is such that marl seams are frequently cross cut by open fractures and 

 high enough for the fractures to hold water, then their effect will be localised. If 

on the other hand fractures are restricted by the presence of marl seams the 

converse may be true and marls may act as effective aquicludes. Fracture 

termination against plastic marl seams observed in the rock core from EI2 and 

NHB2 suggest the latter may occur, field observations which support this have 

been made by Zaidman et al. (1999) (section 2.7.4) whilst both Harris et al., 

(1996), and Mortimore (pers com.) report the discharge of water from above marl 

seams in coastal cliffs. 

Studies of marl / carbonate sequences have shown how the formation and 

propagation of fracturing relate to contrasts in the mechanical behaviour of marl 

and carbonate (Rijken and Cooke 2001; Cooke et al., 2006 and Wennberg, et al., 

2006) The effects of mechanical layering on fracture patterns in the Cretaceous 

(Coniacian – Santonian) Austin Chalk of Texas were studied by Cooke et al., 

(2006) and Rijken and Cooke (2001) who showed that fracture terminations could 

be attributed to contrasts in the mechanical behaviour of primary sedimentary 

layering. Fracture terminations were seen to be more numerous against weak 

mechanical boundaries, provided by ductile marl seams, in contrast to strong 
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mechanical interfaces, such as bedding planes, across which fractures were seen 

to persist (Figure 87). Cooke et al., (2006) describe how this results in anisotropic 

strata bound fracture networks possessing greater horizontal than vertical 

permeability essentially compartmentalising aquifer flow (Figure 88). In light of the 

lithological similarities between the study of Cooke et al. (2006) and the present 

investigation these observations may be particularly relevant and it is likely that 

plastic marl seams have acted as weak mechanical boundaries during deformation 

and promoted fracture termination. Fracture terminations and deformation fabrics 

observed in the plastic marl seams preserved in the NHB2 and EI2 cores suggest 

this to have occurred. Whilst the data collected by Cooke et al. (2006) do not 

encompass the very small marl thickness observed in NHB2 and EI2, detailed 

study of field sections confirm the presence of strata bound fracture networks in 

the Chalk (Mortimore, 2010). The potential significance of marl seam / fracture 

interactions in the Chalk are developed further in chapters 5 and 6 where 

additional data from field studies are presented. 
 

 

Figure 87. Top: Observations of fracture termination and propagation at marl/chalk contacts 

within the Austin Chalk, Texas, USA. Shaded region highlights the observed conditions for 

propagation through marl layers. The boundary separating arresting fractures from 

propagating or arresting fractures is based on the minimum chalk bed thickness at which at 

least one fracture propagates. (Rijken and Cooke, 2001). Bottom: Sketch of the primary 
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mechanisms that arrest propagation of opening-mode fractures. A) Fractures propagate 

across strong interfaces. B) Local opening and sliding dissipate the stresses concentrated at 

the fracture tip and reduce propensity for propagation. C) Distributed deformation (e.g. 

within a ductile layer) dissipates the stresses at the fracture tip and promotes fracture 

termination (Cooke et al., 2006). 

 

Figure 88. A) generalised section of chalk / marl sequence. B) Hypothetical fracture network 

where fracture termination is controlled by the thickness of chalk and marl horizons. Cooke 

et. al., 2006. 

It is not only marl horizons and fractures that will provide K contrasts in a chalk 

profile; hardgrounds and flint horizons also pose the potential to play a significant 

role. No investigation was undertaken into the hydrological properties of flint 

horizons, but it can be reasoned that where well developed they too will reduce 

matrix K. Where flints occur as diffuse nodular bands any effect is likely to be 

reduced but where well developed as continuous tabular horizons their effect may 

be substantial. This reasoning is backed by evidence of significant and wide 

spread dissolution occurring above a particularly well developed and regionally 

pervasive flint band, the Seven Sisters flint of the southern Chalk, evidenced on 

the Normandy coast and at Shoreham cement works (Mortimore pers. com.). The 

degree to which flints may impose mechanical stratification and control on 

fracturing within a profile is not known and further investigation would be required 

to ascertain their effects. 

3.11 Conclusions 

Analysis of matrix specimens from the Chalk of southern England has shown: 

 The index properties of IDD and porosity are strongly interrelated. 
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 Index properties of IDD and porosity provide poor predictors of matrix K, 

although general linear relationships exist their use may lead to errors in 

estimation of K by several orders of magnitude. 

 The Chalk matrix is generally extremely pure with respect to calcite. 

Sampling, linked to lithological and stratigraphic description, has provided data 

with which to assess regional and inter / intra stratigraphic variations in Chalk 

matrix properties. The main conclusions reached through analysis of this data are: 

 Formational (lithostatigraphic) variation in the Chalk, for the formations 

considered, was best described by IDD. 

 Porosity depth relationships do not follow a simple decrease with depth or 

stratigraphic level and more complex stratigraphically related relationships 

have been shown to exist. 

 Physical and hydrological properties show regional and sub regional trends, 

as suggested by Mortimore and Pomerol (1998) and Mortimore et al. (1990) 

that may be related to variations in depositional environment within a 

sedimentary basin. 

 Formational level stratigraphy exerts a relatively weak control on the basic 

hydrogeological properties within a Chalk profile. 

 Intra-formational variations in K, linked to the occurrence of marl seams, 

exert a strong control on the distribution of hydrogeological properties within 

a Chalk profile. 

 Plastic marls provide highly localised K contrasts of over 4 orders of 

magnitude with surrounding matrix material and the origin of these K 

contrasts lie in differences in primary depositional fabric. 

 Clastic marl horizons provide K contrasts of between <0.5 to ~1.5 orders of 

magnitude in K dependent upon the nature of the surrounding matrix 

material, higher K matrix leads to greater K contrasts. 

From the analysis of rock core retrieved from two research sites the following 

conclusions are drawn: 

 Fracturing does not show a decrease in frequency with depth. 

 Fracture frequency was higher at the East Ilsley site than at the North 

Heath Barn site. 

 Fractures recorded in the New Pit Chalk formation appear to be of a higher 

angle and more frequent than in the overlying Lewes chalk. 
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 Fractures observed terminating against plastic marl seams suggests 

mechanical and potentially hydrological stratification of the chalk may occur 

at these sites. 

Analysis of test data from core specimens containing natural fractures allows 

the following conclusions to be drawn: 

 Hydraulic conductivity of fractured specimens was found to be inversely 

proportional to the stress applied across the fracture plane. 

 The observed K/stress dependency is best described by a power law 

function; the nature of which varied between specimens. 

 Changes in stress regime may exert significant control on fracture apertures 

and hence the physical and hydrological characteristics of the rock mass in 

the near surface (<25mbgl) environment. 

On the basis of the laboratory tests a general hierarchic K relationship has been 

identified which may be summarised as: 
 

Fracture    >>          Matrix  >     Clastic marl   >> Plastic marl 

102 to 10-3 md-1 10-2 to 10-5 md-1 10-3 to 10-5 md-1 10-7 to 10-9 md1 

 

The results of the preliminary laboratory tests described here relate to saturated 

conditions and the physical structure of the Chalk. Whilst these both provide 

insights into the variation in aquifer properties they provide little evidence of the 

actual hydrological characteristics and performance of unsaturated Chalk. To 

better understand how the variations in fracture and matrix properties so far 

described may affect conditions within the unsaturated zone further information 

regarding the soil moisture characteristic is required. This area of understanding is 

developed in chapter 4 where the results of further tests designed to answer some 

of the research questions set out in Chapters 1 and 2 are described.
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Chapter 4 Advanced laboratory 

testing 

Unsaturated characteristics 

4.1 Introduction 

In Chapter 2, with reference to previous workers, the importance of the soil 

moisture characteristic in controlling water movement and distribution in the 

unsaturated zone was reviewed. An understanding of the soil moisture 

characteristic (SMC) of the Chalk is fundamental in any conceptualisation of the 

behaviour of its unsaturated zone, however, few studies have sought to address 

this issue in detail. Whilst the results from Chapter 3 have provided many insights 

they provide no information that can be used to determine the SMC, which 

requires additional detailed tests. In this chapter the work undertaken to enhance 

our understanding in this area is described. In order to provide answers to some of 

the research questions posed in chapters 1 and 2, the results of novel laboratory 

tests are presented. The tests, which permit quantitative study of the SMC in 

relation to both the fracture and matrix domains, were designed to meet several 

objectives; 

 Investigate the nature and dynamics of water storage in unsaturated Chalk 

and to quantify their magnitude and associated thresholds. 

 Assess the presence of any inter and intra-formational variations in the 

SMC and its relationship with index properties. 

 Conduct a detailed study of the SMC at two instrumented UK research 

sites, East Ilsley and North Heath Barn, in order that they may be used in 

later investigations (Chapters 5 and 6) into the mode of operation of the 

unsaturated zone at these sites. 

 Assess the suitability of four parametric relationships to describe the SMC 

of the Chalk. 

 Provide representative parameter values for the SMC, expressed in terms 

of four parametric models, which may be used in numerical simulations 

based on Richards’ equation. 
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To meet the above objectives specimens were selected from those available 

from the preliminary laboratory testing program and detailed studies conducted to 

determine their SMC. 

4.2 Specimen selection 

From the suite of specimens tested during the preliminary laboratory study a sub-

set was selected for further testing to determine their SMC. Intact dry density (IDD) 

was used as the criteria for specimen selection for a number of reasons (i) it can 

be readily related to porosity (Chapter 3), (ii) it has been seen to relate well to the 

stratigraphy and (iii) has the major advantage of being determinable in the field 

with only basic tools (Bowden et. al, 2002). It was, therefore, reasoned that if 

variations in measured SMC could be linked to IDD it would be of practical use in 

that estimation of the SMC could be made in the field. 

A key objective of the study was to investigate the role of surface storage and 

water film development and so where possible regular core specimens of known 

dimensions were selected for testing. This was done in order to account for the 

effects of surface area in the experimental procedures and derived data. Where 

this was not possible specimens were roughly trimmed to be of the approximate 

dimensions of the cores. The use of regular core specimens had the added 

advantage that determination of saturated hydraulic conductivity had been 

completed for these specimens, a key parameter in unsaturated flow models (see 

for example Schaap and Leij, 2004) and so potentially a more useful data set 

would result from the study. 

4.2.1 Specimen selection for formational characterisation 

For each of the three UK locations sample frequency distributions were calculated 

for intact dry density (IDD) on an inter-formational basis. The specimen selected to 

be representative of the formation was taken as the 40x80 mm specimen with an 

IDD closest to the calculated formational mean. An intra-formational mean value of 

IDD was also calculated for each location and a specimen selected using the 

same criteria. Sample statistics and specimen details are presented in Table 12. 
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Table 12. Sample statistics, specimen details and testing regime for formational 

characterisation using advanced laboratory testing techniques. 

 

 
 

Table 13. Specimen details and testing regime for site characterisation using advanced 

laboratory testing techniques. 
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4.2.2 Specimen selection for research site characterisation 

Specimens were retrieved from the drill core for both the EI2 and NHB2 boreholes 

at the depths where the jacking tensiometers were to be located. The majority of 

specimens were irregular hand specimens but exception was made if a regular 

core specimen had been retrieved from within 0.1 m of the required location. 

Irregular specimens were trimmed to be approximately 250 g dry weight, 

approximately the weight of a typical core specimen. Table 13 shows specimen 

details, testing regime. Associated field instrumentation is referred to in Chapter 6. 

4.2.3 Ancillary specimens 

In addition to the specimens selected for formational and site characterisation a 

number of specimens were tested in order to assess variation in the SMC. 

Specimens from the UK Chalk were randomly selected from the suite of regular 

cores available from the preliminary testing program. 

A number of specimens from the Hallue catchment were also used. These were 

derived from drill core recovered from boreholes P2 and P6, BRGM (pers. Comm.) 

and field specimens. Drill core was prepared as 40x80 mm cores and field 

specimens as irregular specimens of approximately 250 g dry mass. 

Stratigraphical constraint for the Hallue specimens was provided by N. Hadlow 

(pers. Comm.). 

4.3 Experimental methods 

In Chapter two a review was made of previous attempts to characterise the Chalk 

employing laboratory techniques. From the review it was clear that no previous 

attempt could be considered to have been entirely successful. The techniques 

previously employed have relied on either indirect sources of measurement such 

as the application of mercury intrusion experiments (Mathias, 2005), or have been 

too coarse in their use of  to identify some of the pertinent thresholds with 

sufficient accuracy (Price et al., 2000, Brouyére, 2003). There was therefore a 

need to re-appraise the methods available to the present study in order that such 

shortcomings were avoided. In order to satisfy the research objectives of the 

present study a technique was required for determining the SMC that: 

 Was able to produce a sufficiently accurate and preferably continuous SMC 

so that both surface storage, matrix drainage and the transition between 

them may be investigated; 
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 Did not rely on indirect sources of measurement of  or water content; 

 Was rapid and required as little manual intervention as possible; 

 Employed a physically realistic process to simulate drainage; 

 Could be used to investigate hysteresis in the SMC. 

No such BS or ISO standard methods existed, therefore, a bespoke procedure 

was required. 

To investigate both the fracture and matrix domain an instrument was required 

capable of measurement in both the ‘wet’ range (0 to -50 kPa) and in the dry range 

(-50 to <1000 kPa). The only instrument that met these criteria was the high 

capacity tensiometer or suction probe described by Ridley and Burland (1993), 

(Chapter 2). Suction probes manufactured to these specifications were obtained 

(Whykham Farrance catalog No. WF 205/002; Lourenco et al., 2005), and had the 

added advantage of being small and electronic which enabled specimen size to be 

minimised and data to be automatically logged with a data acquisition system 

(DAS). 

Toker et.al (2004) describe a technique for deriving a continuous SMC by 

employing high-capacity tensiometers (suction probes) and a digital laboratory 

balance. Using their system Toker et.al rapidly derived continuous SMC curves of 

unconsolidated soils specimens under evaporative drying and this was 

subsequently adopted as the basis for the current experimental method, although 

a number of modifications were made. The laboratory balance was replaced with a 

calibrated load cell linked to the DAS, load cells were used as these were cheaper 

and more compact than a balance and sufficiently accurate for the purpose. 

Additionally, as the Chalk is a bonded material, as opposed to unconsolidated, 

specimens could be placed directly on the load cell with no requirement for 

retaining rings or membranes covering the specimen, allowing for the effects of 

surface storage to be investigated. The experiments were undertaken in a 

humidity controlled environment, a desiccation cabinet, which provided additional 

control over drying rates and equilibration times necessary to enable detailed 

study of the SMC during critical transition periods. 

The procedure adopted to determine the SMC for the Chalk specimens, 

referred to here as the ‘SMC drying test’, met all of the previously defined criteria 

and is described below. In addition, several ancillary experimental procedures are 

also described which were conducted in order to establish the validity and 
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accuracy of the adopted SMC methodology. Details of individual tests are 

available in appendix 2. 

4.3.1 Soil moisture characteristic (SMC) drying test 

Obtaining a continuous SMC curve requires continuous  data and a 

corresponding measurement of water content. This was achieved by allowing the 

specimen under test to dry through evaporation whilst recording mass and pore 

water pressure using a DAS. 

A single boring, slightly larger than the dimension of the suction probe, was 

made in one end of the specimen to be tested. The specimen was then weighed 

and saturated by vacuum imbibition. After not less than three days the specimen 

was removed from the vacuum vessel and re-weighed on an analytical balance. A 

preconditioned calibrated suction probe was then inserted into the access hole in 

the end of the specimen and secured with a rubber band. A small amount (<0.1 g) 

of chalk slurry was applied to the suction probe tip in order to effect 

communication between the instrument and the specimens. The suction probe and 

specimen were then placed on the load cell. Once readings from the suction 

probes and load cell had stabilized the test was initiated. 

External effects easily bias the measurements of both  and mass during the 

test period and precautions required to minimize interference were taken. Flexing 

of the suction probe data cable can lead to errors in the mass determination and 

so time was required for the cable to relax before evaporation was allowed to 

commence. Through careful clamping of the cables the relaxation time could be 

minimized but was still of the order of several hours, enough for significant 

evaporative losses to occur. For this reason all experiments were undertaken in a 

desiccation cabinet that was humidified using a water mister. Once the specimen 

was placed on the load cell the cabinet was closed to allow the mass reading to 

stabilise and the test initiated by opening the door of the cabinet to allow 

evaporation. In order to avoid errors due to barometric fluctuations the cabinet was 

pinhole ventilated to atmosphere. The use of the cabinet had several other 

advantages as it allowed equilibration of the suction probe reading to determine a 

zero  reference value for the experiment, disturbance due to ambient air 

movement to be minimized, control to be exercised over the rate of evaporative 

loss and equilibrium conditions to be established at any point during the test by 

humidifying the cabinet and closing the door. As a further precaution all 
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experiments were undertaken on a solid laboratory bench away from sources of 

vibration and temperature variations that may have affected the instrumentation. 

At the end of the test the specimen was removed from the apparatus, the suction 

probe removed and the specimen weighed on a balance. Specimens were then 

set aside for a period of two weeks weighed again, dried in an oven at 105 oC for a 

week, removed, allowed to cool in a desiccator, and weighed. 

4.3.2 Soil moisture characteristic (SMC) wetting test 

To investigate the nature of the SMC under wetting conditions an adaptation of the 

SMC drying test was employed, the ‘SMC wetting test’. The SMC wetting test was 

conducted on a limited number of specimens and initiated immediately after the 

drying test. Drying was first arrested by humidifying the cabinet using a water 

mister, the cabinet closed to prevent further evaporation and left to obtain a steady 

reading of . Once readings of  had stabilised water was added to the surface of 

the specimen using a pipette and the cabinet left closed until  reading had again 

stabilised. Water was incrementally added to the specimen in this manner until 

stable readings of zero  were obtained. At the end of the test the specimen was 

removed from the apparatus, the suction probe removed and the specimen 

weighed on a balance. Specimens were then set aside for a period of two weeks, 

weighed again, dried in an oven at 105 oC for a week, removed and allowed to 

cool in a desiccator and weighed. 

4.3.3 Data processing 

The two measurements taken directly during the tests were  and change in 

mass, Figure 89 a). Matric potential () was plotted against time to derive the 

reference zero value and mass plotted against time to derive the mass of the 

sample at zero . These two measurements were then taken as the initial starting 

conditions for the test. As there was noise in the signal returned from both the 

suction probe and the load cell the initial reference values were taken as an 

average of a number of readings, typically 20. The true values of  and mass 

change were then determined by subtracting the initial reference values from 

those measured during the test. Having determined the initial and final mass of the 

specimen, the change in mass attributable to water loss or gain throughout the 

experiment can then be converted into volumetric water content (θ) or effective 

saturation (Se), recalling equations 6, 11 and 12, the total porosity of the specimen 



184 

having been previously determined during the preliminary laboratory studies. In 

this manner the two measurements required for determination of the SMC were 

realised which, when plotted for a whole drying experiment, Figure 89 b), define 

the SMC of the specimen under test. 
 

 

Figure 89. Examples of raw and processed SMC drying test data. a) Raw test data of matric 

potential and mass loss vs time. Note the inflection in the mass loss curve just before 1440 

minutes due to opening of the test cabinet. b) Processed test data defining the SMC for the 

specimen under test. 

The same procedure was followed for the wetting test data although under 

wetting conditions the curve is not continuous as addition of water to the specimen 

was incremental. Each point on an SMC wetting curve was determined using data 

from periods were steady readings of  were obtained immediately prior to the 

addition of further water to the specimen. 

Errors in the procedures due to measurement uncertainty caused by signal 

noise were calculated to be ±0.125 g mass, determined by placing a static weight 
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on the load cell, and ±0.2 kPa  determined by monitoring the suction probes in a 

regulated pressure vessel using a calibrated pressure meter. The error in mass 

determination is equivalent to an uncertainty in calculated saturation of between 

±0.61 to 0.19% Se, dependent on the porosity of the specimen. An average of 

uncertainty of ±0.38% was calculated for all of the tests undertaken and so a 

conservative estimate would be that saturation values were accurate to within 

±0.61%. 

4.3.4 Reproducibility 

Several specimens were selected for repeated testing to investigate the 

reproducibility of the SMC curves produced by the methodology. Specimens were 

oven dried and then subjected a second time to the same preparation and testing 

regime. Results where seen to be satisfactorily close and within the margins of 

error calculated for the procedure, see also section 4.4.3 below. 

4.3.5 Ancillary experiments 

As the SMC drying test is a procedure developed specifically for this study it was 

thought necessary to conduct several ancillary experiments. The experiments 

were conducted to investigate both the accuracy of the results from the new 

method and their relation to other established techniques and methods. 

Descriptions of and results from the ancillary experiments performed are 

presented alongside the results from the SMC tests in the relevant sub section of 

4.4 below. 

4.4 Results: Chalk soil moisture characteristics 

Data from the drying tests were used to produce a detailed SMC curve for each 

specimen tested  

Figure 90). Detail from a typical SMC curve (Figure 91) shows three distinct 

phases, high, intermediate and low pressure phases, in the evolution of the SMC. 

These were used to relate pore water pressure to the physical characteristics of 

the test specimen, which may in turn be related to the fracture and matrix domains 

of the Chalk. This relationship is briefly introduced below and a more detailed 

appraisal of the variability and significance of these phases is undertaken in 

subsequent sections. 

Early in the test the SMC is controlled by the effects of water storage on the 

surface of the specimen at high values of . Initially, due to the loss of water held 
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on the surface of the specimen, water content decreases rapidly with little 

decrease in, region A in Figure 91. In this region  is below atmospheric 

pressure but above the air entry pressure of the matrix; water exists either as a 

continuous film spread across the specimen’s surface (Tokunaga and Wan, 1994) 

or filling isolated depressions on the surface (Price et al, 2000). The form of the 

SMC in this narrow region relates to the dynamics of surface storage and the 

operation of the fracture system, which are highly sensitive to small changes in . 
 

 

Figure 90. (above and below). Results from the determination of the SMC for Chalk 

specimens. (p) denotes partial test terminated above -1300kPa, * is average density specimen 

for formation at locality, ** is average density specimen at locality. 
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Figure 91. Detail of a typical SMC curve and schematic diagrams illustrating the three well 

defined phases. The early phase (region A) is related to storage on fracture surface, the 

intermediate plateau phase (region B) is related to the fracture matrix threshold and late 

(region C) is related to matrix drainage. 

A plateau region in the SMC follows surface storage effects. Across this region 

a large decreases in  results in very little change in Se. This region encompasses 

intermediate pore water potentials and is variable in extent, typically between -180 

and -600 kPa. During this phase surface storage has been all but exhausted, 

however  remains above the air-entry value of the matrix preventing drainage 

from the bulk of the specimen. During this time water menisci gradually retreat 

from the larger surface depressions into the matrix pores on the specimen surface. 

This region represents the matrix/fracture threshold, where the system is in a 

transition state from being controlled by the effects of surface geometry to being 

controlled by the geometry of the matrix pore throats, region B in Figure 91. 

The third region, C in Figure 91, represents drainage from the bulk of the 

specimen, which occurs only once  falls below the air-entry pressure. Air-entry 

being the point at which the pressure imbalance created by the curved air water 

interfaces can no longer withstand the matric suction. The interfaces collapse 

turning from concave to convex and the matrix begins to de-saturate (Toker et al., 

2004). Mass loss in this region is rapid becoming more gradual as residual 

saturation is approached at  <-1000 kPa. Throughout this region the form of the 

SMC is controlled by the pore-size distribution of the Chalk matrix. 
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4.4.1 Surface storage effects and the fracture domain 

Results from the tests (Figure 92) show surface storage to be highly sensitive to 

small variations of . Curves for all specimens show saturation change to occur 

over the  range 0 to -10 kPa with the vast majority of change being encountered 

at much higher  of 0 to -5 kPa. As  decreases below -10 kPa changes in 

saturation become minimal for all but three specimens, the Chalk Rock from East 

Ilsley, West Melbury marly Chalk (PW2B) and a specimen of North Downs 

Holywell Chalk (RC923), which show a more gradual decrease in saturation with 

. 

For regular core specimens where the dimensions were known and the mass 

loss during this period measured it was possible to calculate the thickness of the 

water held as a film on the specimens’ surface by dividing the mass loss by the 

surface area of the specimen. This yields a film thickness (ft), averaged over the 

whole sample, at zero . Note that because the mass at zero  was defined using 

the experimental data immediately prior to the occurrence of negative  this 

procedure occludes any mass due to surface storage at positive pressures. Zero  

film thickness was calculated in this manner for 38 specimens including all 

specimens from the representative specimen suite, Table 14 and Figure 93. 

Calculated mean thicknesses of surface films ranged from 6.3x10-5 to 3.8 x10-6 m 

with an average value of 3.0x10-5 m. Margins of error associated with the mass 

determination imposed an uncertainty of between ± 1.2x10-5 m and 9.5x10-6 m on 

the calculated values of film thickness with an average uncertainty of ±1.0x10-5 m. 

The investigation of the occurrence and dynamics of surface storage posed a key 

objective of this study and it was considered desirable to conduct complementary 

experimentation to check the validity of these results. An experiment was designed 

incorporating an analytical balance and a water reservoir, Figure 94, to measure 

more accurately mass storage on the surface of specimens over a small range of 

, 0 to -17 kPa. A single specimen, SC7C, was modified for this procedure. A 

3mm hole was drilled through 2/3rd of its length and a tube sealed into the hole 

using epoxy resin, the other end of the tube was connected to a hypodermic 

needle and the assembly saturated in de-aired water by vacuum imbibition and the  
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Figure 92. SMC curves showing the surface storage effects for all specimens tested. (p) 

Denotes partial test terminated above -1300kPa, * is average density specimen for formation 

at locality, ** is average density specimen at locality. 

apparatus assembled (Figure 94). By varying the height of the specimen above 

the water level in the reservoir  was controlled and the resulting mass change in 

the water reservoir measured on a calibrated analytical balance. The initial mass 

of water on the specimen surface was unknown therefore measurements taken 

were of the depletion of mass from the specimens’ surface, as  was lowered 

(specimen height increased) and conversely the addition of water, as  was 

raised. For each increment of  sufficient time was allowed for the mass readings 

to stabilise before varying  again. In this manner depletion of surface storage, 

drying, and addition to storage, wetting, were systematically measured and the 

change in film thickness calculated from the observed mass change and specimen 

dimensions. The results of these tests are shown in Figure 95 and show that the  
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Table 14. Surface water film thickness determined from SMC drying tests. 
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Figure 93. Surface water film thickness determined from SMC drying tests on chalk cores. 

 

 

Figure 94. Apparatus for complementary determination of surface film thickness. a) 

specimen under test b) humidity controlled cabinet pin hole ventilated. c) Laboratory jack d) 

point supports for specimen e) water filled piping f) analytical balance g) de-aired water 

reservoir h) hypodermic needle i) humidity controlled reservoir cover and support for 

hypodermic needle assembly. 

 

vast majority of mass change occurred over the  range 0 to -5 kPa. At lower  

values little variation in mass and subsequently film thickness was observed. Film 

thicknesses calculated from the experiment conducted on specimen SC7C varied 

but averaged 4.52x10-5 m, in close agreement with the calculated value of 3.2x10-5 

m ±1.0x10-5 m from the SMC test (Table 14). It is suggested, therefore, that the 

results from the SMC tests, which describe both the magnitude and dynamics of 

surface storage, may be considered valid. Additionally, the close agreement of the 

wetting and drying cycles indicate the process of surface storage change in this 
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narrow region of  to be non hysteretic. The issue of hysteresis over larger ranges 

of  is considered further in section 4.4.4. 
 

 

Figure 95. Results of film thickness determination for specimen SC7C. 

4.4.2 Matrix drainage 

Test results presented in Figure 90 show that values of  at which de-saturation 

commences, air entry pressures are variable and range between -100 to -1157 

kPa the majority falling in the range -200 to -550 kPa. Matrix de-saturation to 

values of around 50% Se for all specimens occurs over a narrow range of  

typically around 100 kPa. Below 50% Se more variation in the form of the SMC is 

seen between specimens. 

Using capillary theory, recalling Equation 2, it is possible to calculate the 

theoretical diameter of a pore inhabited by the water menisci at any  during an 

experiment. Taking γ to be to 0.0727 Nm-1 at 20oC, approximately laboratory 

temperature, assuming the contact angle of water with calcite to be zero as it is a 

wetting fluid (Price et al., 1976) and that 1 m H2O = 9.81 kPa, pore throat 

diameter, d, is given by: 
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Equation 32 
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As the SMC is a continuous relationship the points can be used to calculate the 

pore size distribution of the specimens. A pore size distribution calculated in this 

manner is restricted by the limits of  imposed by the measurement range of the 

suction probes employed, 0 to approximately -1500 kPa, resulting in a minimum 

theoretical measurable pore size of 2.2x10-7 m. In actuality for the majority of 

experiments, cavitation of the suction probes occurred at around -1300 kPa 

limiting the pore size determination to around 2.6x10-7 m. 

To investigate the accuracy of the SMC drying tests in the low  range 

complementary measurements were conducted using mercury intrusion 

porosimetry (MIP) (section 2.6.3). Measurements were taken on a suite of 

specimens, Table 15, representing the median densities of the formations at the 

study sites. The measurements were undertaken at BGS Wallingford using a 

micrometrics AutoPore III 9410 porosimeter. Sub specimens of approximately 

15x8mm were drilled from the core specimens tested with the SMC drying test, 

oven dried and then tested whole in the apparatus. 

 

Table 15. Specimens tested to compare MIP and SMC drying tests used for the 

determination of pore-size distributions. Pore size distribution characteristics expressed in 

terms of d75, d50 and d25 values in meters. 

A test comprised of 53 pressure increments between 3.72 kPa to 4.12x106 kPa 

covering pore diameters in the range 3x10-4-3.2x10-9 m. In line with the 

manufacturers’ guidance  (Micrometrics, 1997) correction factors, determined 
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using results from blank runs conducted with no specimen in the apparatus, were 

applied to all data during post processing to account for the compressibility and 

surface irregularity of the equipment. Details of individual tests are available in 

appendix 2. 
 

 

Figure 96. Comparison of pore size distribution results from SMC and MIP tests for four 

specimens. 

Comparison of the results from the SMC tests expressed as pore size distribution 

curves Figure 96, with those from the MIP tests show that very similar curves are 

produced. A slight discrepancy exists between data derived from the two 

techniques in that the SMC results consistently indicate slightly larger pore throat 

diameters. This discrepancy results because of a fundamental difference in the 

nature of the two tests. Price (1976) noted that MIP measurements should be 

considered to represent the diameter of the small pore throats, as these offer 

greatest resistance to the intrusion of the mercury, rather than the larger matrix 

pores. In contrast the SMC test is a drying process whereby water will 

preferentially inhabit the largest possible pore space available, at any given 
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potential, and so the SMC results should be considered representative of the 

pores rather than the interconnecting pore throats. 

4.4.3 Non continuous saturation 

In a small number of tests two suction probes were used on a single specimen that 

was subjected to a differential drying regime. The original purpose of this 

experimental procedure was to check for consistency between several suction 

probes used during the course of the investigation. To this end an experiment was 

designed using two instruments attached to the same specimen; accomplished by 

boring a second access hole into the opposing end of a specimen, SC7C, 

mounting two suction probes and following the procedure outlined for the SMC 

drying test. Data from the experiments showed that consistency between 

instruments and between double instrument and single instrument tests was 

achieved. In addition, it was decided to undertake tests imposing differential drying 

rates across the specimen using a latex membrane, as shown in Figure 97. 
 

 

 

 

 

 

Figure 97. Double suction probe test configuration. Note the use of the latex membrane to 

force differential drying rate across specimen surface. 
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Figure 98. a) and b) matric potential and effective saturation for two tests on SC7C using two 

tensiometers and differential drying regime, black surrounding lines are calculated 

experimental error bars. c) Evolution of hydraulic gradient across the specimen during the 

two tests. 

The results from these tests allow the existence of a fourth region in the SMC to 

be tentatively defined. Data from the two instruments were consistent, within 

margins or error, through the first three phases of drying. After a significant loss of 

matrix saturation, calculated Se of 65%,  had dropped to -304 kPa and readings 

from the two suction probes began to deviate from one another and move outside 

the calculated margins of error (Figure 98a). Thereafter, the uncovered instrument 

returned progressively higher values of matrix potential than the covered 

instrument until cavitation. The experiment was repeated using the same 

specimen and instruments, although the instruments were this time placed in the 

opposite ends of the specimen. Deviation of the suction probe readings in the 

second experiment occurred at a calculated Se of 57% and  -310 kPa, (Figure 

98b). The suction probe readings and the length of the specimen can be used to 

determine the evolution of the hydraulic gradient with decreasing Se, (Figure 98c). 
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The hydraulic gradient across the specimen in both tests is seen to have 

surpassed unity between 57 and 65% Se and to increase rapidly thereafter. Such 

large hydraulic gradients could only develop if K() were significantly reduced. 

Furthermore, the development of such large hydraulic gradients over a very 

narrow range of  suggests a very large change in K() occurred. 

This behaviour may imply the presence of a threshold saturation, beyond which 

a single continuous water phase within the specimen begins to dissipate; water 

within the sample begins to exist in discrete volumes which are poorly if at all 

interconnected as a state of pendular, non continuous, saturation progressively 

develops. Such an interpretation is tentative being based on a single albeit 

repeatable experiment. Results presented by Zaidman et al. (1999) (Figure 56) 

appear to support this assertion. Zaidman et al. (1999) investigated the resistivity 

of eight Chalk core specimens from East Yorkshire under variable saturation. 

Saturating cores with a fluid of known resistivity and measuring core resistivity at 

different saturation values they observed a sharp resistivity increase as saturation 

reduced from 80 to 70%. Importantly, in the context of the present study their data 

showed resistivity to have reached a maximum value at a saturation level of 60-

65% with little increase observed as saturation was further reduced, comparable to 

the saturations at which in this study we observed high hydraulic gradients. If this 

type of response were validated for other specimens it may represent a significant 

threshold; the beginning of the breakdown of the BCC analogy (section 2.5.5), the 

concept upon which much unsaturated theory is based. 

4.4.4 Hysteresis 

Hysteresis of the SMC for selected specimens was investigated using the SMC 

wetting test described in section 4.3.2, to investigate hysteresis over the range of 

 (-350 to 0 kPa) and the apparatus for complementary determination of surface 

film thickness described in section 4.41 for the restricted range (0 to -17.5 kPa). 

Results from the SMC wetting test showed that chalk specimens that had 

undergone drying to matric potentials below the air entry value exhibited 

hysteresis on re-wetting. Figure 99 shows selected examples of this behaviour. 

Although the exact degree to which hysteresis was exhibited differed between 

specimens, zero  was typically achieved on re-wetting at between 90 and 95% of 

the original saturation value. In contrast, where drying was not sufficient to induce  
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Figure 99. (previous page). Selected examples of hysteresis determined by the wetting test 

method. Note that two cycles of wetting and drying were conducted for E22 and only minor 

hysteresis is observed for the first cycle where  is held above -230kPa, the air entry 

pressure (s) of E22 was determined as -247kPa. Red lines denote wetting test boundry 

curves. 

 below the air entry value little or no hysteresis in the SMC was seen. A cyclic 

wetting and drying test performed on specimen E22 ( 

Figure 99) shows this behaviour; the wetting route being almost identical to the 

drying route and very near to full saturation of the specimen on initial re-wetting 

from near to the air entry pressure whilst significant hysteresis is displayed in 

subsequent re-wetting from below the air entry threshold. Similarly, tests 

conducted to confirm the values of surface film thickness (Figure 95) indicate that 

no hysteresis was exhibited by the tested specimens over the 0 to -17 kPa range 

in  under cyclic wetting and drying (section 4.41). The lack of hysteresis in the 

θ/ curve above the s threshold supports the interpretation that water is being 

held in a surface film. If no de-watering of the matrix pores occurs then none of the 

mechanisms attributable to causing hysteretic behaviour in porous media, air 

entrapment or the ‘ink bottle effect' (Hillel, 1998), may operate (Tokunaga and 

Wan, 1997, 2000). 

4.4.5 Identifying the soil moisture parameters 

The soil moisture characteristics of individual specimens, expressed in terms of 

measured θ/ curves, can be compared graphically in order that trends and 

relationships within the data may be assessed, see Figure 90. Due to the 

complexity of this relationship and to provide a quantitative framework in which to 

conduct further analysis of the data, the parametric relationships outlined in 

Chapter 2 (section 2.5.3) are employed. For each of the models under 

consideration, the Brooks and Corey (BC), Van Genutchen (VG), Kosugi (KV) and 

the Van Genuthen with unconstrained m parameter (VGu), values describing the 

measured SMCs were determined by optimisation. 

The objective of parameter optimisation was to identify the values of the 

parameters that allow the model under consideration to most accurately represent 

the experimental data. To enable a numerical measure of the goodness of fit 

between the experimental data and the output from the two models, an objective 

function, was required. The root mean squared error (RMSE) was used, given by: 
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Where Ni is the number experimental points, θi
exp is the measured moisture 

content derived from the experimental procedure and θi
mod is the moisture content 

calculated by the model under consideration and Ofsm is the value of the objective 

function returned. 

In determining relationships this way, which is essentially a curve fitting 

exercise, it is desirable to have as few unconstrained parameters as possible. 

Values of θs
f, θr

f, θs
m were determined from the experimental data. Residual water 

content was measured for a number of specimens and where available these  

 

 

Table 16. Observed and fitted parameters used in determining the SMC parameters for the 

four models under consideration. 
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Figure 100. Bounding and continuity conditions for the determination of bulk specimen 

unsaturated parameters. 

values were used, alternatively the parameter was determined through 

optimisation. Details of the parameters and their method of identification are 

presented in Table 16 .Iterative values were entered for the parameters under 

consideration, using the solver function in Microsoft Excel, so as to minimise the 

value of Ofsm, the accepted parameter values being those that returned the lowest 

value for Ofsm. In order to produce a continuous relationship describing both the 

matrix and fracture domains all of the determined parameters were then solved to 

determine bulk parameter values such that the continuity conditions, defined in 

Table 16 and illustrated graphically in Figure 100, were conserved. 

In some cases successful fits between the experimental data and the models 

were not possible. This occurred where data did not cover a suitably large range of 

 below the fracture matrix threshold. In such cases, referred to as partial tests, it 

was possible to derive parameters for the fracture domain and often in the matric 

domain using the BC, KV and VGu model but not the constrained VG model. 

Measured parameters and specimen details are presented in Table 17 and the 

results from the optimisation procedure are presented in Table 18 through to Table 

21. Figure 101 shows the values of the objective function determined for all 

models for the bulk specimen, fracture and matrix domains that allow comparison 

of model performance. 

For the matrix domain the three parameter KV and VGu models are seen to 

provide more accurate representations than the two parameter VG and BC 

models, Figure 101, and return lower values of Ofsm. This result is in agreement 

with the findings of Kosugi (1994), that three parameters were essential for 
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general retention models. Of the KV and VGu models the KV is seen to represent 

the matric domain marginally better. 

The VG model provided the best representation of the fracture domain, 

although far fewer successful fits were obtained compared with the other models. 

Very low values of Ofsm were obtained for the fracture domain by all models 

compared with the matrix domain. This is reflected in the values of Ofsm 

determined for the bulk specimens that are dominated by the performance of the 

models in the matrix domain. On the basis of overall performance for bulk 

specimens the KV model provides the best representation of the data. 
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Table 17. Specimen details and measured SMC parameters. 
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Table 18. Brooks and Corey (BC) SMC parameters determined by optimisation. 
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Table 19. VanGenutchen (VGu) SMC parameters determined by optimisation with 

unconstrained m parameter. 
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Table 20. Kosugi (KV) SMC parameters determined through optimisation. 
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Table 21. VanGenutchen (VG) SMC parameters determined through optimisation using 

constrained m parameter. 

 

Figure 101. Values of the objective function (Ofsm) for fracture, matrix and bulk parameters. 

Note that fewer successful fits were obtained using the VG model. 
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Hence the KV model is seen as the most appropriate to assess local and regional 

stratigraphic trends in the SMC parameters. The KV model has the additional 

advantage that in contrast to the other models the KV parameters have been 

reported to have direct physical significance (Kosugi, 1994, 1996, 1999). 

The KV parameter m
c is the air entry pressure of the maximum pore radius in a 

porous medium (Kosugi, 1996). Matrix air entry values determined using the 

optimal values of the KV parameter m
c are displayed in Figure 102 and range 

from -56 to -544 kPa. It is notable that many of the air entry values are significantly 

below -300 kPa, the often assumed value of matrix air entry for the Chalk related 

to the study conducted by Price et al., (1976), many values, however, were seen 

to be much higher. 

In the case of specimens PW2B and F13 no clear air entry values were 

determined and the matrix plateau region extended until cavitation of the 

tensiometer occurred. Matrix air entry was, therefore, not directly measured in 

these experiments but will be in excess of the stated value. 

4.4.6 Local and regional stratigraphic trends in the SMC parameters 

Data show intra formational air entry values to be variable with contrasts of up 

to 375 kPa observed from the Lewes Chalk of the South Downs. The North and 

South Downs data show a broad stratigraphic trend of decreasing air entry 

pressure, and therefore, decreasing maximum pore size, down stratigraphic 

section. Limited data from the North Downs appear to indicate that on a 

formational basis air entry values (maximum pore size) were generally higher 

compared to the South Downs. No stratigraphic trends are evident in the data from 

the Hallue or Berkshire where fewer formations were sampled and further 

sampling of Chalk from these locations would be required to ascertain the 

presence of any stratigraphical relationships.  

KV parameter 0, the mode of the capillary pressure distribution function, is the 

 at the inflection point on the SMC curve and relates to the modal pore diameter 

within a given porous medium. Since 0 is a statistical property of a distribution, 

only values derived from full tests are considered and data from partial matrix tests 

have been excluded. Figure 103 shows values of 0 for fracture and matrix 

domains. The data relating to the fracture domain range between -1.07 to -0.017 

kPa with a median of -0.044 kPa and no clear stratigraphic trends are discernible. 

The matrix data range from -167 to -628 kPa with a median value of -349 kPa. The 
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South and North Downs show a trend similar to the air entry values; a general 

decrease with stratigraphic level, although there is spread within any given 

formation where multiple specimens have been tested. Berkshire Downs 

specimens may possibly show a similar trend but the limited number of successful 

tests makes any relationship tentative. 
 

 

Figure 102. stratigraphic relationships of the air entry value determined from the KV 

parameter m
c for all specimens tested. Some specimen labels removed for clarity. 

 

Figure 103. Stratigraphical variation in KV parameter 0 for fracture and matrix domains. 

 

The KV parameter σ is the standard deviation of the log normal pore size 

distribution function. Large values of σ relate to media that have a wide pore 

radius distribution and small values to those with a narrow distribution (Kosugi, 

1996). As σ is a property of a distribution data from partial matrix tests are 
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excluded and only results of tests where near to the entire range of  for each 

domain was sampled are presented, Figure 104. Results show no discernible 

stratigraphic trend in the σ parameter for either matrix or fracture domains. It is 

evident that σ values are higher for the fracture domain compared to those of the 

matrix, which reflects the difference in the pore size distributions of the two 

domains. The fracture domain, controlled by the topography of surface 

irregularities, has a wider distribution of pore diameters than the matrix domain 

that is controlled by the matric pores possessing a narrower size distribution. 

Figure 104. Stratigraphical variation in KV parameter σ for fracture and matrix domains. 

4.5 Synthesis of results 

Laboratory results show how regions in the SMC may be related to the operation 

of the fracture/matrix system (Figure 91) and the subsequent analysis enabled 

these regions to be further defined in terms of Se/ and the relevant KV 

parameters (Figure 105). This understanding may be used to relate the operation 

of the Chalk unsaturated zone observed in field studies (Wellings and Bell, 1980; 

Wellings, 1984a; Cooper, 1990; Mahamood and Gregory, 2002; and Haria et al., 

2003) to existing theory and observations of the behaviour of unsaturated media 

(Tokunaga and Wan, 1997, 2000, 2001; Or and Tuller, 1999, 2000, Tuller and Or, 

2003 and Liu, 2004) and also to saturated conditions (Snow, 1968). Each of these 

regions may also be related to the behaviour of chalk observed in field studies of 

saturated (Nativ et al., 2003; Williams et al., 2006, Price, 1992) and unsaturated 

behaviour, specifically: 

 Flow and storage under saturated conditions of positive , relating to 

packer testing of saturated chalk in the field and the laboratory testing of 

saturated specimens with small fractures during this study (section 3.7.3); 
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 Fracture storage and the presence of water films on fracture surfaces under 

conditions of high , relating to flow within fractures associated with high in 

situ K observed in field studies (Figure 50); 

 Matrix saturation related to interganular flow within the matrix under 

moderately negative values of  (above the air entry of the matrix) 

associated with K measured in the triaxial experiments (section 3.9.1) and 

the intermediate K observed in the field studies of Cooper et al., (1990), 

Mahamood-ul-Hassan and Gregory, (2002) and Wellings, (1984a); 

 Matrix desaturation related to the development of high hydraulic gradients, 

from which very low values of unsaturated matrix K may be inferred (section 

4.4.3), shown during tests at low degrees of saturation. 

Figure 105 illustrates these conceptual flow and storage regimes along with the 

thresholds by which they may be defined using KV parameters. Note that the 

saturation threshold defined as being the  at 50% saturation (ψm
se5o) was derived 

from a single but reproducible experiment (section4.4.3). It is included only to 

demonstrate the relative range of  over which flow regimes are likely to be stable. 

Whilst it is notable that m
se5o appears comparable with data presented by 

Zaidman et al. 1999 (Figure 56) further investigation would be required to 

ascertain with certainty the existence and significance of this threshold. 

 

Figure 105. Schematic illustration of the matric potential dependent distribution of water and 

flow regimes in fractured Chalk showing associated KV parameter thresholds, relationship 

with hydraulic conductivity and flow regimes. 
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4.5.1 Approximate boundaries between storage and flow regimes in 

fractured Chalk 

Laboratory data from the SMC tests can be used to delineate the range of  over 

which the various storage and flow regimes will be stable. Whilst this is 

straightforward for the tested specimens, where parameter values are determined 

directly from the measured SMC, to establish a more general model relationships 

are sought between the threshold values and previously measured characteristics 

of Km
s

 

, IDD and porosity. There are several advantages to using such an approach 

to construct and constrain a general model. Firstly, by relating the behaviour of 

unsaturated Chalk to more easily determined and commonly measured 

characteristics the model can be easily applied in regions where such values have 

been determined or may be reasonably estimated. Secondly, the model will be 

constrained to measured values of the existing determinants, resulting in a model 

more likely to encompass but not surpass the limits of natural variation. The 

sample of specimens from the preliminary laboratory investigation is suitable for 

this purpose and used to constrain the general model described below. 

4.5.1.1 General relationship for matrix properties 

For the purpose of establishing a general model for the matrix properties of the 

Chalk KV parameter values of m
c may be plotted against Km

s for all specimens, 

(Figure 106 a), to derive the Km
s/m

c relationship, Equation 34 (correlation 

coefficient of 0.68). Km
s is used as the predictor as similar relationships determined 

for the index properties of IDD and porosity with m
c, showed poorer correlation 

coefficients of 0.40 and 0.31 respectively. 
 

c mod
m  46.58K0.23 

Equation 34 

Matric potential at 50% saturation (m
se5o) was calculated from the KV soil 

moisture parameters using Equation 9 and plotted against Km
sat to derive the 

general Km
s/m

se5o relationship, Equation 35 (correlation coefficient of 0.71). 
 

	 101.64	 .  

Equation 35 
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Figure 106. General relationships for the delineation of matrix storage and flow regimes. 

Relationships between matrix saturated hydraulic conductivity (Km
s) with a) matrix air entry 

determined from KV parameter m
c, and b) matric potential at 50% effective saturation 

(Se50) determined from experimental data. 

4.5.1.2 General relationship for fracture properties 

No trends in fracture properties that could be linked to any previously determined 

physical property were observed in the experimental data. General fracture 

properties were determined instead by using median KV parameter values derived 

from the available laboratory data. Given that the median values of the KV 

parameters, f
c = 0, f

0 = -0.044 and σf = 1.65, the effective saturation of a fracture 

surface, (Se
f), may be determined for any value of  recalling Equation 9. 

Furthermore, taking an average surface film thickness of 3.8x10-5 m at f
c (Section 

4.4.1) the thickness of a water film on a typical fracture surface may be calculated 

for a given matric potential by: 
 



filmthickness 3.8105Se
f  

Equation 36 

Assuming that a fracture of aperture, a, may be considered to be saturated 

when a film of water held on the matrix either side of that fracture becomes equal 

to a/2, then the following general expression can be gained, describing the 

relationship between  and saturated aperture, asat: 
 



asat 2(3.8105Se
f ) 

 

Or: 
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Equation 37 

The above relationship should be considered only as approximate as the 

experiments upon which it is based negate any complicating effects of hysteresis 

due to air entrapment in the fracture plane that may occur under field conditions. 

4.5.2 General model for storage and flow regimes in fractured Chalk 

Given the approximate validity of Equations 36 through to 38, the combined 

influence of matrix saturated hydraulic conductivity, fracture aperture and  can be 

illustrated in a three-dimensional parameter space, Figure 107. The base of the 

plot, x-y axis, consists of the Km
s and fracture aperture axis, a point in this plane 

represents the fixed material properties of a segment of a fracture, constant Km
s 

and a single aperture value. Movement of such a point up or down the z-axis, 

therefore, represents the condition of a fracture segment at various states of . 

The more complex behaviour of a rock mass with varying K or an individual 

fracture with variable aperture could be visualised as a distribution of aperture and 

Km
sat points within the parameter space. 

The four regions indicated in Figure 107 represent regions of stability for the 

storage and flow regimes outlined in Figure 105. Note that in Figure 107 Km
s is a 

constant material property and does not represent the hydraulic conductivity of the 

total rock mass, which would be expected to vary significantly with  as fractures 

empty and fill or matrix drainage occurred. 

The intersection of the two surfaces representing the aperture filled by surface 

films and the s of the matrix, line A-B Figure 107, is approximate to the pore size 

at matrix air entry, the lower bounding condition m
c =  of Equation 37. The range 

in pore sizes across this region, 1x10-6 to 1x10-7m, are comparable to the range of 

d75 values determined from the tests presented in Table 15. The area to the left of 

this line represents conditions where surface film development is effectively 

occluded. Evolution of drying or wetting for certain combinations of Km
s and 

aperture, those which cross plane ABC, will not allow for the development of 

surface films on fracture surfaces because the matric potential required to saturate 

the matrix is also sufficient to saturate the fracture. Fracture apertures in this 
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region are effectively equivalent to or smaller than the diameter of the surrounding 

matrix pores. 
 

 

 

Figure 107. Approximate parameter space for the partitioning of water in fractured Chalk 

based on matrix saturated hydraulic conductivity, fracture aperture and matric potential. Note 

that for low permeability matrix the region characterised by surface films encompasses a 

wider range of both aperture and matric potential. 

 

The volume to the right of line A-B, above the air entry surface (m
c mod) but 

below the asat surface is the domain of stable surface films. In this region, 

combinations of apertures and  permit water to be held on the surface of the rock 

but not completely filling a fracture segment. This region is in effect the tertiary 

storage component of the Chalk previously recognised by Price et al., (2000) and 

Haria et al., (2003). Note that this region extends over a wide range of matric 
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potentials and fracture apertures, especially for low Km
s chalks. As little is known 

regarding  in the majority of the Chalk unsaturated zone further data will be 

required to understand the significance of this region. Aperture values that 

characterise this region are however comparable to those determined previously in 

section 3.9.4. In the region of film stability there exists the potential for surface 

water films to be held on fracture surfaces that are in excess of 3.8x10-5 m 

aperture. These can be represented in Figure 107 by dividing the value of the 

aperture axis by two to give the thickness of the water film that would be present 

on such a feature. In a field context unbounded surfaces such as these may be 

important in the movement of water in the unsaturated zone as they may 

accommodate so called free surface water films which may be highly mobile 

(Tokunaga and Wan, 1997, 2001). 

Below the m
c mod but above the m

se50mod surface there is a comparatively 

narrow region, which may represent the transition from funicular to pendular 

saturation. Whilst it is acknowledged that this is tentatively defined it illustrates the 

relatively narrow range of matrix potential over which a marked change in the 

hydraulic properties of the Chalk matrix may occur when compared to the range of 

 over which film stability is expected. 

Figure 107 is similar to an analysis presented by Tokunaga and Wan (2001) 

who used published values of k and s from a wide variety of porous media, both 

synthetic and natural, to delineate theoretical flow regimes for fractured rocks. A 

notable difference between the current analysis and that conducted by Tokunaga 

and Wan is the method by which the upper bounding condition for saturation of the 

fractures has been determined. In the absence of detailed data Tokunaga and 

Wan employed the parallel plate capillary relationship; whilst in this study, because 

the behaviour of water films on fracture surfaces was explicitly studied, this 

threshold is based on the observed behaviour of water films. 

4.6 Discussion 

The laboratory procedure for deriving SMC data developed for this study has 

several major advantages over those used in previous studies on the Chalk (Price, 

1976; Price et al., 2000; Brouyére, 2001; Brouyére et al., 2004, 2006), namely 

that: 

 Full, continuous and high-resolution measurement is made of the 

unsaturated characteristic. 
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 The procedure, once mastered, is much quicker and simpler to implement 

than any other currently employed to determine SMCs. 

 It involves the direct measurement of pore water pressures. 

 It can be used to investigate hysteresis. 

 It employs a physically realistic process, that of water saturation / de-

saturation, rather than surrogate techniques such as MIP. 

 Multiple instruments can be used. 

 There are virtually no consumables used in the testing procedure. 

It may have several disadvantages over existing techniques, principally that: 

 Initial set-up costs are high due to the necessity for digital data acquisition 

and cost of the individual tensiometers, although over time these may be 

largely offset by the reduction in consumables and man-hours required for 

the procedure. 

 The rejection rate of the tensiometers supplied was high and many were 

assessed as not being fit for purpose due to erratic cavitation. 

 The pre-conditioning procedure for the tensiometers is lengthy and, 

therefore, if the procedure were not in continuous use ‘run in’ times would 

be around 2 days. 

Because of these advances the experimental data derived from this study have 

allowed for the characterisation of the unsaturated properties of the Chalk to be 

conducted in a more satisfactory manner than appears to have been previously 

undertaken and testing of a number of specimens of known provenance has 

enabled variation in the SMC to be assessed. Former attempts have either been 

restricted to matrix properties alone (Price et al., 1976) or relied on assumed 

values to characterise the fracture domain (Brouyére et al, 2004; Mathias, 2005) 

and have invariably tested only a very limited number of specimens. In both of the 

latter studies the empirically derived fracture flow threshold of Wellings (1984a), -5 

kPa, was employed. The lack of attention received by the fracture domain is due to 

the problems associated with adequately replicating and monitoring the properties 

of fracture surfaces in the laboratory, problems that have been overcome in the 

present study. The study by Price et al, (2000), investigating storage properties on 

matrix block surfaces may be considered a partial exception to this because their 

method of measurement imposed an upper limit of -4.9 kPa on  and drainage 

occurring under higher  was not considered. Although the author quoted this limit 

as being close to ideal the present study suggests that a significant portion of the 
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retention curve was missed in these experiments and the results presented here 

show the majority of drainage attributable to surface storage occurs above this 

threshold, implying the estimate of unsaturated storage provided by Price et al. 

would be too low. Similar improvements have been made over the work of 

Brouyére et al. (2004) who measured retention across the range -1 and -1500 

kPa. Although it was noted that rapid desaturation occurred between -1 and -4 kPa 

this was attributed to the desaturation of micro fissures within the specimens and 

no consideration was given to the potential effects of surface storage. 

Field measurements of θ() for the Chalk have been published by various 

workers (Wellings and Bell, 1980; Cooper et al., 1990; Gardner et al., 1990; 

Mahmood-ul-Hassan and Gregory, 2002; Ireson et al., 2006) but are of limited use 

to characterise rigorously the matrix for two reasons. Firstly, measurement of  

using conventional tensiometers is only possible for >-85 kPa due to cavitation. 

Secondly, field measurements apply to the bulk fracture/matrix system averaged 

over a volume, usually controlled by the volume of investigation of the water 

content (neutron probe) measurement; such measurements may be unknowingly 

biased by the presence of unrecorded soils and flints (Ireson, 2006). The lack of 

very detailed analysis of the ground profile in these studies leads to further 

uncertainty in this respect. 

Matrix properties were derived by Mathias et al. (2006) using inverse modelling 

and data from the mercury intrusion experiments of Price et al. (2000). These 

however relied on a limited number of core specimens from three locations in 

Southern England, Reading, Shoreham and a site near Cambridge. The θ() 

curves derived by Mathias et al. (2006) estimated air entry pressures of the matrix 

to vary between -320 kPa and -290 kPa, results used in the modelling studies of 

Mathias et al. (2005, 2006) and Ireson et al. (2008). In light of our current 

understanding it seems that whilst such values are realistic they would be of little 

use for characterising the Chalk in a wider context as they are too restrictive and 

the air entry pressure of the matrix is highly variable. We can also re-appraise the 

apparent discrepancy between the very low air entry pressure employed by 

Brouyére (2004) and those of Mathias et. al., (2005, 2006); both workers use 

values within the range of observed natural variation and moreover are consistent 

with a geographical trend of higher air entry in Chalks tested from France (Figure 

102). However, these variations may be due to differences in the pore size 

distribution of weathered and un-weathered Chalk illustrated by Bloomfield (1999) 
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(Figure 48). Further investigation into pore size distributions in weathered Chalk 

and the variations this may impose on the SMC in the shallow surface would 

appear to be warranted as no such investigation appears to have been undertaken 

It is possible to represent the SMC relationship using alternatives to parametric 

relationships used in the present analysis. D. Thiery (BRGM, pers. coms.) reported 

that SMC data derived from field instrumentation could be adequately represented 

by a seventh order polynomial curve. The parametric relationships employed in 

this study however have several advantages over such an approach in that they 

are parsimonious and the parameters in the Kosugi model have actual physical 

significance (Ireson, 2006). This latter point has enabled a greater understanding 

of the inter relationship between lithology and unsaturated behaviour to be 

developed than could have been achieved using a non-physically based approach. 

In addition to this, recent developments in unsaturated modelling employ 

techniques that use the Kosugi parameters (Ireson, 2006; Ireson 2007, Ireson, 

Ireson and Butler, 2010) and so results expressed in these terms will hopefully 

make them more relevant to contemporary workers. 

Analysis of SMC data has allowed the approximate range of  over which 

storage and flow regimes are likely to be stable to be delineated (section 4.5) and 

for a general model for storage and flow regimes to be formulated, Figure 107. 

From the general model it is apparent that the region over which surface films are 

likely to be stable comprises a significant portion of this parameter space and 

encompasses a wide range of both  and fracture apertures. Whilst the concept of 

storage on the surface of matrix blocks and in fracture segments, so called tertiary 

or intermediate storage, has been previously proposed (Price et. al., 2000, Haria 

et. al., 2003) it has not been well defined in terms of  or material properties. 

Furthermore, the mobility of such water films and the implications that they may 

have for the behaviour of the Chalk unsaturated zone remains an area largely 

unexplored. 

Direct measurements of film flow on surfaces were not made during this study 

but several investigations have previously been conducted into the hydraulic 

conductivity of water films under negative matric potentials. The simplest model of 

water film flow is the smooth film model of Bird et al. (1960), which assumes a 

water film of uniform thickness (ft) with a parabolic velocity profile flowing down a 

smooth vertical surface under a unit hydraulic (gravitational) gradient. Film velocity 

( v ) derived from the smooth film model is given as: 
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Whilst acknowledging that natural fracture surfaces will be neither smooth nor 

necessarily vertical, the above calculation may be used to provide an estimation of 

film velocities in the unsaturated zone (Liu, 2004, Tokunaga and Wan 1997, Tuller 

and Or, 2003). Using the average film thickness of 3.8x10-5 m at  = 0 determined 

from the experimental data and Equation 38, a water film on a vertical fracture 

surface at 10oC, µ = 1x10-3 Pa s-1, has an average velocity of 406 m/day. Given 

that the  dependent saturation of a surface, and by proxy the area averaged 

surface film thickness, can be described by the KV relationship, combining 

equations 37 and 39 yields an expression for the  dependent flow velocity of a 

water film on an unbounded fracture surface: 
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Equation 39 

Substituting values for the KV (fracture) parameters into Equation 40 allows the  

dependent film velocity in large aperture fractures in unsaturated Chalk to be 

estimated using the smooth film model. In Figure 108  dependent film thickness 

and corresponding film velocity are plotted for three pairs of KV σf and f
c values 

assuming an average measured zero  film thickness of 3.8x10-5 m in each case. 

The three pairs of parameters employed represent the average and extreme 

fracture SMC observed in the tests. 

Liu (2004) used a similar approach to derive relationships between film 

transmissivity and  using the experimental data of Tokunaga and Wan (1997, 

2000) and the BC parametric relationship. Tokunaga and Wan conducted 

laboratory investigations into film flow on the surface of a block of Bishop Tuff, a 

material analogous to the Chalk (Price et al., 2000), and observed that as  

increased above -0.5 kPa use of the smooth film model provided progressive 
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overestimates of film velocities, leading to a 50 fold over estimation at -0.1 kPa. 

Below -0.5 kPa the smooth film model was seen to provide good approximation to 

the observed values. Note that maximum film thickness at  = 0 kPa measured by 

Tokuaga and Wan (1997) was 7x10-5 m, in close agreement to those measured for 

Chalk specimens here (6.3x10-5 m). In the light of these findings velocities 

calculated with the smooth film equation at near zero  should be treated with 

caution and the value of 406 m/day is almost certainly an overestimate. Ignoring 

the near zero  region, Figure 108 indicates that, for chalk with average matrix K 

and average fracture KV parameters, film velocities may be up to four orders of 

magnitude greater than matrix K and remain an order of magnitude greater for 

values of  above -40 kPa. 
 

 

Figure 108. Surface film thickness (Ft) and unit gradient film velocity (Fv) derived from 

combining the KV model for water retention on a fracture surface with the smooth film 

model using average and extreme KV σf and f
o

 

parameter values. Matrix saturated hydraulic 

conductivity (Km
s) based on the average, maximum and minimum measured values are 

presented for comparison. 

The smooth film model is also likely to provide an overestimate of film velocity 

under conditions of very low  because as films thin the assumption of a parabolic 

velocity profile becomes increasingly unrealistic as forces acting at the atomic 

level begin to impart an increasing affect. Tuller and Or (2003) noted that as film 

thickness decreases the viscose sub layer, present at the liquid solid interface, 

becomes a proportionally greater amount of the total film thickness and the 

smooth film model will progressively over estimate film velocity. Or and Tuller 
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(2000, 1999) used complex mathematical representations of flow across rough 

fracture surfaces to investigate this phenomena and estimated the theoretical 

lower limit for the validity of the smooth film model to occur at a film thickness of 

approximately 10 nm. For the majority of the Chalk this lower bound appears to be 

academic. Figure 108 shows that at such small film thickness, low , inter granular 

flow determined by the matrix K, would be the dominant flow process. 

Film flow at very low  may however be an important mechanism for flow 

through Chalks of extremely low matrix K, such as the West Melbury formation or 

intervals of well developed hardgrounds such as the Chalk Rock. As demonstrated 

in Figure 108, for KV σf and f
0 max chalk, calculated film velocity for such chalks 

are in excess of intergranular velocities (determined from matrix K) and remain 

above the lower thickness limit for film flow over a very wide range of . The 

extremely low air entry value of such chalks also implies that surface films would 

exist under such low values of . 

These findings cast doubt as to the validity of the assertion made by Wellings 

(1984a) and noted by other workers (for example Cooper et al., 1990; Mahamood-

ul-Hassan and Gregory, 2002) that large changes in K observed between  of 0 

and -5 kPa, are coincident with the filling and emptying of fractures of widths down 

to 3x10-5 m. Whilst this appears to be based on sound reasoning using capillary 

theory, present evidence suggests that that it should not be necessary for 

fractures to be water filled to conduct water at such high rates as this could occur 

as film flow on the surface of larger fractures. Doubt is also cast on the validity of 

the often quoted 'fracture flow threshold' of -5 kPa which originated from the same 

study (Wellings, 1984a). Whilst present evidence suggests surface film thickness 

will dramatically increase above this threshold (Figure 95) it also implies that film 

flow on fracture surfaces could be operational at much lower . The concept of 

fractures instantaneously emptying and filling to provide an on/off system of high 

and low K appears to be an over-simplification and evidence now suggests the 

system to be more complicated. 

The consideration of film flow has so far related to an Idealised smooth walled 

system. To provide a physical basis for further analysis the surface topography of 

specimen N13, derived in Chapter 3 and presented in Figure 65, is employed. In 

Figure 109 the average, minimum and maximum film thickness at zero  derived 

from the SMC tests have been superimposed on the digitised surface. Maximum 

and average films have been smoothed using a Loess curve smoothing algorithm 
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(Cleveland and Devlin, 1988) to account for the likelihood that fluid will form a 

continuous phase across the surface because the contact angle between water 

and the chalk surface, which will be wet, would be zero. Figure 109 illustrates that 

maximum and average measured water films at zero  are relatively thick 

compared to the surface’s micro topography. Fluid flow within such films may, 

therefore, be expected to be able to traverse such a surface relatively unhindered. 

Furthermore, surface irregularities at larger scales, mm and above, are unlikely to 

present significant obstructions to film flow as it would be expected that micro 

roughness would be superimposed upon any macro roughness and therefore 

provide conductive flow paths across larger irregularities, see Figure 110. 
 

 

Figure 109. Digitised fracture surface (see Figure 65) with water film thickness at  = 0 

superimposed by application of an offset from the fracture surface. Note that average and 

maximum film thickness have been smoothed (Loess smoothing, step = 2 degree = 0.1). 

In several tests the tensiometer was observed to cavitate before significant 

desaturation of the specimen had occurred. A possible explanation for this is that 

the specimen under test had extremely small pores with a very narrow size 

distribution, similar to the ceramic stone in the suction probe itself. As one of the 

principle costs in the manufacture of the suction probe relates to the manufacture 

of the high air entry ceramic it would be feasible to explore the use of chalks in the 

manufacture of similar instruments for use in the monitoring of  in formations with 

larger pore sizes. The use of Chalk would present several advantages in that it is 

naturally occurring, cheap, and on account of its extremely small grain size, 

machineable to high tolerances; although an obvious drawback being that it could 

not be used in chemically aggressive (acidic) environments. 
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Figure 110. Macro roughness of an irregular fracture. a) Photograph of core specimen (P21) 

containing rough fractured surface b) digitisation of fracture trace topography. Scale bar is 

approximately the lateral extent of the surface examined in Figure 109. 

Results from the laboratory studies so far presented (chapters three and four) 

have illustrated a number of potentially significant characteristics of the Chalk 

unsaturated zone, such as anisotropy due to fracture aperture/depth relationships, 

the properties of marl seams and variations in SMC. However, this provides only 

part of the evidence required to understand the operation of the unsaturated zone. 

Despite a general model for Chalk having been formulated and thresholds for 

storage and flow regimes empirically defined the question remains as to how 

conditions in the Chalk unsaturated zone relate to these thresholds. Without an 

understanding of the magnitude and variation of in situ  it is impossible to know if 

the thresholds identified in the general model for Chalk are pertinent. It therefore 

remains to be seen which processes actually operate in the unsaturated zone and 

to what extent physical properties and prevailing conditions act to control their 

occurrence. These are the subjects of the remaining chapters in which 

observations and results from in situ investigations undertaken in the Chalk 

unsaturated zone are presented and discussed. 

4.7 Conclusions 

Advanced laboratory tests have been successfully developed which have allowed 

the nature and dynamics of water storage in unsaturated Chalk to be studied in a 

detail that has not been previously achieved. Tests conducted to determine Chalk 

SMC’s have been shown to be repeatable and it has also been shown how these 
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can be coupled with confirmatory evidence from ancillary tests to determine and 

quantify potentially significant storage and flow thresholds. 

Of the four parametric relationships employed to describe the SMC of the Chalk 

the Kosugi (KV) model was found to be the most suitable. Despite returning larger 

values of RMSE than the unconstrained Van Genutchen model (VGu) more 

successful fits were made to the experimental data. Tabulated values for these 

model parameters have been presented so that they may be used to provide 

parameter values for the Chalk SMC for use in numerical simulations. 

Basic index properties of IDD and porosity are shown to be relatively poor 

predictors of chalk unsaturated behaviour whilst saturated hydraulic conductivity is 

seen to be the best predictor. Whilst a general trend in the magnitude of the air 

entry value appears to exist, decreasing with stratigraphic level, the presence of 

stratigraphic related trends in other unsaturated characteristics appear unclear. 

Significant intra-formational variations in the SMC have been demonstrated in the 

Chalk. Results from the application of the KV parametric model, coupled with 

existing hydraulic conductivity data have allowed the variability of the Chalk SMC 

to be analysed and a general model for unsaturated Chalk to be developed and 

constrained. The general model predicts that surface storage and surface film 

mobility may be significant processes in the Chalk unsaturated zone and the 

relative importance of these processes to be dependent on the material properties 

of the Chalk. Whether or not these processes occur within the Chalk unsaturated 

zone has yet to be determined and is the focus of chapters 5 and 6. 
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Chapter 5 Geophysical surveys 

5.1 Introduction 

To investigate the nature of the Chalk aquifer and the hydrological processes 

occurring within it at the field scale a program of down-hole geophysical surveys 

was undertaken. The major advantage of employing geophysical techniques has 

been that they have allowed for in situ observations of both aquifer characteristics 

and hydrological processes to be made and correlated. Much of the present 

understanding relating to the operation of the saturated aquifer is based, at least in 

part, on data gained from geophysical investigations, see for example Headworth 

(1978), Schurch and Buckley (2002), and Jones and Robins (1999), Butler et. al., 

(2009). Contrastingly the use of geophysical techniques to investigate hydrological 

processes in the unsaturated zone appear to have been restricted to very few 

studies, for example Zaidman et. al, (1999), which have investigated unsaturated 

processes at a site scale through the use of tracer experiments. Whilst numerous 

studies have sought to investigate unsaturated processes in the Chalk using field 

monitoring (Hassan and Gregory, 2002; Haria et. al., 2003;), modelling (Mathias 

et. al., 2006; Lee et. al., 2006) or combinations of both (Ireson, et. al., 2006; Van 

den Daele et al., 2007) none have sought to observe them visually. 

The surveys described here complement the observations and theories 

developed in Chapters 3 and 4. Data were sought to investigate links between 

lithological variation and unsaturated processes within the aquifer. Specifically the 

aims of this undertaking were to: 

 Investigate the relationship between the intra formational lithological 

contrasts provided by marl material and the occurrence of hydrological 

processes within the aquifer. 

 Conduct a detailed characterisation of the Chalk, in terms of its stratigraphy, 

and structure in the Brighton area. 

 Attempt to directly observe flow processes in the Chalk unsaturated zone. 

 Corroborate, or otherwise, observations from the Brighton area relating 

lithological variation to unsaturated hydrological processes. 

To achieve these aims detailed geophysical surveys were conducted at a 

number of borehole sites in SE England. Geophysical techniques were selected to 
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allow observations to be made in three key areas relating to the hydrogeology of 

the Chalk: 

 Groundwater occurrence and flow. 

 Aquifer structure, in terms of fracturing and dissolution features. 

 Aquifer stratigraphy in terms of inter and intra formational lithological 

contrasts. 

A typical survey comprised running a suite of geophysical logs to investigate and 

characterise the Chalk in each borehole. Formation logs of induced conductivity 

(Induction), and natural gamma (Gamma) were run first. The formation logs were 

complemented by optical televiewer (OTV) surveys used to investigate aquifer 

structure. Fluid logging was used to investigate the links between lithology, 

structure and flow processes in the saturated and unsaturated zones at a number 

of sites. Closed Circuit Television (CCTV) surveys were employed as a novel 

method to investigate hydrological processes in the unsaturated zone and to 

further investigate aquifer structure and flow. The understanding and analysis 

developed in this chapter are used later, in Chapter 6, to aid the interpretation and 

analyses of data from the instrumented field site NHB2. 

5.2 Study sites 

Study sites were selected to address the aims of the investigation based on a 

number of criteria. To develop a better understanding of aquifer variation and 

hydrological processes at a catchment scale, emphasis was placed on 

investigating a number of sites in the Brighton area. These sites were selected to 

give good stratigraphical coverage and also to provide coverage of the range of 

geomorphological environments: dry valley to interfluve. In the Brighton area two 

sites, Lower Standean and Casterbridge Farm, were selected from which 

abstractions could be made to obtain pumped fluid logs. At all the Brighton area 

sites formation, CCTV, optical imaging and static fluid logs were run. To 

substantiate findings which were first made using the CCTV equipment in the 

Brighton area a further four sites were selected for investigation, three in the 

Berkshire Downs and one in the North Downs. At these sites only formation 

logging and CCTV surveys were conducted. Details of the locations, stratigraphic 

coverage and geophysical investigations conducted at each of the study sites are 

presented in Table 22, general locations in  

Figure 1 and geological maps of the study areas in Figure 2. 
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Table 22. (previous Page) Study sites for geophysical surveys showing stratigraphic 

coverage and logs run. BH = non-cored borehole, CBH = cored borehole, * stratigraphic 

interpretation R. N. Mortimore, # stratigraphic interpretation BGS (Jones and Robins, 1999). 

This section provides a summary of the geophysical methods employed and the 

data that they provide to the study. Also presented are descriptions and selected 

examples from the visual logs provided by the CCTV and optical imaging surveys. 

Examples and descriptions of feature types and image interpretations are provided 

as these form the basis of the classification scheme used in the interpretation of 

the data later in the chapter. 

5.2.1 Formation logging and lithological characterisation 

To ascertain the stratigraphy of the study sites logs of natural gamma, calliper and 

induced conductivity were run. The Gamma tool (sonde) records naturally 

occurring gamma ray emissions from the radio isotopes of 40K, 232Th and 238Ur 

held within the crystal lattices of clay minerals (Keys and MacCary, 1984). Gamma 

logs therefore give an indication by proxy of the clay content of the formation. Due 

to its exceptional purity with respect to calcite gamma readings are extremely low 

in the Chalk and contrasts between the matrix and intervening clay-rich marl 

seams are readily observed as gamma peaks. Hardgrounds may also show 

significant and occasionally extreme contrasts in gamma response due to the 

concentration of clay minerals or formation of glauconite or phosphate in the 

matrix that occurred during periods of depositional hiatus. As well as intra 

formational contrasts broader gamma contrasts related to formation level 

stratigraphy may also be observed in the Chalk (Mortimore, 2011). Gamma logs 

were recorded in units of counts per second (CPS) and not corrected to standard 

AIPG units. 

The calliper log measured the borehole diameter and was required primarily to 

ensure that the borehole was of sufficient size for other larger sondes to be run. 

Obtaining a calliper log provides several additional benefits; 

 It is a useful, although imprecise, indication of fracturing (Headworth, 

1978);  

 It can be used to calculate the field of view of the CCTV sonde (A. 

Gallagher pers. comm.). 

The induced conductivity (induction) sonde measured the conductivity of the 

formation between electrodes located on the sonde by inducing an alternating 
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electromagnetic field within the surrounding formation (Asquith and Gibson, 1983; 

Keys and Mac Cary, 1984). Induction logs are similar to resistivity logs, although 

inverted, which have been previously used to make correlations within the Chalk 

(see section 2.2.4). The sonde is suited to both formational and sub formational 

characterisation of the Chalk. Peaks in conductivity relate to the presence of 

lithologies with higher clay content, marls, whereas low conductivity readings 

relate to the relatively porous matrix material. Crucially an induction sonde can be 

used above the water table where a resistivity sonde cannot. Induction 

measurements were recorded in units of milli Siemens per meter (mS/m), no 

correction to the data was made for the diameter of the borehole or conductivity of 

the groundwater. 

Gamma and conductivity profiles were used to establish stratigraphic control at 

the surveyed sites. Stratigraphic interpretation of the logs was achieved with 

reference to resistivity and gamma profiles available from previous work 

correlating cored boreholes to field sections, for example Mortimore (1979) and 

Woods (2006). Biostratigraphical evidence from cores (Hadlow pers. Com., 

Mortimore pers. Comm.) was used where available to provide corroborative 

evidence for the stratigraphic interpretation. Note that because stratigraphic 

interpretation was achieved by correlation of gamma and conductivity profiles with 

those from existing boreholes the absolute values of gamma count and electrical 

conductivity were of little concern. For this reason gamma and conductivity 

measurements were left un-corrected. 

5.2.2 Closed circuit television (CCTV) surveys 

The CCTV sonde enables a high definition, detailed and user controllable 

inspection of the borehole surface to be made. The Geo Vista sonde employed 

incorporated a digital camera and light emitting diode (LED) lighting. The sonde 

had both a side view, 360o rotating and forward, down hole cameras, both of which 

are illuminated by a ring of high intensity white light LEDs (Figure 111a). White 

LEDs are a relatively recent innovation that offers several advantages over 

traditional tungsten filament type bulbs in that they are more compact, energy 

efficient and brighter. White LEDs produce a broad-spectrum ‘white’ light, similar 

to daylight, in contrast to tungsten filament type incandescent bulbs that have a 

high spectral component in the yellow wavelength. Consequently observations 

made using the former look more realistic and are easier to interpret than the latter 
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where features may be masked or absent due to poor visual representation. 

Figure 111 b) and c) show a comparison of borehole images taken at same depth 

on the same day from within the NHB2 borehole with b) the Geo Vista CCTV 

camera sonde (BGS) and c) a Telespec TS800 CCTV camera sonde (Southern 

Water). 
 

 
 

Figure 111. a) Geo Vista CCTV camera sonde showing key features. b) Image from Geo 

Vista side view camera of NHB2 at 43.1 m taken on 02/08/06. c) Image of borehole wall 

from Telespec CCTV camera from NHB2 at 43.2 m on 02/08/06. 

The quality and definition of the images provided by the Geo Vista CCTV sonde 

are such that features recognised in the drill core and laboratory specimens, for 

example marl seams were readily recognisable using the side view camera, Figure 

112. Coupled with the core recovered from the NHB2 borehole the CCTV survey 

allowed features with determined physical properties (Chapter 3) to be viewed in 

situ. The recognition of features in the CCTV survey of NHB2 was not restricted to 

marl seams and pyrite nodules, fossils and flint horizons found in the retrieved 

core could be clearly observed in the borehole. All CCTV surveys where recorded 

to DVD for review. 

Importantly the side view camera enabled a hitherto unreported phenomenon to 

be observed; water adhering to the borehole wall in the unsaturated zone. An 

initial CCTV survey conducted at NHB2 on the 12/01/2006 showed the borehole 
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wall became reflective to light at and below 19.2 mBD. Above 19.2 mBD the 

borehole was not reflective, Figure 113. The interpretation placed on this was that 

the borehole wall was reflecting light due to the presence of water and that in the 

absence of water the Chalk appeared non-reflective. Occasional water drips were 

also observed at cavities in the borehole wall. This confirmed the presence of 

water and indicated that the water was mobile, at least over certain depth 

intervals. Edited details from a survey conducted at NHB2 on the 02/08/2006 are 

provided in Appendix 5. The example CCTV footage shows the base of casing 

where the Chalk is dry, wet and dry borehole walls and the water table. CCTV 

surveys of borehole wall wetness were conducted for a total of nine boreholes, 

repeated in several, to investigate both the distribution and transient nature of the 

wetness phenomena. 

Employing the understanding of the Chalk SMC developed during the laboratory 

study, Chapter 4, observation of borehole wetness can be related to the storage 

and flow regimes for fractured Chalk outlined in Figure 91. Figure 113 shows how 

the CCTV wetness observations may be used to conduct a semi quantitative 

appraisal of conditions within the unsaturated zone. 
 

 
 

Figure 112. (a) Drill core from 49.39-49.61 m depth in NHB2 compared with (b) laboratory 

specimen N44a, height 80 mm, and (c) CCTV image at 49.5 m depth. Images (c) and (b) are 

shown at approximately acyual size. 
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Figure 113. Examples and interpretation of images taken from the CCTV survey of NHB2 

conducted on the 02/02/2006 showing surface condition of the borehole wall and implied 

hydrological regime. 

5.2.3 Optical imaging surveys 

An optical imaging survey differs from CCTV surveys in several respects. Although 

both provide an image of the borehole wall an optical televiewer (OTV) does so by 

producing a complete and continuous 3600 high resolution digitally scanned 

image. The survey is less controllable than a CCTV inspection because the sonde 

is generally run at a constant velocity and the information stored digitally and 

viewed after processing. The OTV tool, Maccivision optical imaging, contains an 

internal orientation that allows for orientation of the image to be recorded. Because 

of this OTV data offers a key advantage over CCTV surveys; the strike and dip of 

recorded features can be determined from the processed image and recorded. 

Although features such as fractures are clearly recorded on the CCTV surveys the 

lack of orientation and limited extent of vertical view prohibit the use of CCTV for 

collecting similar quantative data. 
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Survey data for each borehole underwent preliminary post processing at BGS 

Wallingford. Preliminary processing, using WellCAD® software, involved visual 

identification of features and the fitting of a trace line to determine their inclination 

and orientation. Secondary processing, undertaken at the UoB, involved the 

classification and validation of the identified features. Features were classified into 

one of five types with reference to those recognised in CCTV surveys and core 

logging. Examples and descriptions of each of the feature types are shown in 

Figure 114. Data validation consisted of a manual check of any ambiguous 

features, which were crosschecked against available CCTV footage. To expedite 

the processing, bedding features (class 3, Figure 114) were not exhaustively 

recorded. Although frequent observations were made no attempt was made to 

extract data for all of such features because these were so numerous and 

considered of limited interest. All other feature types were described and logged 

where evident. 

5.2.4 Fluid and flow logging 

To investigate links between lithology, stratigraphy and structure with saturated 

and unsaturated processes a series of surveys were conducted to investigate 

saturated aquifer conditions. The majority of boreholes studied for this purpose 

were from the Brighton area, Table 22 and Figure 1, several of which were subject 

to repeated fluid and flow logging. Sites in the Berkshire and North downs 

comprised of single logs of temperature and conductivity, and at one site, Firle, no 

fluid or flow logs were recorded. 

The fluid temperature and conductivity sonde uses a thermistor to record 

groundwater temperature, in degrees Celsius, and a conductivity meter to record 

electrical conductivity of the groundwater in micro Siemens per cm (µS/cm). Fluid 

conductivity is affected by temperature and therefore readings were normalised to 

a standard temperature of 25oC, expressed as EC25 in µS/cm. 

Fluid temperature and conductivity logs run under ambient conditions can yield 

information regarding flow conditions in the aquifer. Strong inflows can be 

recognised by sharp inflections in the temperature profile and conductivity 

inflections may occur where groundwater from different flow systems mix (D. 

Buckley, BGS; J. Ticehurst, Southern Water, pers. Com.). Ambient flow within 

boreholes may, however, be very weak and due to diffusive mixing contrasts 

become smoothed and less defined. Under these conditions ambient fluid logs 
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may be informative in gross terms and allow, for instance, the base of active 

circulation to be determined from temperature gradient but are of limited use in the 

identification of specific flow horizons. 
 

 

Figure 114. Examples and descriptions of feature types identified from the optical imaging 

surveys. Coloured lines are curves fitted during preliminary processing to determine feature 

orientation and dip. Note red colouring of feature 2 is due to natural staining and not poor 

light quality. 

To determine more accurately the locations of inflow/outflow in several 

boreholes a series of fluid logs were performed whilst abstracting water from the 
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borehole. Abstractions were made using a temporary submersible pump and rising 

main. Due to the depth of the unsaturated zone at many of the sites exceeding the 

lifting capacity of the pumps available it was not possible to conduct pumped fluid 

logging at the majority of sites. In addition to pumped fluid logging heat pulse flow 

(HPFM) meter surveys were conducted. The HPFM sonde works by momentarily 

applying a small electric current to a heating element located between two heat 

sensors (thermistors) located at a known distance above and below the heat 

source. Once the heat source was activated, at a known time, the heat sensors 

were monitored and the arrival time of the heat pulse recorded. In a borehole of 

known diameter, established from the calliper log, the volumetric flow rate can be 

calculated using the following equations (D. Buckley, Pers. Com.): 
 

v w 
Rs

0.9262  56 .4

1000









 3600  

Equation 40 

Flowrate (m3h1)  vw  (rb
2  )  

Equation 41 

Where vw is the velocity of water in meters per hour, Rs is the response time in 

seconds, rb is the borehole radius in meters, determined from the calliper log, and 

the sensors are located 56.4 mm from the heating element. As heated water 

becomes more buoyant than the surrounding cooler, denser water it naturally 

migrates upwards. In the absence of a downward flow the top sensor will inevitably 

respond after a period of time. For this reason, and for the particular sonde used, 

only arrival times of less than 38 seconds at the upper sensor can be considered 

attributable to active flow (D. Buckley, Pers. Com.). The sensitivity of the HPFM 

allows it to be used under ambient conditions to measure natural flows within a 

borehole (Palillet, 2004). HPFM measurements were undertaken at known depths 

within a borehole, each side of features of interest, and a velocity derived. The 

velocity profile was then used to ascertain the location of water inflows and water 

outflows within a borehole. 

The locations of interpreted flow horizons presented in Section 5.4 are based on 

a combination of evidence from the available fluid and visual logs. Where fewer 

lines of evidence are available interpretations are less certain and where little or 

no evidence exists no attempt has been made to infer their presence or location. 
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5.3 Results 

The results from the geophysical logging for all the surveyed boreholes are 

presented graphically in Figure 116 through to Figure 129 in the form of 

interpreted logs. The key to the symbols used is displayed in Figure 115 
 

 

 

 

 

Figure 115. Key to geophysical logs.
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Figure 116. Geophysical logs of North Heath Barn (NHB2). Inset is view of fracture observed at 70.2 m.
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Figure 117. Geophysical logs of Lower Standean.
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Figure 118. Details from optical imaging survey of Lower Standean. 

 

Ian
pdf



242 

Figure 119. Geophysical logs of North Bottom.
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Figure 120. Details from optical imaging survey of North Bottom. 
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Figure 121. Geophysical logs of Casterbridge Farm. Figure 122. 
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Figure 123. details of optical imaging survey of Casterbridge Farm.
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Figure 124. Geophysical logs of Balmer Down.
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Figure 125. Details from optical imaging survey of Balmer Down.
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Figure 126. Geophysical logs of Firle (top) and out takes from optical imaging survey 

(below). 
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Figure 127. Geophysical logs of Water Ditch Farm.
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Figure 128. Geophysical logs of a) Claversley (left) and b) Knighton Down (right).
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Figure 129. Geophysical logs of Cow Down. Induction response at 63 m is metallic object 

lodged in fissure. 

5.3.1 Occurrence and distribution of surface storage and water films 

A single CCTV survey was planned for the NHB2 borehole to inspect the borehole 

surface prior to the installation of the jacking tensiometers (Chapter 6). It was 

thought that this survey would also be useful in determining the effect of low K 

marl layers (Chapter 3) on water flow in the unsaturated zone. It was hypothesised 

that if these features were inhibiting the passage of water then water seepage 

above them may be observed.  

The CCTV survey conducted on the 12/01/2006 (Figure 116) showed a film of 

water on the borehole wall. The film of water was observed at 19.2 m and found to 

be present along the full length of the borehole wall to the water table. The depth 

of 19.2 m corresponds with the occurrence of the Bridgewick Marl 3, in the core 

log and geophysical logs (Figure 81) and some 38.5 m above the highest recorded 
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water level within the borehole in 2005/06, recorded as 57.7 m on the 25/04/2006. 

The observation of water on the surface of the borehole wall was substantiated by 

seven repeated surveys of NHB2 through 2006 shown in Figure 116 and in detail 

in Figure 130 below. 
 

 

Figure 130. Spatial and temporal variation of surface water storage and its association with 

marl horizons in the NHB2 borehole throughout 2006. Solid blocks indicate intervals where 

the borehole wall was observed to be reflective to light. 

Repeated surveys show how the location and extent of water films varied and 

that they could be associated with marl seams,  
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Figure 130. In the first three surveys a continuous film occurred down the length 

of the borehole from the Bridgewick marl to the water level. In later surveys water 

films were discontinuous and an absence of water was observed along previously 

reflective lengths of the bore (Figure 131). Throughout the summer and into 

autumn the water films became increasingly localised to areas around marl seams 

(Figure 130). 
 

 
 

Figure 131. Two CCTV images from 19.3 m depth in the NHB2 borehole. Left on the 

02/02/2006 showing chalk with a reflective water film and right on the 02/08/2011 showing 

non-reflective dry chalk. 

To corroborate these observations CCTV surveys were conducted in a further 

10 boreholes. All boreholes surveyed exhibited evidence of water films in the 

unsaturated zone and in all but two surveys, Balmer Down and North Bottom 

(Figure 124 and Figure 119) surface films were discontinuous through the 

unsaturated profile. At North bottom films were observed below the Southerham 

marl down to the water level whilst at Balmer Down, surveyed on the 23/10/2007, 

films were restricted to a narrow region directly above the water table. 

The close association of water films with marl seams observed in NHB2 was not 

universally recognised in all boreholes, however, in a number of boreholes water 

films were observed to occur in the vicinity of marl horizons. The log of Waterditch 

Farm (Figure 127), located in the crest of the North Downs escarpment, shows 

water films coincident with the Southerham, Glynde, New Pit, Iford and Malling 

street marl intervals; horizons common to those observed as showing temporal 

variation in film extent at NHB2. Repeated surveys at Casterbridge (Figure 121) 

showed both the Iford and the Malling Street marls exhibited temporal variation in 

water film extent. Additionally, signs of inflow occurring due to staining of the 
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borehole wall below solution enhancement on the Iford marl 1 were also evident 

(Figure 122 C). At Firle (Figure 126), located on the crest of the South Downs, 

films were observed at the Lewes marl and Bridgewick marl 3 and higher in the 

borehole under the Hope Gap hardgrounds. Of the Berkshire Downs sites; Cow 

Down, Calversley and Knighton Down, Figure 129 and Figure 128, all exhibited 

evidence of discontinuous water films occurring within the unsaturated zone. 

CCTV observations suggest unsaturated storage is controlled by lithological 

contrasts provided by marl seams. Consequently unsaturated storage is stratified 

rather than uniformly distributed. It is also evident that the stratified storage does 

not completely dissipate over the annual recession period. Variations in the extent 

of water films observed at NHB2 and Casterbridge Farm suggest a redistribution 

of water within the unsaturated zone occurs between seasonal recharge. 

5.3.2 Mobility of water films 

Perched water was observed entering two boreholes from discrete features and 

cascade down the borehole wall. At Firle and North Bottom, flow could be seen 

occurring either as rivulets or sections of turbulent flow using the CCTV footage. In 

contrast areas where surface films were present usually displayed no signs of 

water flow. Whilst water drips observed at cavities in several boreholes provided 

evidence for the mobility of water films (Figure 113) it was not possible to 

determine either intervals over which the surface films were mobile or estimate 

likely rates of flow using any single CCTV survey. 

Potential evidence for the mobility of water films on the borehole wall may, 

however, be gained using observations of a pyrite nodule, half of which was 

retrieved in the NHB2 core (logged depth 21.95 m) and the other half observed in 

the borehole wall using CCTV at a depth of 22 m, Figure 132. No staining of the 

matrix was observed in the core and yet the CCTV survey conducted on the 

02/10/2006 showed localised staining from the base of the nodule persisting down 

the borehole wall below (Figure 132). Being localised and forming clear traces on 

the borehole wall this observation is consistent with the migration of the staining 

having occurred as seepage. Had the oxidization been transmitted by diffusion 

through the matrix it may be expected to be more evenly distributed. Whilst it is 

possible that the staining could have been caused by an unobserved episode of 

inflow to the borehole from a perched horizon it is also possible that the staining 

may have migrated due to the mobility of water held on the borehole surface under 
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negative . This observation is of interest because whilst the potential for storage 

of water on the surface of Chalk blocks in the unsaturated zone has been 

recognised (Price et. al., 2000) the potential mobility of such water (Tokunaga and 

Wan, 1997, 2001) appears not to have been considered. 
 

 
 

Figure 132. Detail of staining due to oxidizing pyrite nodule in NHB2 borehole on 

02/10/2006. a) view from side view camera, b) forward view camera and c) in core logged at 

21.95 m (outlined). 

Given that oxidization of the nodule and flow down the borehole could 

commence only after drilling, the observed stain may be used as a tracer and an 

estimate for its velocity calculated. The depth to which staining had occurred by 

the 02/10/2006, some 12 months after drilling was 23.2 m. Assuming: 

 Staining spread only as a result of flow in a surface water film down the 

borehole wall; 

 Flow commenced on the day of drilling, 14/09/05; and was constant until 

the first date that no surface film was observed at this depth, 26/06/06, i.e. 

for 285 days; 

An apparent downward velocity of 4.2x10-3 m/d (1.53 m/year) results, 

approximately an order of magnitude higher than the local matrix K of 4.4x10-4 
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m/d, measured in specimen N19 retrieved from 21.15 m depth. Applying the film 

thickness velocity relationship for thin films under negative  (Figure 108) a film 

thickness of ~4x10-7 m is derived. 

From solute studies Wellings (1984b) estimated the rate of movement through 

the unsaturated zone as 1 m/yr, based on a study of the Upper Chalk (Hampshire) 

whilst Gardner et al. (1990) calculated a rate of 0.8 m/yr for the Upper Chalk 

(Berkshire). Whilst it may be expected that the sites of Wellings and Gardner et al. 

had higher matrix K, as they were located on Upper Chalk possibly Seaford Chalk 

Formation. It is unlikely, however, that the former studies intercepted large open 

fractures, which may account for the comparatively high velocity calculated from 

the present study. Given the conservative assumptions of the present estimate, 

however, short-term velocity could potentially have significantly exceeded the 

calculated value. Conversely velocities based on establishing the position of a 

solute front annually may significantly underestimate short-term solute velocity and 

consequently lead to a misleading concept of flow in the unsaturated zone. 

The observations and analysis undertaken above illustrate how the presence of 

water films within fractures may increase the velocity of water and solutes through 

the unsaturated zone and provides physical evidence of a mechanism, surface film 

flow. It has, however, not been possible to fully define this mechanism because 

from the CCTV images alone it cannot be ascertained whether flow occurred 

under conditions of positive or negative matric potential. It is therefore not clear 

whether unsaturated, negative potential, or saturated perched water conditions 

were responsible for the observed phenomena. The present study does suggest a 

novel method by which the in situ velocity of water films may be ascertained in the 

future; the controlled use of point source tracers and CCTV equipment. Future 

work involving seeding borehole walls with artificial tracers and periodic monitoring 

could provide improved estimates of film velocities. 

5.3.3 Analysis of features and fractures 

Logs of the features identified from the optical imaging surveys (Figure 114) can 

be used to conduct an analysis of variations in fracturing and dissolution. 

Stratigraphical and lithological control from the interpretation of the formation logs 

enables detailed analysis to be conducted at borehole, formation and catchment 

scales employing data from the Brighton area study sites. In the Brighton area a 

total of 908 m of open hole where surveyed and 746 individual features were 
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recorded. In undertaking these analyses it is recognised that data from the 

borehole surveys conducted are inherently and unavoidably biased. For this 

reason some general statements regarding the validity of the data and the 

subsequent limitations placed on its use are required. 

Records of observations of feature traces in borehole images are a form of 

statistical sampling whereby a limited number of observations are collected that 

are then used in an attempt to describe the properties of the total population. Like 

all sampling activity it is prone to errors and may be easily biased by the method of 

observation. Investigating potential sources of error in joint surveys Terzaghi 

(1965) outlined criteria that must be met to ensure that a survey produces 

representative and unbiased data, specifically these were: 

'That to obtain reasonably complete and representative information from 

borehole transects requires measurement of sufficiently numerous and 

orientated boreholes such that the effects of blind zones in any one borehole 

are compensated for by observations made in other contrastingly orientated 

boreholes.' 

Whilst Terzaghi describes methods for weighting data from such surveys to take 

account of sample bias due to the variation in the orientation of transect and 

inclination of features it is also stated that: 

'If all boreholes have the same orientation it is impossible to derive reliable 

information regarding the frequency and spacing of features at or near the blind 

zone. Even corrected values for the frequency of joints of low intersecting angle 

to the borehole should be considered of doubtful accuracy.' 

Sampling conducted for the current investigation does not meet the above 

criteria. Because all of the boreholes were essentially vertical high angle features 

will be under represented and vertical features will be in the ‘blind zone’, a 

correction cannot be made for this error. To obtain reasonably complete 

information regarding the orientation of fractures from boreholes data from inclined 

boreholes would be required. An array of three such boreholes each drilled at an 

angle of 45o to bedding with orientations separated by 120o would be necessary to 

fully characterise the rock-mass at any one site. Bearing in mind that such an 

array would be required at each field location to detect geographical variations this 

would be an extremely costly exercise. 

In addition to sampling bias due to orientation additional errors regarding 

absolute numbers of features identified will occur. A lack of colour contrast 
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provided by the small fractures recognised in the core (Figure 62 b) make it likely 

that similar fractures in the borehole wall would be almost invisible to the optical 

device. Considering that when manually logging core there were instances when 

fractures were missed but later recognised in laboratory prepared specimens 

(Section 3.7.3) suggests that it is unlikely that any optical tool could provide 

accurate values for in situ fracture frequency. Comparison of Ff at the NHB2 

borehole derived from the core logging exercise (Chapter 3) and the OTV show 

that 7.75 times more features were logged in the drill core than were recorded in 

the OTV survey, Ff 2.25 and 0.29 respectively. This discrepancy is in agreement 

with a study of Eocene chalk (Nativ et al., 2003) which recognised that small 

fractures evident in drill core were commonly not recognised using down hole 

optical surveys. The OTV data may, therefore, only be expected to provide relative 

rather than absolute values for Ff. It should also be noted that previous studies 

(Nativ et al., 2003; Paillet, 1998; Öhmana et. al., 2005; and Williams et al., 2008) 

have all shown that it is not possible to distinguish between conductive and none 

conductive fractures using CCTV and OTV data because intervals with identified 

fracturing were not always found to be hydraulically conductive. Williams et al. 

(2008), who conducted packer and CCTV surveys on a number of Chalk 

boreholes, reported that measured permeability could not always be related to the 

presence of fractures identified in down hole surveys; observing highly permeable 

zones in intervals with poorly developed fracturing and poorly permeable intervals 

where large fractures were observed. 

Accepting the limitations of the method the analysis presented is conducted 

based on the best available data. 

5.3.4 Feature depth relationships 

OTV data was used to plot features against their logged depth in order to 

investigate feature/depth relationship and trends. To eliminate sampling bias due 

to the differing completion depths and cased lengths of the surveyed boreholes 

only data over the depth interval common to all surveyed boreholes, 20.6–82.46m 

was used in the analysis. The Pyecombe West borehole was excluded from this 

analysis on account of its long cased section. Data from the interval under analysis 

is presented in Figure 133 as dot plots representing 1 m intervals where each dot 

represents a single feature observation. No clear reduction in frequency is seen to 

occur with depth for the sets representing all fractures, solution enlarged bedding 
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or solution enlarged marls horizons. The set representing fracture features 

displays a slight reduction in frequency below 55 m depth but this is not replicated 

for solution enlarged fractures that show no reduction in frequency with depth. 
 

 

Figure 133. Feature occurrence with depth for Brighton area boreholes between 20.6 and 

82.46 m depth. Each dot represents a single feature count. Pycombe west borehole data 

excluded. 

5.3.5 Catchment scale analysis 

Frequency data of the dip of all the recorded features display a bimodal 

distribution and observations cluster around values of high and low angles, Figure 

135 a). The two populations relate to low angle bedding features, classes 3, 4 and 

5 and fracture features, classes 1 and 2, which are commonly steeply inclined, 

Figure 135 b). 

The dip of bedding related features varies between 0o and 30o with a calculated 

mean dip of 12o and mean dip direction of 192o, Figure 135 e). This average dip 

and dip direction is in agreement with the regional trend of 12/189o calculated from 

the published geological map of the area (British Geological Survey, Sheet 

318/333, Brighton and Worthing). The close agreement between field and 

geophysical data provides an independent check on the logging sondes internal 

orientation device suggesting that it was working satisfactorily. 

Fracture inclinations range from 15o to almost 90o with a mean inclination of 69o 

and display a weakly bimodal distribution. Data clusters at high (80o) and low (35o) 

angles and few features observed between 30o and 60o (Figure 135 b). Fracture 

orientation data (Figure 135 d) show high angle fractures have a radial distribution. 

Low angle fractures show a dominant dip to the south roughly concordant with 

bedding. 

Fractures with dissolution (Figure 135 f), retain the shallow south dipping 

bedding concordant set but the steeply inclined features appear to define more 

clearly two principle fracture sets; steeply inclined conjugate pairs striking roughly 
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ESE/WNW and NNE/SSW. Of these features those striking ESE/WNW are clearly 

the most prominent indicating dissolution to be better developed in features of this 

orientation.  

The ESE/WNW dominant dissolution enhanced fracture set is similar to the NW 

trending meso fractures identified by Bevan and Hancock (1986), see Figure 21, 

which may suggest that they owe their origins to an extensional stress regime. The 

fracture styles identified in Figure 135 f are, however, similar to those considered 

typical of asymmetric anticlines in carbonate sequences (Price, 1966; Wenberg et 

al., 2006) (Figure 134), albeit without evidence for the vertical T2 and T4 fracture 

sets. The T1 and T2 fractures of Figure 134 being equivalent to the ESE/WNW 

sets and R1-4 fractures the NNE/SSW sets, roughly as would be expected in the 

en-echelon periclinal folding described by Mortimore and Pomerol, (1998) (Figure 

17). Preferential exploitation of the ESE/WNW features by ground water may have 

occurred as pre existing fractures opened as regional stress shifted from 

compression to extension. The shallow dipping solution enhanced fractures most 

likely comprise of misinterpreted bedding structures, as their orientation is largely 

concordant with regional bedding. They may, therefore, relate to higher angle 

bedding related structures, such as slump surfaces and channel scours, or data 

from areas where local dip was somewhat steeper than the regional average. 
 

 

 

 

 
 

Figure 134. Fracture styles considered typical of asymmetric anticlines in a mechanically 

layered carbonate sequence (Wenberg et. al., 2006 after Price, 1966). 
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Figure 135. Frequency and orientation of surveyed features identified from optical imaging 

surveys of boreholes in the South Downs. d) shows radial fracture distribution and f) 

preferential orientation of dissolution enhanced fractures . 
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The relative abundance of each feature type is displayed in Table 23 as 

measurements of feature frequency (Ff), where Ff is calculated as the total number 

of features divided by the total number of meters logged. Notwithstanding any 

sampling bias introduced due to the potential under representation of steeply 

inclined features, solution enlarged bedding features and solution enlarged marl 

features are far less numerous than fracture features. This trend can be more 

clearly observed in the grouped feature classes presented in Table 23. Features 

here are divided into two sub-groups to consider those potentially more important 

to groundwater flow, those considered hydraulically significant (Bloomfield, 1996), 

sub vertical fractures (classes 1 and 2 of dip >30o) and solution enlarged sub 

horizontal features (classes 4, 5, and 1 and 2 dip <30o). Grouped feature classes 

show that despite the potential for high angle features to be under represented in 

the data sub vertical features are more numerous than sub horizontal features, Ff 

of 0.34 and 0.16 respectively. 

5.3.1 Formation scale analysis 

Feature frequency data subdivided on the basis of formation are presented in 

Table 23. Ff was calculated on a formational basis as the number of feature 

occurrences divided by the number of meters of formation logged. In calculating Ff 

in this manner the data is normalised to account for the discrepancy between the 

total surveyed lengths of each formation, allowing inter formational contrasts to be 

investigated. 

In terms of total discontinuities the rank of the formations, from most 

discontinuities to least is: Holywell, New Pit, Seaford, Lewes, Zig Zag, West 

Melbury, see Table 23. 

The grouped feature classes show that for all formations more sub vertical 

features than sub horizontal features were recorded, the ratios between the 

relative frequencies of the two do, however, vary between formations. To simplify 

the presentation of this analysis yet allow a meaningful comparison of the data to 

be made a connectivity value has been calculated for each of the formations 

based on the values of Ff for the grouped feature classes. Connectivity, C, was 

calculated using the feature classes relating to sub vertical (Sv) and sub horizontal 

(Sh) features based on the method employed by Younger and Elliot (1995). 
 

Table 23. (Next page) Tabulated values of features identified from optical imaging surveys 

of the South Downs sites. 
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Younger and Elliot defined C for a rockmass containing two mutually 

perpendicular fracture sets as: 
 

C 
Lsv

2Fs sh

 

Equation 42 

Where Lsv is the length in meters of the sub vertical fractures and Fssh is the 

spacing in meters of the sub horizontal fracture set. C can be verbally expressed 

as the minimum number of pairs of neighbouring sub horizontal fractures which 

are, on average, connected by each sub vertical fracture (Younger and Elliot, 

1995). This determination of C relies on two assumptions. Firstly it is assumed that 

that sub horizontal fractures are more pervasive, larger Lsv, than the sub vertical 

fractures and secondly that the two fracture sets are mutually perpendicular. 

Additionally an assumed value for the length of the fractures is required to be 

estimated. 

The first assumption is validated by studies that have described fractures at out 

crop scale (Younger and Elliot, 1995; Bloomfield, 1996) whilst the second would 

appear to be an approximate truth given the frequency distribution of inclined 

fracture data (Figure 135 f) shows sub vertical features are dominantly of a high 

angle. The third assumption is more problematic as previous studies (Younger and 

Elliot, 1995; Bloomfield, 1996) show Lsv to be highly variable. Data from the 

present study do not allow values of Lsv to be assessed and so a sensitivity 

analysis was conducted to ascertain the control that trace length exerted on 

derived C values. The analysis (data not presented) showed the hierarchy of 

formational rank presented in Table 23 to be preserved over the range Lsv >0.2 m 

and < 10m. Previous studies (Younger and Elliot, 1995; Bloomfield, 1996) indicate 

fracture lengths in excess of 10 m to be uncommon, suggesting the current 

analysis may be a useful indicator of systemic differences in connectivity. On this 

basis an arbitrary value of Lsv  = 2.5 m is employed in subsequent analyses of inter 

and intra-site variations in C. 

Ranked C values for each formation (Table 23) show the rank order established 

using Ff to be largely preserved in the appraisal of C. The exception being that 

features in the Lewes chalk are assessed as being less interconnected than the 

Zig Zag Chalk, despite the former having an overall greater density of features. C 

values for the Holywell (0.67), New Pit (0.61) and Seaford (0.58) are all seen to be 

much larger than the catchment average (0.42), conversely the Lewes (0.28) and 
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Zig Zag (0.3) are lower. An almost complete absence of features recorded in the 

West Melbury formation results in an extremely low value (0.02). 

Orientation data for observed features (class 1,2,4 and 5) for each formation, 

further sub-divided on the basis of dissolution enhancement (class 2,4 and 5), are 

presented in Figure 136 as contoured values of poles to planes displayed on 

stereographic projections. Data from the West Melbury Chalk are not presented on 

account of the almost absence of recorded features in this formation. 

The Seaford Chalk data are based on relatively few observations and are 

difficult to interpret but tentatively indicate the presence of two conjugate joint sets. 

The most clearly defined are high angle and strike roughly NW/SE, the other set 

strike roughly NNE/SSW but those dipping to the NW are of a lower angle. A third 

set of features of a relatively low angle dip to the SW. Solution enhancement 

appears to be most marked in the NW/SE striking conjugate pair and the shallow 

SW dipping low angle set of features. 

Feature data for the Lewes Chalk show a high angle conjugate set striking E/W 

and a single set of high angle features striking roughly NW/SE dipping to the NW. 

The remaining data comprise features of intermediate dip show considerable 

spread with respect to orientation dipping generally in a SE direction. Data for 

solution enhanced features shows two groups of shallow dip, four of steep dip and 

an absence of features of intermediate dip. Of the steeply inclined features the 

NW/SE striking set form a conjugate pair with opposing features dipping SW which 

are poorly developed. The southerly dipping features of the previously recognised 

E/W striking conjugate pair are the more prominent, suggesting dissolution occurs 

preferentially along these features. 

In the New Pit Chalk high angle features dominate with only a minor set of 

southerly dipping low to intermediate angle features evident. The high angle 

features form two conjugate sets striking broadly NNE/SSW and NW/SE. All three 

of these sets are retained in the data for dissolution enhanced features in which 

the conjugate sets striking NNW/SSE and NE/SW are more clearly defined the 

former of which appear to be the most well developed. 

In the data from the Holywell Chalk two steeply dipping sets of conjugate pairs 

striking roughly NNE/SSW and ESE/WNW can be seen. A minor group of low 

angle bedding related features is also discernible. In terms of solution enhanced 

features these trends are largely preserved. Bedding related and high angle 

features retain their grouping and orientation. The ESE/WNW conjugate set are 
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well defined in contrast to the NNE/SSW sets that become more dispersed. 

Suggesting that the ESE/WNW striking features have undergone more solution 

enhancement. In comparison with other formations dissolution in the Holywell 

Chalk appears to be more radial in distribution. 

Data from the Zig Zag Chalk show two sets of steeply dipping conjugate pairs 

striking NE/SW and WNW/ESE. There are also a number of low angle bedding 

related fractures and a spread of data of intermediate dip to the SE and SW. 

Features of intermediate dip are not represented in the data for solution-enhanced 

features. Solution enhancement in the Zig Zag Chalk is best developed in the 

shallow dipping bedding concordant feature set, the ESE/WNW striking conjugate 

pair and the NE/SW striking high angle features are poorly represented in the 

solution enhanced data; suggesting that solution enhancement in the Zig Zag 

Chalk has tended to exploit bedding related features. 

The fracture styles observed in the data are in agreement with the fracture 

stratigraphy proposed by Mortimore (2001), see Figure 23. Dissolution 

enhancement of the high-angle feature sets trending roughly NW/SE conforms to 

the general trend identified across the catchment (Section 5.4.5). 

5.3.1 Borehole scale (site) analysis 

An assessment of the fracturing and dissolution of the rock mass at each of the 

Brighton area sites can be made by comparing the Ff of the grouped feature 

classes and connectivity (Table 23). The data show differences in the degree of 

connectivity calculated for the surveyed sites and C values range from 0.56 to 

0.10. Sites may be classified on the basis of geomorphological setting with respect 

to their position in the ground model of Mortimore, (Figure 31). Ranked C values 

for each site show that connectivity is greatest at sites classified as being located 

in dry valley settings, as opposed to interfluve settings where the lowest values of 

connectivity occurred. The notable exception to this was the Victoria Gardens site, 

located in the centre of a major dry valley yet possessing a relatively low value of 

connectivity. None of the sites surveyed displayed a simple reduction in 

formational C or Ff consequent with depth. Only three sites sampled all the 

formations under analysis, however, at the majority of sites the hierarchy in Ff  
 

Figure 136. (next page) Orientation of fracturing and dissolution enhanced fracturing by 

formation for the South Downs sites. West Melbury Marly Chalk formation has been omitted 

due to the very low number of recorded fractures. 
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observed through the formational analysis (Section 5.3.1) was generally 

preserved. Without exception, where sampled, either the Holywell or New Pit 

Chalk was the most interconnected and the West Melbury the least. For the 

remaining formations the hierarchy varied but Lewes Chalk was, with the 

exception of Firle, observed to be less interconnected than the Seaford and Zig 

Zag Chalks at each site. 

5.3.2 Groundwater flow in the saturated zone 

A borehole will act like a large cross cutting open fracture promoting hydraulic 

connection between previously unconnected flowing horizons. The presence of a 

borehole may, therefore, alter the natural flow field within an aquifer. In the context 

of this study, determining the location of flowing horizons and their association with 

lithological contrasts, this is advantageous as it enables flowing horizons to be 

more detected. The position of water inflows and flow direction was determined 

under ambient and pumped conditions using HPFM or inferred using profiles of 

temperature and conductivity. The locus of these flows was then selected using 

optical imaging and CCTV data from the same borehole and flow features 

identified within each borehole (Figure 116 to Figure 129). This method requires 

the subjective appraisal of a features likely contribution to flow to be made and 

where multiple features are present in a narrow region it is possible that features 

may be wrongly identified as contributing to flow. 

Using a combination of evidence, features identified as contributing to saturated 

flow within the boreholes were identified and are detailed in figures 116 to 126. 

Flow features occur in a variety of forms; solution enhanced features roughly 

circular in profile, fractures showing obvious signs of solution enlargement, 

apparently benign looking narrow fractures, and one tentatively interpreted as a 

sheet flint. Although flows were not restricted to areas in the vicinity of marl 

horizons in a number of instances fractures and solution features in the vicinity of 

marls were clearly the locus of flow. At Balmer Down for example, Figure 124, 2 

out of the 4 flow horizons can be directly associated with marl horizons. In the 

instance where flow was not directly attributable to the presence of a marl, B and 

C in Figure 124, flow changes from inflow to outflow across the Lewes marl, 

suggesting that the marl acts to isolate and compartmentalise flow within the 

aquifer. 
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Further evidence of aquifer compartmentalisation due to the presence of 

lithological contrasts can be gained considering the occurrence of perched water. 

Perched water, ascertained as water that was unequivocally flowing in to a 

borehole rather than being held upon the surface, was observed in CCTV surveys 

of North Bottom and Firle. In both cases the water was observed during CCTV 

surveys to enter the borehole through features in close proximity to an underlying 

marl seam. Perched water in North Bottom existed for the duration of the study 

period (2005 to 2007), audible from the top of the borehole and observed issuing 

from above the Iford marl 2 (Figure 119 and Figure 120 B). At Firle water inflow 

was also observed, from a fracture 50 m above the water table above the 

Bridgewick marl 1 (Figure 126). As the observation was made at the end of the 

recession and prior to recharge this may imply it was a sustained phenomenon. 

Note that when the Firle borehole was drilled in 2000 return of the drilling fluid was 

lost between 56 and 62 mBGL, (environment Agency drilling report) suggesting 

that a highly transmissive zone exists at this level. A comparison of water inflows 

and the occurrence of water films (Figure 137) show both are associated with marl 

seams in a number of boreholes. From Figure 137 it is apparent that a number of 

horizons recognised as contributing to saturated flow also display evidence of 

water films in the unsaturated zone. For example a number of wet zones above 

the water table in NHB2 are seen to be flow horizons below the water table in 

North Bottom, Casterbridge farm and Lower Standean boreholes. This suggests 

that lithological contrasts act to control groundwater flow in the saturated and 

unsaturated environments resulting in a stratified, compartmentalised flow system. 
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Figure 137. Comparison of saturated zone flow horizons identified by fluid and flow logging 

and horizons associated with water films in the unsaturated zone identified by CCTV 

surveys. 
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5.4 Discussion 

Water films within the Chalk unsaturated zone have not been previously 

documented and no comparable observations appear in the available literature. 

Whilst CCTV has previously been used for a variety of geological applications 

(Prensky, 1999) the investigation of unsaturated processes appears not to have 

been one of them. 

Reflective zones are interpreted as water films on borehole walls. In the 

absence of any other explanation, and because of their association with visible 

water drips, it would appear that this interpretation is sound. Accepting this there 

remains the possibility that exceptional rainfall / recharge resulted in anomalous 

aquifer conditions during the observation period. Antecedent and 

contemporaneous rainfall for the South East of England (Figure 138) show rainfall 

was significantly under average in the period prior to the surveys (January 2004 to 

December 2005). 

During the survey period (January 2006 to October 2006) three monthly rainfall 

was under average for all but the April to June period. Monthly data show that May 

and October 2006 were exceptionally wet but for the remaining months rainfall 

was below average. Data, therefore, show the period of investigation was, if 

anything, atypically dry. Rainfall, however, is not an accurate indicator of recharge. 

With the exception of NHB2 all CCTV surveys were conducted in the summer and 

autumn months, when a deficit in soil moisture in the near surface is likely to have 

prevented recharge. The majority of observations in the Brighton area were made 

during a period when water levels declined across the catchment (see section 

6.4.2.3) suggesting recharge was not occurring. Accepting the interpretation of the 

CCTV surveys there remains the issue of exactly what they prove as visual 

observation provides only qualitative evidence of unsaturated zone behaviour. It is 

not possible to determine whether observed water films were under conditions of 

positive or negative, nor where or if transition between the two states occurred. 

Similarly, where regions of dry chalk were observed the saturation state of the 

matrix cannot be determined. Considering the CCTV data and the understanding 

of the Chalk SMC developed in Chapter 4 it can be stated with a high degree of 

confidence that wet zones are indicative of areas over which all of the matrix 

component and all, or very close to all, of the surface storage component of 

porosity is saturated. Conversely, dry zones must represent areas over which 

storage occurs only in the matrix. Furthermore, observations (section 5.3.2) 
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suggest the surface storage component in wet zones may be (periodically) mobile 

and increase fluid velocity beyond the constraint of matrix K. That is to say the 

Chalk unsaturated zone has been observed to posses both dual porosity and dual 

permeability characteristics. 
 

 

Figure 138. Antecedent (annually) and contemporaneous (quarterly and monthly) rainfall for 

southeast England over the period which CCTV surveys were conducted (Jan '06 to Oct. 06). 

Environment Agency Southern region 2004-06. Approximate locations of survey sites 

indicated. 

In Figure 139 a conceptual model for the behaviour of a borehole in stratified 

unsaturated chalk is presented. Implicit in Figure 139 are the assumptions that 

narrow fractures exist in the rockmass and that these may be effectively saturated 

by imbibition due to water films that develop on the matrix surface. These 

assumptions are justified based on the findings from chapter 3 (Table 10) relating 

to fracture apertures and chapter 4 (Table 14) relating to film thickness. Note that 
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in this conceptual model flow in the unsaturated zone is possible in both horizontal 

and vertical directions. Figure 140 shows how the capacity of marl horizons to limit  

 

Figure 139. Conceptual model of water flow and rock mass hydraulic conductivity in the 

vicinity of a borehole or large open fracture in a hydraulically stratified Chalk unsaturated 

zone profile. Kv and Kh denote vertical and horizontal hydraulic conductivity respectively. 

 

 

Figure 140. Conceptual model for the development of localised saturated conditions due to 

variable recharge flux in hydraulically stratified Chalk. 
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vertical recharge may lead to the development of locally saturated conditions and 

that as a consequence of lithological variation the unsaturated zone exhibits 

transient, recharge dependant duel porosity and duel permeability characteristics 

(Figure 44 c). 

The models proposed in Figure 139 and Figure 140 explain the field 

observations and are consistent with the understanding of storage and flow 

regimes for fractured Chalk developed in Chapter 4. Whilst these models provide a 

simplistic analogy for a large open fracture or fault within the Chalk they are 

unlikely to provide a realistic representation of conditions within the majority of the 

aquifer. 

To gain further insight into the operation of the unsaturated zone it is necessary 

to contemplate the situation without the borehole in an undisturbed Chalk profile. 

In Figure 141 a conceptual model is presented for an undisturbed lithologically 

stratified unsaturated profile in which no fractures cross cut the marl seams. Also 

presented are the relationships between the storage and flow regimes proposed in 

Chapter 4. The distribution of  and K are controlled by contrasts in primary 

depositional fabric and it is assumed that recharge flux is in excess of marl K 

values. In a non-idealised rock mass the value of f
c, the matric potential at which 

the rockmass will begin to exhibit duel permeability, will be ambiguous because 

real fractures possess a range of aperture, related to surface roughness and 

asperity size (section 3.8.1.2 and 3.9.4). 

Based on the understanding of surface water films developed in chapter 4, 

fracture aperture may be considered to range from 0 to a theoretical upper limit 

restricted by the water film thickness at zero . Laboratory tests show this limit to 

be around 6x10-5 m (Table 14) i.e. twice the film thickness. Therefore, the exact 

value of  at which the rock-mass would begin to act as a saturated duel 

permeability medium dominated by flow in fractures, rather than a duel porosity 

single permeability medium dominated by matrix flow, will be dependent upon the 

characteristic aperture of the fracture network at the scale under consideration and 

their degree of connectivity. Fractures with typical apertures below ~ 6x10-5 m will 

be fully filled and those in excess of 6x10-5 m (like for instance a borehole wall) will 

be unsaturated and instead be dominated by film flow. Natural fracture apertures 

estimated in the preliminary laboratory study (Table 10) were typically much 

smaller than film thickness for  < ~50 kPa, (Figure 108) implying that such 

fractures would be fully saturated and contribute to flow under a relatively wide  
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Figure 141. (Top) Conceptual model of water flow and hydraulic conductivity in undisturbed 

hydraulically stratified ‘unsaturated’ Chalk containing no large scale cross cutting 

discontinuities. (Bottom) relationship with storage and flow regimes for fractured Chalk. 

Question marks denote area of uncertainty regarding Chalk saturation state. K, hydraulic 

conductivity; , matric potential; s, saturated; f, fracture; m matrix; c, relates to relevant 

Kosugi parameter value; Se50, 50% matrix saturation. 

Ian
pdf



276 

range of . The models proposed in Figure 140 and Figure 141 differ from those 

previously proposed for the Chalk unsaturated zone. Previous investigations cite 

the role that limited connectivity between matrix blocks may play in the generation 

of tertiary (matrix surface) storage, by reducing K (Haria et al., 2003; Mathias et 

al., 2005). None appear to have considered the potential effects of lithological 

contrasts. Price et al., (2000) suggest that fracture flow could be generated at low 

K horizons however did not propose what form the low K horizons would take. The 

potential for multiple transient water tables and the development of lateral flow 

within the unsaturated zone appear, therefore, not to have been previously 

considered. 

For the model proposed in Figure 141 to be valid, however, two conditions are 

required: 

 The unsaturated zone must contain hydrologically significant lithological 

contrasts. 

 Recharge must at times be in excess of the hydraulic conductivity of the 

particular lithological contrasts. 

Based on the findings from Chapter 3 these conditions appear to be met, at least 

for any formation that may be expected to contain marl horizons. However, it is not 

the presence of the lithological contrasts but more their persistence that would 

result in stratified behaviour. If, for instance, a marl seam were frequently cross cut 

by open fractures then vertical hydraulic conductivity would be reasonably high 

and any stratification highly localised because water could easily traverse the 

seam by the mechanism outlined in Figure 140. If fracturing were restricted then 

stratification and compartmentalisation of the aquifer would be wide spread. In 

effect it is the interplay between marls and fractures that would control the 

effectiveness of stratification, as suggested by Cooke et al., (2006). 

Assessment of fracture connectivity suggests that differences in the degree of 

fracture interconnection can be related to both Chalk formation and 

geomophological setting (Table 23). Fracture connectivity in unweathered chalk 

was seen to be formationally controlled rather than depth related. Certain 

formations possess a higher propensity to promote hydraulic stratification than 

others; the Lewes Chalk for example showed much lower degree of connectivity 

than surrounding formations and conversely, the Holywell much higher. That there 

appears to be a systematic stratigraphic trend in connectivity supports the notion 
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that flows within the Chalk may indeed be strata bound. Consideration of the 

physical nature of the aquifer is required to understand this. 

In Figure 142 various conceptual representations of the physical structures of 

the Chalk aquifer are shown alongside descriptions and the aquifer, saturated and 

unsaturated zone behaviours and characteristics that may be expected to result 

from the physical form under consideration. In option a), the Chalk consists of 

none fractured matrix material. This model is inconsistent with both the behaviour 

of the Chalk as an aquifer and observations of its structure and results in a non-

aquifer (Price, 1987). Option b) considers the Chalk to possess primary lithological 

variation but be devoid of fractures. Like a) this results in a non-aquifer. This 

model is not without its merits, however, because it maybe analogous to 

conditions within the West Melbury Chalk formation, which was seen to be almost 

devoid of fractures (Table 23). In option c) the Chalk consists of matrix with a 

network of cross cutting fractures, a conceptualisation identical to that proposed by 

Bloomfield (1999). Whilst resulting in an aquifer, having both storage and a high 

degree of fracture connectivity leading to high transmissivity, the conceptualisation 

appears flawed in several respects. Firstly it does not account for lithological 

variation as evidenced in Chapter 3 and secondly it implies that stratification of the 

saturated and unsaturated zones should not occur. Although inconsistent with 

present observations this model may adequately describe previous observations 

regarding solute profiles (Smith et al., 1970, Oaks, 1981 and Gardner et. al., 199) 

and the operation of the unsaturated zone observed by Wellings (1980a). The 

majority of the Seaford and Newhaven Chalk formations, which are relatively 

devoid of thicker plastic marls (Mortimore, 2001) may approximate to this model. 

The remaining options, d), e) and f) all possess lithological variation and a 

system of fractures but differ in the conceptualisation of the fracture system. In d) 

low permeability horizons arrest all fractures. Whilst such a system would promote 

hydrological stratification in both the saturated and unsaturated zones it would also 

severely limit the extent to which recharge could infiltrate the system. Stratification 

of the unsaturated zone would potentially be so strong that it is unlikely that 

vertical solute movement would occur. This model can not account for the solute 

profiles observed in the Chalk, by for example Smith et al., (1970), Oaks, (1981) 

and Gardner et. al., (1990). It is, therefore, hard to accept d) as a viable model. In 

e) all inclined fractures cross cut marl seams and are active rapid flow paths in 

both the saturated and unsaturated zones, fracture connectivity is high. This model 
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promotes high rates of recharge through the unsaturated zone, high transmissivity 

and realistic solute profiles. Stratification in either the saturated or unsaturated 

zones is unlikely with this aquifer configuration. The conceptualisation presented in 

e) is effectively equivalent to that proposed in c). Although lithological contrasts  

 
 

 

 

Figure 142. Schematic representations of various conceptual models of the Chalk aquifer. 
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are present they are ineffective due to the extent of fracture connectivity. The 

aquifer is heterogeneous but isotropic. This model is inconsistent with the 

unsaturated zone observations made in NHB2, those of Zaidman et al., (1999) and 

does not agree with data presented by Rijken and Cooke (2001) and Cooke et al. 

(2006), Figure 87. Similar to c), however, it appears adequate in describing 

observed solute profiles and the operation in the unsaturated zone. It is plausible 

that e) would provide an adequate representation of either Chalk formations or 

volumes of the aquifer where fracturing is so well developed that lithological 

variation is masked. Weathered Chalk or, based on the data presented in Table 

23, the Holywell formation in the South Downs would appear to fit this model, 

having high degrees of connectivity. 

The remaining conceptual model, f), considers that some but not all fractures 

traverse lithological boundaries, due perhaps to the effects of mechanical layering 

described by Rijken and Cooke (2001) and Cooke et al., (2006), (Figure 87). The 

resulting aquifer is both heterogeneous and anisotropic, promoting the potential for 

stratified flow in the saturated and unsaturated zone. This is consistent with 

observations made of the Lewes Chalk and intervals within the New Pit Chalk that 

showed perched water and wet zones in the unsaturated zone, both of which 

contain marl horizons. It would also be applicable to situations where well-

developed flint bands may act to arrest fractures, for example the Seven Sisters 

flint in the Seaford Chalk (Mortimore, 2001). In this model rapid preferential 

horizontal flow, initiated as outlined in Figure 140, is possible within the 

unsaturated zone. This model is consistent with observations of the unsaturated 

zone made at NHB2 and a number of other boreholes used in this study and also 

with those of Zaidman et al. (1999). The conceptualisation proposed in f), 

operating as outlined in Figure 140, may result in localised episodic flow. This is in 

contrast to the steady downward matrix flow that has been implied from solute 

profile studies, although the two are not mutually exclusive and both matrix and 

fracture (film) flow may coexist. The model may account for the solute profiles 

observed by other workers because solute exchange between fractures and matrix 

would occur through advection, driven by a pressure gradient and through 

diffusion, driven by a concentration gradient as outlined by Mathias (2007). 

This is not, however, the first time a stratified, compartmentalised models of the 

Chalk have been proposed. A compartmentalised aquifer model was proposed for 

the saturated zone by Bloomfield (1996) who suggested that flow systems consist 
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of bedding parallel fractures bounded by offsetting faults, Figure 143. Bloomfield, 

however, gave no consideration to the potential importance of this model to the 

operation of the unsaturated zone; possibly because by taking no account of 

primary depositional fabric and relating the model solely to fracturing, it’s potential 

relevance to flow in the unsaturated zone would not have been apparent. Aspects 

of Bloomfield’s model are none the less relevant to this discussion. Faulting could 

provide conduits for fluid flow required to make the conceptual model proposed in 

Figure 140 feasible at an intermediate scale, providing the cross cutting fractures 

capable of traversing strong mechanical boundaries (Cooke et al., 2006). 

Formational differences in frequency and type of lithological contrasts, and fracture 

connectivity (Table 23) may provide the anisotropy required for flow 

compartmentalisation at the larger scale suggested by Bloomfield. The models 

outlined in Figure 142 may, therefore, be better viewed as building blocks from 

which larger models may be constructed. 
 

 
 

Figure 143. Conceptual model of fracture systems in the Chalk. The visualisation illustrates 

the Chalk as consisting of scale-invariant fault-bounded segments. Within each fault-

bounded segment there are two types of scale-dependent structures: laterally continuous 

bedding planar fractures with heterogeneous apertures, and a pervasive array of orthogonal 

interconnected joints. Shaded areas are segments, bounded laterally by faults and vertically 

by bedding planar fractures that may act as hydraulically discrete units. (To aid clarity, scale-

dependent jointing has not been illustrated on the large-scale schematic figure, and only 

major bedding horizons have been represented.) The dashed line indicates the position of the 

potentiometric surface. Bloomfield (1996). 

Mortimore (pers. comm.) stated that faults could be expected to occur in the 

Chalk around every 15 m. Faulting at this spacing would, however, severely limit 
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the potential for aquifer compartmentalisation. The OTV survey data provide 

evidence of how faulting may affect aquifer compartmentalisation (Figure 125 H) 

and Figure 126 F) are images of marl seams clearly offset by fractures, faults. 

What is not clear is whether or not the offset, which is relatively minor, would be 

enough to provide a conduit for fluid flow across the marl. In the two examples the 

offset appears to be around that of the marl thickness and given the plastic nature 

of the marl material (Chapter 3) it is probable that the marls would anneal, 

preserving hydraulic stratification. Offsets in excess of marl thickness would, 

however, be likely to act as conduits for flow and so for faults to significantly affect 

hydraulic stratification displacement would have to be in excess of the marl 

thickness, typically 0.1 to 0.2 m. 

Given the potential importance placed on the role of faults as conduits for fluid 

transfer in the unsaturated zone their physical characteristics require some further 

consideration. Matrix alteration and deformation at grain level has been associated 

with faulting in the Chalk (Gaviglio et al., 1999; Hibsch et al., 2003; Gaviglio et al., 

2009). Gaviglio et al. (2009) analysed samples of Campanian Chalk from the 

Anglo Paris basin, equivalent to the Newhaven Chalk of SE England, and 

observed textural modifications within 50 – 100 mm fringes each side of normal 

faults. Using SEM observations, image analysis and physical measurements they 

showed how dissolution and cementation has resulted in alteration to the pore 

space causing changes in the pore size distribution, total porosity and flow paths 

in the vicinity of faults (Figure 144 and Figure 145). Gaviglio et al. (2009) cite the 

cause of this alteration as being due to fluid migration during deformation. In the 

context of the present study these observations are relevant because they imply 

that faults will have a greater propensity for film flow than fractures in the 

surrounding, unaltered, matrix material. This is because reduced pore size 

coupled with a narrow size distribution in the vicinity of fault planes will act to 

reduce both Km
s and m

c, promoting both the formation of films and sustaining 

them over a wider range of  (Figure 107 and Figure 108). Indeed Gaviglio et al. 

(1999) recorded changes in the capiliarlity and matrix permeability of chalks in the 

vicinity of fault planes. The ramifications of these alterations to recharge in the 

Chalk are potentially significant. Not only may faults be expected to be pervasive, 

providing the cross cutting conduits required for rapid bypass flow, but because 

they are also likely to activate at relatively high  and remain active over a wider 
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range of , means that areas of faulted chalk are likely to be more prone to 

surface derived (bacterial) contamination under relatively modest recharge rates. 
 

 

Figure 144. Changes in pore size distribution (top) and total porosity (bottom) in the vicinity 

of fault planes in Campanian chalk from sites at Newhaven (UK) and Mons (France). rv is 

pore radius. Gaviglio et al., (2009). 

 

Considering the work of Gaviglio et al. (1999, 2009) the analogy between a 

borehole and a fault takes on new depths. Gaviglio et al. reason that fluid 

movement in the matrix in the vicinity of faults during deformation gave rise to the 

modified pore structures observed (Figure 145 B). Contemporaneous unsaturated 

processes, however, may also give rise to similar fault normal fluid circulations 

(Figure 139). It could, therefore, be expected that borehole surfaces would begin 

to exhibit evidence of alteration due to fluid flow given sufficient time. Indeed, 

observations of dripstone textures on the surface of older boreholes in the vicinity 

of major marl seams have been made using the same CCTV equipment used in 

this study (D. Buckley pers. Com.). The role of faults as fluid conduits maybe 

further complicated because unsaturated flow in faults could potentially 

incorporate feedback, due to dissolution or precipitation, either promoting or 

reducing their hydrological effectiveness over time. It is possible that at least some 

of the observations of Gaviglio et al. resulted from hydrological rather than 

tectonically driven processes. Detailed isotope studies of the matrix alteration 
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would be required to differentiate between the two and be an informative area for 

future research 
 

 

Figure 145. A) SEM observations of alterations to chalk fabric within a fault zone. B) 

interpretation of fluid circulation inside fault zone. (Gaviglio et al., 2009). 

 

A number of field investigations in the 1970s and 1980s used a combination of 

TV logs, flow logs, and packer test to investigate vertical variations in permeability 

within the saturated zone (Tate et al., 1970; Headworth, 1972; Foster and Milton, 

1974; Foster and Robertson, 1977; Price et al., 1977, 1992; Owen and Robinson, 

1978; Connorton and Reed, 1978). Relevant observations from these studies were 

summarised by Allen et al. (1997) as: 

 Most of the saturated thickness of the Chalk in a borehole has low 

permeability with only a few intervals providing a significant contribution to 

the observed transmissivity. 
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 Geological heterogeneities, hardgrounds, flints and lithological boundaries 

can locally increase the permeability of the Chalk. 

 The major flow horizons are concentrated near the top of the saturated 

Chalk in the zone of water table fluctuation with little significant flow deeper 

than 50 m below the groundwater level. This is due to a decrease in fracture 

density and fracture aperture with depth because of the increasing 

overburden and a general reduction in groundwater circulation and hence 

potential for development of secondary fracture porosity. 

The present study upholds the assertion that flows are localised and lithological 

contrasts act as the locus for flow within the saturated zone, albeit as marl seam / 

fracture association rather than flints or hardgrounds. Few flowing horizons were 

identified beyond 50 m below the water level and so it cannot be said that flows 

were restricted to the zone of water level fluctuation nor that fracture frequency 

(density) was a controlling factor. Conversely fracture frequency, and hence 

connectivity, were observed to be independent of depth. Data show a close 

association between the wet zones in the unsaturated zone and flowing horizons 

in the saturated zone (Figure 137). This suggests that stratigraphically constrained 

links may exist between the two environments. Considering the conceptual 

mechanism for generation of the wet zones (Figure 141) this may be expected. 

Wet zones in the unsaturated zone may, therefore, be considered as ‘proto’ flow 

horizons, which once suitability saturated, provide lateral continuity with deeper 

saturated flow paths. 

Lithological variation and the aforementioned formational contrasts in fracture 

characteristics are not, however, the only mechanisms that would act to control 

hydraulic stratification. Laboratory data from Chapter 3 (section 3.9.4) indicate 

fracture apertures to be depth dependent. It would follow, therefore, that the 

storage capacity of fractured Chalk would also be depth dependant, reducing as 

apertures narrow. Ignoring the effects of a weathered mantle, which has not been 

well characterised in this study, OTV data showed fracture frequency was depth 

independent, contra to perceived wisdom (Price, 1977, Allen et al., 1997, Price et 

al., 2000, Ireson, 2007). This implies that for the same water content chalk at 

depth would have more saturated fractures / asperities than shallower Chalk 

where water could be held as isolated films on each side of a fracture plane 

(Figure 78). This situation could potentially give rise to depth related differences in 

flow regimes in the Chalk. Wetness profiles from the majority of boreholes indicate 
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that the first wet horizons were typically observed at around 15 to 30 mBGL. This 

could potentially be due to a change in the fracture properties; above ~20 m open 

fractures provide more storage sites (higher surface area) than below this depth. It 

is possible, therefore, that the observations of Lawerence (2007, 2009) Hadlow 

(pers. Comm.), Mortimore (1993) and Nativ et al. (2003), outlined in section 3.10, 

may have some significance to the hydrology of the Chalk unsaturated zone. 

Whilst the above mechanism is somewhat poorly defined, hinging as it does on 

anecdotal evidence, it broadens the discussion to include some modifying factors 

that may act to limit rather than promote hydrological stratification. A weathered 

mantle for instance may be expected to extend to some depth below the surface 

would severely limit the effectiveness of marl horizons, or any other primary 

depositional fabric, to retard water flow. In the weathered zone both the primary 

lithological and fracture fabrics may be completely destroyed, leading to de-

structured chalk, Figure 31. In such an environment hydraulic stratification would 

not occur and the Chalk may act more like the system of matrix blocks and 

fractures envisaged in the model of Ireson et al., (2009), analogous to c) in Figure 

142. Considering Figure 31 it is apparent that potential will exist to pass vertically 

and horizontally into and out of environments that are capable of maintaining 

hydraulic stratification under both saturated and unsaturated conditions. In order to 

incorporate the effects of weathering and local geomorphology on aquifer 

conditions models such as presented in Figure 140 and Figure 141 should be 

considered in the context of a larger ground model constructed using the required 

elements of Figure 142. 

Acceptance of the conceptualisation of the Chalk proposed here has many 

ramifications; the concept of a single water table moving vertically up and down 

becomes redundant; as too does the notion that recharge through the unsaturated 

zone occurs solely as a vertical flux. Based on field and laboratory study the 

concept of transient recharge pathways routing water through the unsaturated 

zone in response to recharge rates appears to hold merit. These concepts are at 

odds with the status quo; in accepting these ideas the very notion of saturated and 

unsaturated zones becomes somewhat blurred. The picture, however, is far from 

complete and may differ in different formations. 

As compelling as they are CCTV surveys represent only snapshots of aquifer 

conditions. They are ambiguous as to the nature of the water films observed and 

reveal little about the evolution and dissipation of the wetness phenomenon. It has 
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not been unequivocally established if positive or negative  were observed and 

whether the wet horizons are in fact saturated flow horizons remains unclear. Data 

from in situ field instrumentation are required to address these issues. Such data 

are the subject of the next chapter. 

5.5 Conclusions 

CCTV observations provided evidence of water storage and flow on the surface of 

boreholes within the Chalk unsaturated zone. Observations from a number of 

boreholes have shown the Chalk unsaturated zone typically contains intervals over 

which the matrix appeared saturated and surface water films were present. 

Fissure / film flow in the Chalk unsaturated zone has for the first time been directly 

observed using CCTV surveys. It has been shown how the presence of surface 

water films in the unsaturated zone may lead to rates of solute movement in 

excess of an order of magnitude above that which may be expected from matrix 

flow alone and in doing so a novel method of estimating the rate of solute 

movement has been developed. 

The close association between water films and marl horizons implies that low K 

marl layers promote localised increases in saturation within the unsaturated zone. 

Intra formational lithological contrasts have, therefore, been shown to have a 

marked effect on the distribution of storage and flow regimes within the Chalk 

unsaturated zone. 

The Chalk unsaturated zone has been shown to be hydraulically stratified and 

observations from a number of boreholes suggest this to be a wide spread 

phenomena. Of the ten boreholes surveyed eight showed hydraulic stratification 

within the unsaturated zone. Hydraulic stratification in the unsaturated zone 

appears not to be related solely to marl horizons and intervals displaying surface 

water films were identified which could not be attributed to any observed 

lithological contrast. The nature of the increased saturation, however, remains 

unclear and it has not been possible to determine if these areas relate to 

saturated, perched water, conditions or zones of elevated but negative . None 

the less observations suggest that the Chalk unsaturated zone is a system 

dominated by surface storage effects and that the potential for fracture flow 

appears to be both widespread and seasonally enduring. 

Analysis of unsaturated and saturated aquifer conditions indicate that a link 

exists between the phenomena of surface film development above the water table 
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and flowing horizons at and below the water table. Horizons shown as possessing 

enduring surface storage in the unsaturated zone have also been observed as the 

locus of saturated flows in nearby boreholes. As such flows in both the saturated 

and unsaturated zones appear related to the lithological contrasts provided by 

marl horizons. 

The study of fracturing in boreholes from the Brighton area has shown that 

differences in connectivity can be related to Chalk formation and geomorphological 

setting and more tentatively how fracture styles may relate to structural setting. In 

formational terms a hierarchy exists which was shown to be broadly preserved 

across different sites within a catchment. This suggests that formational 

differences in fracture connectivity may lead to contrasting aquifer properties, 

which in turn may give rise to contrasting saturated and unsaturated zone 

behaviours. In geomorphological terms fracturing and connectivity were found to 

be better developed in dry valley settings than on interfluves. Structurally, fracture 

styles in the Brighton catchment appear typical of those considered characteristic 

of asymmetrical anticlines although further work would be required to confirm this. 

Novel observations made in this chapter provide new and potentially important 

insights into the operation of the Chalk unsaturated zone. However, it is important 

to note that although the observations were made above the water level (water 

table?) the distinction between saturated or unsaturated phenomena remains 

unclear. To understand more fully conditions prevalent within the unsaturated 

zone, measurements of in situ  are required. This subject is covered in Chapter 

6, where results from field instrumentation capable of providing a quantitative 

assessment of  within the unsaturated zone are presented. 
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Chapter 6 Field instrumentation 

6.1 Introduction 

As part of the Flood 1 investigation two field sites, NHB2 and EI2, see Figure 1and 

Table 1, were instrumented with soil physics devices to monitor in situ matric 

potential () in the unsaturated zone. Two types of instrument arrays were 

employed; shallow instrumentation at depths < 5 m (NHB2 only) and deep 

instrumentation > 10 m. The deep instrument arrays were designed to allow 

investigation of the Chalk unsaturated zone to depths greater than attempted by 

previous studies (Table 5) and were installed in fully cored boreholes. Each 

borehole had previously been subject to laboratory characterisation (Chapters 3 

and 4) and in the case of NHB2 geophysical studies also (Chapter 5). This 

presented the opportunity to assess the operation of the unsaturated zone in situ 

and, with reference to detailed laboratory and geophysical studies, enabled a 

comprehensive understanding of the chalk at each site to be developed. 

In addition to the soil physics instrumentation ground water level logging 

devices were installed at the two field sites and in a further six boreholes across 

the Brighton area. At the research sites groundwater data was gathered in order to 

monitor the response of the water table to changes in  in the overlying profile. In 

the additional six holes monitoring was conducted to allow a complementary 

assessment of water level response across the same catchment as the NHB2 site. 

High frequency time series data present opportunities to investigate aspects of 

groundwater level changes and recharge response using a multitude of different 

techniques (Headworth, 1972; Calver, 1997; Mahmood-ul-Hassan and Gregory, 

2001; Lee et al., 2006). It is not, however, the intention of this thesis to 

exhaustively explore all of the potential applications of this data. The data analysis 

undertaken and described here is limited to that necessary to answer the key 

research questions posed in Chapter 2 and to address areas of uncertainty 

subsequently identified in Chapters 3, 4 and 5. The specific aims of this 

undertaking were to: 

 Assess the significance of variations in the SMC observed during the 

laboratory studies in the context of field values for . 
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 Evaluate flow processes in the unsaturated zone at the two study sites and 

assess any spatial and temporal variations. 

 Compare and contrast data from the two research sites in the context of the 

differences in rock mass characteristics established in Chapters 3 and 4. 

 Constrain the mode of operation of the unsaturated zone at the two 

instrumented field sites by combining data from field instruments with that 

derived from the laboratory and geophysical studies. 

 Appraise the suitability of the monitoring arrays to monitor in situ conditions 

at the research sites. 

 Conduct an analysis of hydrographs from a number of boreholes in the 

Brighton catchment and assess potential controls on water levels. 

In this chapter a brief outline of the instrumentation deployed to gather data is 

given first, building upon the more comprehensive description of individual 

instrument types given in section 2.8. An outline of the data processing and 

methods of analysis, including an initial appraisal and presentation of the field data 

then follows. Results from the data analysis are then presented, first for the 

shallow instrumentation at NHB2 and then for the deeper data from both sites. 

Observations from a study of borehole hydrographs are then used in an attempt to 

place the findings from NHB2 into a catchment scale context and relate them to 

aspects of aquifer structure, geomorphology and stratigraphy. A discussion of the 

findings and their implications are then presented, followed by conclusions. 

6.2 Soil physics instrumentation 

To investigate the nature of flow and storage in the unsaturated zone at the two 

research sites a number of devices were used to take frequent readings of . A 

summary of the instruments employed at each site is presented in Table 24 and 

details of the instrumentation given below. A thorough review of soil physics 

instrumentation previously employed in studies into the shallow (< 5 m) profile is 

given by Ireson (2006, 2008a) and includes the instruments employed here. A 

brief review of the pertinent points from these studies is presented in section 2.8 

and the accuracy and measurement range of the instruments used in the present 

study summarised in Table 24. 

 



290 

 
 

Table 24. Details of soil physics field instrumentation deployed at the East Isley (EI2) and 

Brighton (NHB2) research sites. 

6.2.1 Shallow profile instrumentation 

Measurements of  in the shallow profile were undertaken at the NHB2 site using 

a combination of water filled pressure transducer tensiometers (ATENs) and 

equitensiometers (ETENs). Twelve ATENs, commercially available units (Delta-T, 

model SWT4R), were installed in hand augered access holes to depths of 3 
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mBGL. Five ETENs, (Delta-T, model EQ2), were installed at 1m intervals in 50 

mm lined boreholes between depths of 1 and 5 m BGL (Table 24). An advantage 

of this instrumental array was that problems associated with the limited 

measurement range of each type of instrument (section 2.8) could be largely 

avoided by complimentary use of the instruments. ATENs, understood to function 

satisfactorily in the wet range,  > -85 kPa, are complimented by ETENs, reliable 

in the dry range,  < -12 kPa, (Ireson et al., 2006; Ireson, 2008) at several depths, 

providing an array capable of monitoring  throughout the year under both wet and 

dry conditions. All readings were recorded on a data logger (Campbell scientific 

CR1000) at 15 minute intervals throughout the monitoring period and downloaded 

monthly. 

6.2.2 Deep profile instrumentation 

The deep profile was instrumented using jacking tensiometers (JTENs). The 

jacking tensiometer, developed and manufactured by CEH Wallingford, allows 

readings to be undertaken in unlined boreholes (section 2.8). Many JTENs can be 

formed into an array and used to simultaneously monitor  at several depths in a 

single borehole, the costly alternative being the drilling of separate boreholes for 

each instrument. At both EI2 and NHB2 JTEN arrays were installed providing 

measurement of  at ten horizons throughout the profile (Table 24). Readings 

were taken at 15 minute intervals throughout the monitoring period recorded on a 

data logger (Campbell scientific CR1000). At both sites deeper JTENs were 

periodically inundated due to rises in groundwater level. During these periods 

instruments continue to function but record positive pressures, allowing for data 

from the dedicated groundwater level instrument to be crosschecked. 

6.2.3 Rainfall and water level instrumentation 

In addition to measurements of  water level and rainfall data were also recorded. 

Water level in the boreholes at each research site was recorded using ‘Diver’ 

automatic level loggers (Van Essen Instruments) at hourly intervals. Two rain 

gauges, a tipping bucket rain gauge (TBR) and a storage gauge, were located at 

ground level at the NHB2 site. The TBR readings were logged quarter hourly 

whilst the storage gauge, which was emptied and read monthly, was used to 

crosscheck the TBR readings. As no rain gauge was located at the East Ilsley site 
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hourly data were taken from a nearby TBR gauge located at West Isley 3 km 

away. 

In the Brighton area a further 6 boreholes were instrumented with ‘Diver’ 

automatic loggers (Table 1) used to record water level at hourly intervals. 

6.3 Data Analysis 

Data records from the NHB2 site analysed in this study cover the period from 

17/10/2006 to 6/4/2008, the longest period for which data were available from all 

of the instrumentation. The EI2 site data covers the period from 17/11/2005 to 

10/01/2008. 

The 15 minute and hourly data records were reduced to daily values by taking 

the value returned from each instrument at 4am of each day over the monitoring 

period. In the case of the TBR the daily total rainfall in mm was obtained by 

summing the 15 minute values over daily intervals. 4am was chosen as an 

appropriate time as the effects of any site maintenance, such as refilling of the 

ATENs or recovering the Diver instrument for downloading, performed the 

previous day where likely to have dissipated by this time and also to minimise any 

potential effect of diurnal temperature fluctuation on the shallow instrumentation. 

An initial analysis showed several instruments to be returning suspect values. 

At NHB2 the ATEN at 0.2 m depth returned positive readings for the duration of 

the record, suggesting that the instrument was malfunctioning. The JTEN at 15 

mBGL appeared to produce an erratic signal, which for long periods was found to 

reflect barometric fluctuation, suggesting that the instruments’ ceramic block had a 

poor or intermittent connection with the borehole wall. A similar atmospherically 

driven response occurred in the JTEN at 10 mBGL in EI2. Also at EI2 

tensiometers at 15 and 17 mBGL returned positive readings for almost the entire 

record, although the 17 mBGL instrument appeared to function towards the end of 

the data record. These two instruments were located above and below the 

Southerham marl (Figure 80) and it was initially thought that these might show 

evidence of perched water. The data, however, lacked any variation over a long 

period of time it was assumed that instrumental error was the cause. Data from 

suspect instruments is presented for completeness in Figure 146 and 147 but are 

not considered further. Daily data from selected instrumentation at the NHB2 site 

are presented in Figure 146 and from the EI2 site in Figure 147. Note that for 

clarity in Figures 146 and 147 JTEN readings above 5 kPa, which relate to periods 
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of groundwater inundation, are not displayed and ATEN data, where present, have 

been restricted to 0.5 m intervals. Due to the limited range of measurement 

provided by ATENs and ETENs data returned from the shallow (<5 m) profile at 

NHB2 was at times inaccurate. The approximate extents of the intervals of 

inaccuracy are indicated by the grey shading in Figure 146. Further processing of 

the data was required to account for these inaccuracies. By combining data from 

the ATENs and the ETENs installed at the same depths a continuous and 

accurate time series was generated for the shallow profile at NHB2 for depths of 1, 

2 and 3 m. The -2 m ETEN data was combined with the -2.1 m ATEN data as in 

the absence of an exact depth corresponding to the ETEN this was the closest 

instrument. As ATENs are considered accurate in the wet range and ETENs in the 

dry range (Ireson, 2006, 2008a), readings of  > -40 kPa were taken from the 

ATEN and  < -40 kPa taken from the ETEN. Data from ATENs located higher in 

the profile, < 1 m depth, were not used because they were not considered to be 

suitably accurate in the dry range and no corresponding ETEN was available 

(Table 24). Similarly, data from the ETENs at 4 and 5 m were not used because in 

the absence of a corresponding ATEN data accurate in the wet range was not 

available. Data processed in this manner are presented in section 6.4.1 below. To 

visualise the effect of changing  on storage and flow in the unsaturated zone data 

from the field instruments was combined with the SMC curves derived from the 

laboratory tests (Chapter 4). SMC drying tests (section 4.3.1) were conducted on 

specimens of core at depths adjacent to the field instrumentation. The temporal 

distribution of the field data can be displayed as box plots indicating the maximum 

and minimum  recorded by the instrumentation during the monitoring period, also 

displayed are the median value and interquartile ranges for  (Figure 148a). 

Combining the field data and the SMC curve for each instrument location and with 

reference to Figure 91 and Figure 105 the variation in saturation state of the chalk 

can be visualised (Figure 148b). Because no laboratory testing was undertaken on 

chalk specimens from shallow depths 1 to 5 mBGL, at NHB2 the SMC curve from 

the average density Lewes Chalk specimen (N13) was employed. Similarly it was 

not possible to obtain specimens for laboratory analysis adjacent to the JTENs at 

19 and 22 mBGL at the EI2 site, for this reason the SMC of the average density 

New Pit Chalk specimen, E20, was used. 
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Figure 146. Daily data from selected soil physics and associated instrumentation at the 

NHB2 field site reduced to daily values. Grey shading indicates approximate periods were 

data from instruments was omitted from further analysis due to limitations in measurement 

range. 
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Figure 147. Daily data from the West Isley rain gauge and jacking tensiometer and 

groundwater level at the EI2 field site. Grey shading indicates periods when no data were 

available from the instruments. 

 

 

 
 

Figure 148. a) Example of statistical box plot of matric potential data from field 

instrumentation for the monitored period. b) Plot combining laboratory derived SMC and 

field data to illustrate saturation state of in situ chalk over the monitoring period. Red region 

denotes redings above the 3rd quartile to maximum, green region reading within the range 

quartile 1 to 3 and yellow region readings below the 1st quartile to minimum. 
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6.4 Results 

6.4.1 The shallow unsaturated zone 

Data from the shallow (<3 m) instrumentation at the NHB2 site allow an analysis of 

flow direction in the upper profile to be conducted. Using Equation 1, where hz is 

the depth of the measurement point, total head was determined at each depth 

over the monitoring period. As water flows from areas of high to low head both 

flow direction and the location and nature of zero flux planes (ZFPs) (section 2.5.1) 

could be determined. The results, Figure 149, show flow in the shallow 

unsaturated zone at NHB2 was complex. Multiple opposing ZFPs often exist, 

however, for long periods of time there is a downward hydraulic gradient providing 

recharge to underlying strata. All of the ATEN instruments recorded positive 

values of  during the monitoring period, suggesting fracture flow periodically 

occurred, Figure 149, and that recharge rates exceeded matrix K (Price et. al., 

2000). In the winter months periods of water level rise are closely associated with 

saturation of the upper profile. Saturation also occurred in the upper most 2 m 

during 2007 summer months, as a consequence of heavy rainfall, however, failed 

to impact on water levels which remained static. Combining field data with the 

SMC curve from specimen N13, Figure 150, allows for variations in matrix 

saturation to be assessed. Data show  did not decrease beyond the air entry 

value of the matrix (-370 kPa, Kosugi parameter m
c, Table 20) at depths of 1 m 

and below for the entire monitoring period. This implies that the chalk matrix 

remained fully saturated and in situ K would not have decreased below saturated 

matrix values. 
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Figure 149. Flow directions and the position and nature of Zero Flux Planes (ZFPs) in the 

upper profile at the NHB2 site (top), question marks denote periods over which flow 

direction could not be resolved due to limitations in instrumentation. Duration of ZFP in top 

3 m of profile (upper middle). Periods when tensiometers returned positive readings and 

readings above -5 kPa (lower middle). Groundwater level at NHB2 (bottom). 
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Figure 150. Plots combining matric potential statistical data from the shallow profile 

instrumentation at NHB2 at 1, 2 and 3m depth and the soil moisture characteristic for Lewes 

Chalk Sample N13. Also shown are the lowest recorded matric potential readings at 4 and 

5m depth. Red regions denote redings above the 3rd quartile to maximum, green regions 

readings within the range quartile 1 to 3 and yellow regions readings below the 1st quartile to 

minimum value. 

6.4.2 The deep unsaturated zone 

Notwithstanding the malfunction of individual instruments outlined in section 6.3 

Figures 146 and 147 indicate that reliability issues had occurred with the JTENs at 

both sites. At EI2 no data was available in late July and August of 2006. 

Comparison of early data from NHB2, up to November 2006, with later data 

suggests that post installation many of the instruments may not have been 

functioning properly and required some time to ‘bed’ in. Data from the EI2 site 

show that almost all of the tensiometers were below water level after January 

2007, limiting the period of investigation to before this time. 
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6.4.2.1 East Ilsley (EI2) 

In the profile at EI2,  declined to a minimum of around -65 kPa, recorded in the 

tensiometer at 13 mBGL. Positive readings of  were rare and occurred only 

immediately prior to an instrument being inundated, Figure 151. Values in excess 

of -5 kPa were restricted to instruments just above the water level or the -13 m 

tensiometer, Figure 151. Comparison of the tensiometer data with SMCs, Figure 

152, suggest fracture or film flow would have been unlikely to occur at any depth in 

the profile over the majority of the data record and that flow would therefore have 

been largely restricted to the matrix. In 2005 an initial rise in  observed in the 13 

mBGL tensiometer in mid December marked the onset of a sustained rise in 

groundwater level. Similar rises in  were then observed in progressively deeper 

instruments, all of which responded within 14 days, Figure 153 (top). This 

indicates that wetting of the profile occurred from the surface downwards rather 

than from the water table upwards, and was not due to a capillary effect extending 

from the water table. Additionally  values, being below that which would be 

expected to support the development of mobile water films, suggest that matrix 

flow was the mechanism responsible for the passage of water to the water table. 

During 2006  continued to rise throughout the profile (Figure 151), accompanied 

by a rise in water level, until late June. On the 17th of June 2006 progressively 

lower  began to be recorded at 13 mBGL. Within approximately 2 weeks all 

tensiometers began to show steadily reducing values and by the 3rd of July 

groundwater level began to recede, Figure 153 (middle). 
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Figure 151. Previous page. Data from instrumentation at the EI2 field site and rainfall data 

from West Ilsley. Thick lines denote positive readings of matric potential, thin lines readings 

between 0 and -5 kPa. Water level is shown by the bottom blue line, periods for which no 

data were collected marked by grey areas. 

 

 
 

Figure 152. Matric potential statistical data superimposed on soil moisture characteristic 

curves for deep profile instrumentation, jacking tensiometers, at EI2. Specimen number and 

depth shown in each plot. Red regions denote redings above the 3rd quartile to maximum 

value, green regions readings within the range quartile 1 to 3 and yellow regions readings 

below the 1st quartile to minimum value. 
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In late 2006 the shallow, 13 mBGL, tensiometer began to return steadily 

increasing  from the 3rd of November, Figure 153 (bottom). The response was 

again depth dependant with deeper instruments responding in turn. By the 19th all 

instruments were recording increases in  and the groundwater level started to 

rise on the 24th. The cause of the sudden increase in  on the 06/12/06, prior to 

the rapid and sustained increase in the water level is unclear but appears to have 

affected all instruments, although not equally. Profiles of total potential, Figure 

154, determined on selected days using Equation 1 (Section 2.5.1) show that a 

hydraulic gradient towards the water level is maintained during periods of water 

level rise and fall. This indicates that recharge may be sustained phenomena 

occurring throughout the year. The potential gradient was not always uniform and 

there appear to be conflicting trends in the tensiometer data. Tensiometers at 18 

and 19 mBGL, located either side of the Glynde marl (Figure 80 b), show higher 

readings of  compared to the instruments below, which show progressive 

increases in  towards the water level (Figure 153 middle). This indicates elevated 

water content above and below the Glynde marl, possibly as a consequence of the 

low K marl inhibiting water movement, although the affect appears insufficient to 

promote the development of saturated conditions. Throughout most of the 

groundwater recession period  increases systematically with depth, Figure 154 

and Figure 153, suggesting that the profile was able to drain relatively freely 

through the matrix as it attempted to reach hydrostatic equilibrium. The profile, 

therefore, behaves in a manner similar to the homogeneous medium envisaged by 

Wellings and Bell (1984a) (Figure 45). 
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Figure 153. Detail of jacking tensiometer response to recharge and recession at EI2. 

Recharge commencing in 2005 (top), recession commencing in 2006 (middle) and 

commencement of recharge in 2006 (bottom). 

Ian
pdf



303 

 
 

Figure 154. Total potential at the EI2 site under conditions of rising and receding 

groundwater levels. 

6.4.2.2 North Heath Barn (NHB2) 

At NHB2 with the exception of the 60.5 mBGL instrument and the early, possibly 

unreliable data, JTEN values of  never fell below -5 kPa. Comparison of  data 

with SMCs, Figure 155, indicate that saturation would have been sufficient to 

sustain water films at all monitored depths apart from -60 m throughout the 

monitored period. Three tensiometers, at 35.5, 40.5 and 55.5 mBGL, returned 

positive readings for almost the entire record, see Figure 157 and Figure 156. 

These instruments were located in the vicinity of marl seams and are coincident 

with the most sustained ‘wet’ zones observed during the CCTV surveys, data 

presented in Figure 157, suggesting that sustained perched water tables existed at 

these locations. 

Tensiometers at 20.5, 25.5, 30.5, 45.5 and 50.5 mBGL all returned positive 

values at times, notably immediately prior to and during periods of water level rise 

(Figure 156), but during intervening times recorded slightly negative values. 

Instruments at 25.5, 35.5, and 45.5 mBGL were located in the vicinity of minor 

marls, and at 30.5 and 50.5 mBGL in intervening chalk between marls. These 

instruments were located in sections of the borehole that were observed as ‘wet’ 

for shorter periods in the CCTV surveys, Figure 157. The results suggest that at 

these locations the surface of the chalk was able to partially drain and sustained 

perched water was not present. The tensiometer located at 20.5 mBGL, above 

Bridgewick marl 1 (Figure 80) returned positive readings for periods concurrent 

with water level rise. Outside of these periods  remained relatively high, seldom  

Ian
pdf



304 

 
 

Figure 155. Plots combining matric potential data from the jacking tensiometers at NHB2 

and the soil moisture characteristic determined from core specimens retrieved from the same 

depth. Red regions denote redings above the 3rd quartile to maximum, green regions readings 

within the range quartile 1 to 3 and yellow regions readings below the 1st quartile to 

minimum. 
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Figure 156. Daily rainfall totals (top) and matric potential from selected instrumentation at 

the NHB2 field site (bottom). Thick lines denote positive readings of matric potential and 

thin lines denote reading between 0 and -5 kPa. The bottom blue line shows water level. 

falling below -4 kPa. This suggests that although saturated conditions were 

intermittent fracture flow in the surrounding matrix would have been likely to occur 

over almost the entire monitoring period. 

In contrast to EI2 at NHB2 no systematic increase in  with depth was 

observed, even after significant periods without recharge. Total potential remains 

very high throughout the year (Figure 158). Although a downward gradient exists 

throughout the monitoring period the profile appears unable to drain to any 

significant degree. It is unlikely that hydrostatic equilibrium would ever be achieved 

at this location. This indicates that the chalk at this site was not acting as a 

homogeneous medium but as a layered, heterogeneous system, where marls 

acted to prevent drainage and maintain high  throughout the year. 

The tensiometer at -60.5 mBGL behaved somewhat differently from the others 

returning lower values of . This is somewhat counter intuitive; being the deepest 

instrument and closest to the water level it may have been expected to possess 

the highest . Once the water level dropped below the instrument  began to 

steadily reduce indicating that the chalk was able to drain more freely at this 

location, note that the chalk in this interval possessed relatively high porosity 

(Figure 81). , however, remained relatively high and did not fall below -25 kPa, 

too high to be attributable to a capillary effect extending upwards from the water 
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level that came to rest some 10 m below the instrument. This indicates either that 

water was being supplied from above or that perching was occurring at a lower 

horizon, perhaps the Iford marl 1 at 64 mBGL (Figure 80), preventing further 

reduction in . The cause of the rise in  during mid 2007 at -60.5 mBGL is 

unclear. 

 
 

Figure 157. Geophysical profiles showing marl horizons (left), wetness profiles (centre) and 

matric potential data from each jacking tensiometer superimposed on soil moisture 

characteristic curve taken from the chalk specimen at the same depth from NHB2. Specimen 

number and depth shown in each plot. 
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Figure 158. Total potential at the NHB2 site under conditions of rising and receding 

groundwater levels. 

Detail of the JTEN response before and during water level rise in December 

2006 and December 2007 are shown in Figure 159. During both periods all 

tensiometers show a rapid increase in  to positive values prior to water level rise. 

The effect is most noticeable for the 60 mBGL instrument, as the change is the 

greatest, but occurred for all tensiometers. Under such conditions it can be 

expected that the borehole wall would have become wet and gravity driven flow 

down it would have commenced. The borehole would have essentially acted as 

the large (artificial) fracture conceptualized in Figure 139. 

Periods of water level rise are concurrent with periods when the 20.5 mBGL 

tensiometer returned positive readings of , Figure 160. Conversely when 

negative readings were returned the water level is seen to go in to recession. This 

same relationship is observed in 2007 although appears slightly less well defined 

for the water level recessions. No other tensiometer showed a similar relationship. 

This suggests that water entering the borehole at or above 20.5 mBGL, on or 

above the Bridgewick marls, gave rise to the response of the lower tensiometers 

and ultimately the water level changes observed in NHB2. 

At NHB2 it appears that once input occurred from high in the profile the 

borehole was unable to discharge water at the rate of recharge and the water level 

rose. Conversely, as input ceased or at least significantly reduced, the water level 

receded and drainage through the saturated zone acted as the primary control on 

the water level. During periods of no input the water level in NHB2 receded to a 

static level at around 70 mBGL (Figure 160). Once this level was achieved no  
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Figure 159. Jacking tensiometer response at NHB2 prior to water level rise. 

 

 
 

Figure 160. Rate of water level change (dl/dt) and tensiometer readings from 20.5 m depth in 

NHB2. 

further change in the water level occurred until flow from above was again initiated 

(Figure 160). This suggests that a feature at around this level may control 

drainage from the borehole. Geophysical logging observed a large fracture that 

was also recognised as a potential flow horizon occurred from 70.2 to 70.6 mBGL, 

Figure 116. 
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The water level in the NHB2 borehole appears to represent a balance between 

input from higher flowing horizons and the capacity of features in the saturated 

zone to discharge the input. Note that under such conditions the water level in the 

borehole may not accurately reflect the water table (or water tables if several 

perched horizons are present) in the surrounding aquifer as defined by the 

condition  = 0. The borehole hydrograph and tensiometer responses should, 

therefore, be considered in the context of the monitoring installation that, due to its 

very presence, will at times produce artifacts. That is to say without the borehole a 

very different situation may persist. 

Observations from NHB2 suggest that the case for the borehole acting as a 

major fracture, based on alternative evidence in Chapter 5, is compelling. This 

view of the borehole has ramifications, not only to the interpretation of the 

tensiometer data, as outlined above, but also to the interpretation of groundwater 

hydrographs as outlined below. 

6.4.2.3 Water level data from the Brighton area 

Water level data spanning the period late 2006 to early 2008 was recorded from 

seven sites in the Brighton area (Figure 1 and Table 1) using Diver automatic 

pressure loggers. Hydrographs from the sites have been displayed as water levels 

in meters below datum in Figure 161. Unfortunately, due to instrumental and 

operator errors records from a number of the sites were incomplete, restricting the 

use of the data, however, some general observations have been made. 

Where simultaneous records are present broadly similar responses are 

observed in each monitored borehole. Late in 2006 increases in water levels at all 

monitored boreholes were observed. Boreholes with relatively shallow water levels 

and thinner unsaturated zones respond first; beginning with North Bottom and 

followed by Lower Standean. Those with deeper water levels responded later. A 

similar but more complete, due to more operational instrumentation, pattern is 

evident during the onset of recharge in 2007. Short-term variations, sub annual 

recharge – recession cycles, occurred in each annual recharge season in an 

apparent response to variations in rainfall. Such variations would be masked if 

only monthly level readings, as routinely collected by the Environment Agency, 

had been taken. This highlights the need for high-resolution data to determine 

water level fluctuations. Most boreholes appeared to show similar response in 

terms of timing, peaks and troughs being roughly coincident, however, the 



310 

amplitude of fluctuation varied significantly between the sites. Of particular note is 

the generally flat form of the hydrographs, similar to NHB2, throughout the 

summer period in 2007. 

 
 

Figure 161. Daily rainfall from NHB2 (top). Hydrographs from seven sites in the Brighton 

area monitored for hourly water level response between 2006 and 2008 (bottom). 

Similarities between the majority of the hydrographs and that of NHB2 suggest 

processes similar to those envisaged to occur at NHB2 (Section 6.4.2.2) might 

operate in these boreholes. Based on the evidence presented from NHB2 the 

hydrographs may, therefore, be considered to be artifacts of the boreholes, 

relating not to catchment water level rises but rather to a balance between input 

from the unsaturated profile and features in the saturated zone. It is important, 

however, to consider more fully the characteristics of the Chalk at each site before 

reaching such a conclusion. 

Little is known regarding the structure and lithology of the Chalk at Pycombe 

and Ladies Mile Road because geophysical surveys could not be conducted at 

these locations; the former being a deep brick lined well and the latter cased with 

steel for much of its depth. At Casterbridge, Balmer Down, North Bottom and 

Lower Standean geophysical investigations (Chapter 4) were undertaken. With the 

exception of Balmer Down, which was surveyed late in the year, each of the 

boreholes showed evidence of water films high in the unsaturated profile. 

Additionally, all boreholes have unsaturated profiles which comprised 
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predominantly Lewes Chalk or, in the case of Caster Bridge, New Pit and Lewes 

Chalk. This implies that layered aquifer properties may exist (Chapter 5) and that 

the potential for a mechanism similar to that proposed to control water levels at 

NHB2 may be high (Section 6.4.2.2). 

The Balmer Down hydrograph is different from other sites; it has a longer 

recession period and displays no flat bottom. A possible explanation for this 

behaviour may be the different aquifer properties of this site. At Balmer Down, in 

contrast to the other monitored sites, relatively uniform Seaford Chalk occurs in 

the top 40 m of the unsaturated zone. It is possible that as a consequence of 

having few laterally extensive low K horizons this portion of the unsaturated profile 

was able to drain more freely during periods of no recharge. This would allow 

water to be supplied to the saturated zone over a long period and help maintain 

the water level within the borehole. It is also possible that during recession the 

water level was influenced by external factors, due perhaps to connectivity within 

the saturated zone. 

With the limited data available it is not possible to determine exactly the cause 

of the differences between the sites. Observations from the hydrographs suggest 

that processes similar to those identified in NHB2 are likely to have been 

operational at these sites resulting in the similar nature of the hydrographs. 

Viewed in this context the hydrographs reveal more about unsaturated processes 

than one may first suppose and imply that the behaviour observed at NHB2 may 

representative of large portions of the Brighton catchment. 

6.5 Discussion 

Data from the field instrumentation allows the significance of variations in the SMC 

observed during the laboratory study (chapter 4) to be assessed in the context of 

field values for . Results from NHB2 indicate that the majority of the unsaturated 

zone will be insensitive to lithological variations in matrix air entry because  may 

not be expected to fall below most reasonably expected values for this parameter 

at depths >1 mBGL (Figure 150). Below 1 m the Chalk matrix may be expected to 

remain fully saturated and consequently matrix K will remain constant, constrained 

only by lithological variation. There is, however, some uncertainty with regard to 

this interpretation because the actual SMC curve used was obtained from chalk 

recovered from a much deeper depth, 20.5 mBGL. It is unknown if weathering 

effects have caused changes in the matrix structure in the shallow profile. 
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Bloomfield (1999) presented pore size data from a specimen of weathered Chalk 

from the UK obtained from about one meter below the base of the soil zone 

(Figure 48) suggesting that weathering processes have caused the original pore 

geometry to be altered, resulting in a very broad pore-throat size range. If similar 

alteration has affected the NHB2 site then matrix desaturation in the shallow 

unsaturated zone may occur. Variations in pore size distribution with weathering 

appear not to have been systematically investigated previously. Given its 

importance to understanding flow processes in the shallow unsaturated zone this 

is an oversight of the present study. Understanding such variations is an area for 

potential future research. 

Monitoring of the shallow (<5 m) unsaturated zone at NHB2 has produced data 

comparable to those provided by previous studies that have sought to investigate 

unsaturated flow in the Chalk, see for example Wellings, (1984a); Jones and 

Cooper, (1998); Ireson (2006); Haria et al. (2003). The majority of previous studies 

have concluded that fracture flow occurs as an episodic, sometimes rare, 

response to high rainfall (Wellings, 1984a; Cooper et al., 1990; Hodnett and Bell, 

1990; Mahamood-ul-Hassan and Gregory, 2002; Haria et al., 2003; Ireson, 2006). 

All have done so using the fracture flow threshold cited by Wellings (1984a) of -5 

kPa. Applying the same threshold to readings of  recorded at the NHB2 site 

(Figure 149) fracture flow is implied to have occurred over extended periods in the 

uppermost 3 m of the profile. The reason for the higher instance of fracture flow 

when compared to previous studies may lie in lithological differences between the 

chalks on which this and former investigations have been undertaken. Many of the 

previous studies have been undertaken on Upper Chalk (Table 6). Despite most 

having undergone relatively poor lithological characterisation it is reasonable to 

suggest that the higher matrix permeability of the chalk formations that comprise 

the Upper Chalk may have acted to limit the occurrence of fracture flow at these 

sites. An alternative explanation may be that the former study sites possessed 

thicker soil layers capable of attenuating rainfall pulses due to increased storage 

reducing water flux to underlying strata (Ireson, 2006). None-the-less positive 

readings of  imply that fracture flow was both common and prolonged in the 

shallow profile at the NHB2 site. 

Analysis of the shallow instrumentation at the NHB2 site has shown flow in the 

shallow unsaturated zone to be complex. Multiple opposing ZFPs often existed 

(Figure 149). Whilst a downward hydraulic gradient provided recharge to 
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underlying strata, often as fracture flow, periods of net upward matrix flow were 

also evidenced. With the monitoring array employed it was not possible to 

determine the exact depth to which the deepest ZFP penetrated, although it was 

certainly deeper than 5 m. Using the JTENs, however, it can be implied that no 

ZFP existed below 20.5 m. Below 20.5 m a downward gradient in total hydraulic 

head, towards the water level, persisted throughout the monitoring period. 

Similarly at EI2 a sustained total head gradient towards the water level was 

observed (Figure 154) indicating that the ZFP did not reach below 13 mBGL at this 

site. Although these findings are rudimentary they are by no means trivial as they 

support the hypothetical recharge pattern proposed by Wellings and Bell (1980) 

(Figure 34) and imply that drainage below the ZFP to the saturated zone may be 

continuous throughout the year. To put this in to context, if continuous recharge 

does occur then methods used to deduce values of specific yield for the Chalk, 

such as pumping tests, and investigating the discharge from catchments during 

sustained drought, may be wrong, as they ignore the drainage from the 

unsaturated zone. Additionally, recharge patterns in groundwater models that use 

near surface (soil) water balance models, such as MORECS (Thompson et al., 

1981) or Penman-Grindley, may also be wrong, because they implicitly assume 

drainage beneath the ZFP to be negligible. Consequently parameter values for 

transmissivity and specific yield derived using these models may be incorrect. Until 

this study, however, no direct field evidence supporting continuous recharge has 

been presented; it has only ever been implied to occur by modelling studies 

(Ireson, 2006) or alluded to in studies of the shallow unsaturated zone (Cooper, 

1990; Gardner et al., 1990; Gregory, 1989; Roberts and Rosier, 2006). Whilst the 

presence of sustained hydraulic gradients in the deeper unsaturated zone suggest 

that continuous recharge to the water table could occur it is important to 

understand that the presence of a potential (head) gradient is not evidence of flow 

occurring, merely a prerequisite for it. At EI2 recharge did occur throughout the 

year. This can be seen in the response of the profile that is seen to drain in an 

attempt to reach hydrostatic equilibrium (Figure 154). Analysis of  and SMCs 

(Figure 152) show the matrix remained fully saturated and that it was drainage of 

the surface storage component that provided the water. The mechanism 

responsible for recharge is envisaged to be diffusive vertical flow through the 

matrix, the piston flow mechanism of Smith et al. (1970). 
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Data from NHB2 indicate that although a potential gradient existed throughout 

the year, the deep profile was unable to drain (Figure 158) and perched water was 

common (Figure 155). The exception being the deepest monitored location that 

appeared to drain somewhat more freely. The profile at NHB2 would appear, 

therefore, to be controlled by the occurrence of low K marl seams restricting 

vertical drainage, as indicated in the CCTV surveys (Chapter 5). Recharge from 

the unsaturated zone to the monitored water level was only possible at NHB2 due 

to the artificial influence of the borehole (Figure 160). The development of 

saturated conditions high in the profile at NHB2 is likely to have promoted lateral 

flow diverting the recharge flux down dip. 

Given that the characteristics of the unsaturated profile at the two sites are so 

similar (Figure 84 and Figure 85) the question remains as to why their hydrological 

behaviour is so different. This is especially pertinent considering that on the basis 

of variations in matrix properties, (Chapters 3 and 4), one could expect that the EI2 

site would be more prone to fracture flow, having generally lower matrix K, than 

the NHB2 site. Matrix characteristics were not the only differences between the 

two sites, the most fundamental difference being the depths at which monitoring 

was undertaken. 

In order to make a meaningful comparison between the sites consideration is 

given to two instruments located at similar depths close to similar lithological 

contrasts in the two boreholes, JTENs at 20.5 mBGL in NHB2 and 18.0 mBGL in 

EI2. Note that due to the effect of the borehole at NHB2, outlined in section 

6.4.2.2, it would be unwise to rely on instruments below 20.5 mBGL to provide any 

meaningful comparison between the two sites. Matric potentials sufficient to 

sustain fracture flow were observed at the NHB2 site above a marl seam at ~21.5 

mBGL, the Bridgewick Marl 1. A similar lithological contrast located at 18.6 mBGL 

in EI2, the Glynde Marl, appeared ineffective in raising  sufficient to generate 

fracture flow, although it was seen to promote a slight elevation during periods of 

water level rise (Figure 153 and Figure 154). One possible explanation for this 

difference is the increased fracturing observed in the profile at EI2 (Section 3.9.5). 

The effects of increased fracturing would be twofold: 

 To provide more ‘intermediate’ storage on chalk surfaces and at fracture 

asperities, increasing the capacity to accommodate incoming water flux. 

 To provide increased connectivity across lithological contrasts, such as 

marl seams, diminishing their ability to act as aquitards. 
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The inference being that recharge flux at EI2 was accommodated by the ‘inter- 

mediate’ storage sites and released slowly as matrix flow. Conversely at NHB2 

where there was relatively little storage capacity with which to absorb incoming 

flux  readily reached potentials close to saturation, resulting in fracture flow. 

Essentially more low potential storage sites are available in a highly fractured rock 

mass than in a relatively unfractured one. Alternatively, recharge flux at EI2 may 

have been attenuated higher in the (unmonitored) profile due to unobserved 

affects. The presence of several hardgrounds and marl seams at unmonitored 

depths at the EI2 site means that saturated lateral flow may have occurred 

diverting recharge away from the site. This is unlikely, however, as it may be 

expected that had this occurred the borehole would have acted in a similar manner 

to NHB2 promoting flow down the borehole wall. No evidence of this was observed 

in the tensiometer data. Shallow instrumentation in the top 10 m of the EI2 profile 

would be required to further investigate this possibility. 

Estimates of the magnitude of unsaturated storage at the two sites can be made 

considering the fracture data from Chapter 3 and the understanding of water films 

and fracture surface storage developed in Chapter 4. The volume of surface 

storage on a fracture plane, calculated from the film thickness (Ft) observed in the 

laboratory tests multiplied by fracture frequency (Ff), yields a value for the total 

volume of water held on fracture surfaces in a cubic meter of Chalk at zero . 

Assuming that fracture apertures are in excess of twice the surface film thickness, 

that storage is available on each side of the fracture plane and that fractures are in 

excess of 1m in extent, then a general term for fracture storage (Sf) in a chalk may 

be given as: 
 

2 100 

Equation 43 

Substituting representative values for Ff (Figure 81 and Figure 82) and ft (Table 

14) for each research site a range in maximum available (unsaturated) storage 

can be calculated, see Figure 162, average values of film thickness and fracture 

frequency at each site are shown as points whilst observed ranges are 

represented by the boxes. With the additional assumption that the KV relationship 

adequately describes the saturation state of fracture surfaces (Equation 37) the 

change in storage, or specific yield, concurrent with change in , S
f, may also be 
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calculated. Using median values for the KV fracture parameters (section 4.5.2) a 

general S relationship for Chalk may be given as: 
 

2 3.8 10
ln

2
100 

          

Equation 44 

And displayed graphically in Figure 163 
 

 
 

Figure 162. Fracture storage at zero matric potential calculated from laboratory 

determination of surface film thickness (ft) and fracture frequency (Ff) for NHB2 and EI2 

boreholes. Points denote average values whilst boxes depict total range in Ff observed at the 

site and ft in laboratory tests. 

 

 

Figure 163. Estimate of storage in Chalk (SΨf) with varying matric potential and fracture 

frequency (Ff). 

Ian
pdf
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Specific yields calculated in this manner are in agreement with the values required 

to explain the additional water released from drainage in the catchment studies 

described by Lewis et al. (1993), 0.25 to 0.30%, and are also similar to those 

derived in the study of Price et al. (2000) although derived by a different method. 

The concept of unsaturated storage on fracture surfaces is not new and was first 

introduced for the Chalk by Price et al., (2000). The relationship between aquifer 

characteristics and their effects upon the redistribution of this storage appear not 

to have been widely considered in previous studies. 

Price et al., (2000), for example, use a 1 dimensional diffusive model to 

estimate the likely speed of propagation of recharge through the unsaturated zone. 

The speed of propagation of the recharge pulse being calculated from the 

following equation: 
 

t  x 2 /2D  

Equation 45 

Where t is the characteristic time, the time taken for a response to be initiated at a 

distance x and D is the matric potential dependant diffusivity of the system equal 

to: 

D K /C 

Equation 46 

Where C is the specific moisture capacity, equivalent to the gradient of the SMC 

curve, defined by Freeze and Cherry (1979) as: 
 

C 
d
d

 

Equation 47 

Using values for K and C derived from testing matrix specimens Price et al. 

(2000) estimated characteristic times of between 7 and 50 days for unsaturated 

thicknesses of 20 m. There are potential problems in applying this approach to the 

Chalk. Firstly the diffusivity of the system can only be realistically estimated if 

actual values are known and secondly account must be taken of lithological 

contrasts. The K of marl seams has been estimated to be very low (Table 9), 

however, an almost absence of porosity coupled with poorly interconnected pore 

space (Figure 74) would result in extremely low specific moisture capacity. It may 

be reasoned that the diffusivity of plastic marls would be extremely low, essentially 
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zero under any reasonable value for  which may be expected to occur in the 

unsaturated zone. Any interval of chalk containing pervasive plastic marl seams 

would, therefore, have extremely high characteristic times. 

In a more recent study Lee et al. (2008) employed six boreholes in the Chalk of 

southern England to investigate recharge processes using daily rainfall and water 

level data to derive groundwater response times. Lee et al. established that for 

unsaturated zones in excess of 18 m the time lag for water-level response 

decreased rapidly once the water table exceeded a critical value, which varied 

from site to site (Figure 164). They found that for shallow, < 18 m water levels, 

recharge response could be attributed to flow though the matrix; a result in broad 

agreement with the finding from EI2 made here. At deeper sites, however, where 

the unsaturated zone was up to 64 m thick rapid responses similar to those 

observed at NHB2 occurred. These could not be accounted for using a diffusive 

model for recharge propagation through the matrix and led to the conclusion that 

recharge occurred as fracture flow through large parts of the unsaturated zone. 
 

 
 

Figure 164. Water level response time and unsaturated zone thickness for six borehole sites. 

Solutions for the matrix diffusion equation (equation 46) are given for values of K and C 

as indicated. K and C are matric potential dependant hydraulic conductivity and 

diffusivity respectively. Lee et al., (2008). 

Whilst the analysis of Lee et al. provides statistical support for fracture flow and 

the contribution of multiple recharge pathways, in the context of the present study 

their interpretation appears flawed. At NHB2 the water level response was seen to 
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be an artifact of the monitoring system, which suggests that alternative processes 

would occur in an undisturbed system.  

These examples serve to illustrate that without an understanding of lithological 

controls borehole hydrographs and modeling studies may reveal little about actual 

recharge mechanisms and pathways and be potentially misleading. An 

assumption common to Price et al. (2000), Lee et al. (2008) and almost all 

previous studies of recharge to the Chalk aquifer is that flow through the 

unsaturated zone occurs solely as a vertical flux. Present evidence, however, 

suggests that this may not be the case and that lithological variations may induce 

lateral flows in the unsaturated zone. Failure to account for lithological variation is 

particularly concerning considering the vertical extent of the unsaturated zone. 

Unsaturated zone thickness calculated for the Brighton chalk and Patcham 

groundwater catchment area using a digital terrain model (DTM) and contoured 

water levels (Table 25) show mean thicknesses of between 56 and 70 m. Ireson et 

al., (2007) used a similar approach for the Pang and Lambourne catchment, 

Figure 165, to derive a typical thickness of around 80 m. Much of the unsaturated 

zone in these catchments will, therefore, be below the depth of weathering and so 

it is reasonable to suggest that lithological contrasts, where present, may 

significantly affect recharge routes. Furthermore, because variations in aquifer 

characteristics are related to stratigraphy (Chapter 5) stratigraphical variation is 

likely to exert control on recharge processes within the Chalk at large scales. On 

this basis it would be unwise assume that recharge processes within a catchment 

are uniform as it is likely that focused, localised, recharge will occur. The structure 

and stratigraphy of the Chalk will, therefore, be an important aspect of predicting 

not only the spatial distribution of recharge but also pollutant pathways in Chalk 

catchments. Consequently recharge models and groundwater protection strategies 

that do not take account of stratigraphical variation and aquifer structure may be 

less than adequate.  

Results from the field instrumentation have led to new findings relating to the 

operation of the unsaturated zone. The picture of the unsaturated zone gained 

from the field instruments is, however, far from complete. The EI2 site appears to 

have been too shallow to monitor conditions in the unweathered profile. Due to 

malfunctions an incomplete profile was observed. Furthermore, the array was 

insufficient to monitor conditions as water levels rose and for a significant period of  
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Patcham catchment unsaturated zone depth (m) 
 Mean Max 
March 1993 66.16 166.56 
September 1993 70.64 163.7 
   
Brighton block unsaturated zone depth (m) 
 Mean Max 
March 1993 56.07 166.56 
September 1993 61.87 180.33 

 

Table 25. Calculated depths to groundwater / unsaturated zone thickness in meters for the 

Brighton Chalk block and the Patcham groundwater catchment. 

 

 
 

Figure 165. Unsaturated zone thickness in the Pang and Lambourne catchments (Jackson et 

al., 2007). 

the investigation little data were available. Additional instrumentation to monitor  

in the uppermost 10 m would have been of benefit. At NHB2 the depth interval 

assessed was much closer to the catchment average and in this respect very 

close to ideal. A lack of instruments below 5 m and the malfunction of the JTEN at 

15 m depth, however, caused a significant gap in the monitored profile. This 

prevented establishing both the position of the deepest ZFP and conditions 

prevalent in the zone of transition from weathered to fresh rock. Monitoring over 

this interval may have been particularly illuminating considering the potential 

relationship between fracture K and depth (3.9.4). 

Questions also remain as to how successful the monitoring arrays were at 

assessing in situ conditions at the two research sites. At NHB2 ATENs were used 

in the very shallow profile, where the chalk attained the lowest , resulting in the 

instruments operating outside their reliable range. Conversely ETENs were used, 

at deeper levels, where  remained higher resulting in operation outside of the 
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reliable range. These instruments could have been better deployed. Using ETENs 

at shallow levels and ATENs at deeper levels,  in the shallow profile could have 

then been monitored monitor more accurately. It would appear that there are 

limitations to the use of JTENs that were not apparent prior to the study. At NHB2 

flow down the borehole produced data which, had CCTV and geophysical surveys 

not been conducted, could have lead to a potentially misleading picture of the 

unsaturated zone. Although the JTEN array at EI2 was successful in monitoring in 

situ  use of these instruments in unlined boreholes should be avoided in future 

studies as without preliminary studies interpretation of the data can be difficult. 

CCTV and geophysical surveys, preferably supplemented by logging of rock core, 

would appear to be a minimum pre-requisite for the use of JTENs. Furthermore, in 

light of the finding from NHB2, the suitability of unlined boreholes to provide 

reliable water level data is called into question. Because the presence of an 

unlined borehole can potentially give rise to the water level that is being monitored 

data from such installations should be considered unreliable. It is possible, 

therefore, that a fundamental misunderstanding of borehole hydrographs may 

exist. This presents a serious problem. Many groundwater models, used for 

resource estimation and long term planning, are calibrated to data from borehole 

hydrographs and so may be calibrated to erroneous data, resulting in the use of 

erroneous storage and transmissivity values. To confirm that this is not the case 

would require investigations to be conducted to determine that individual 

boreholes are not the cause of the effect they seek to observe. Additionally, 

unlined boreholes may present potentially significant rapid pathways for pollutants 

through the unsaturated zone, an unquantified risk to groundwater quality. 

The findings described in this chapter illustrate both the need to investigate the 

Chalk in a detailed, site-specific and systematic manner and that little can be taken 

for granted when investigating the Chalk. Here only a single formation, the Lewes 

Chalk, was effectively investigated, albeit at two separate sites. Despite lithological 

similarities between the two sites, site-specific knowledge of the rock mass 

properties has been invaluable in interpreting the data from monitoring devices. 

Results have shown how variations in the physical character of the rock mass 

control water movement and recharge pathways through the unsaturated zone. It 

is unlikely that the two sites provide enough information to understand the 

operation of the Chalk unsaturated zone in sufficient detail to enable wide 

extrapolation of these results. Similarly detailed investigations will be required to 
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determine more widely the effects of stratigraphic, lithological and 

geomophological variations on recharge to the Chalk aquifer. However, together 

with laboratory test results the novel methods of field monitoring described here 

provide valuable pointers towards new ways of evaluating unsaturated zone 

behavior that, when more widely deployed, will surely advance our understanding 

of the Chalk. 

6.6 Conclusions 

The field instrumentation scheme employed in this study is perhaps the most 

comprehensive scheme to have been implemented in the Chalk unsaturated zone 

so far. It has allowed monitoring of  within the chalk to depths beyond those 

previously investigated. Hydraulic gradients in the deep unsaturated zone suggest 

that recharge may occur throughout the year. The main limitation of this scheme, 

when compared with past studies, was that it did not measure water content and 

matric potential at coincident locations. This problem was addressed using 

laboratory measurement of the SMC to imply water content under varying 

conditions of . Whilst this approach was largely successful there were locations 

from which no laboratory specimens were obtained leading to uncertainty 

regarding the saturation state of the Chalk, this was especially true for the shallow 

profile at NHB2. Use of measured SMCs, however, allowed an assessment of flow 

and storage regimes within the unsaturated zone at the majority of monitored 

locations to be made with a high degree of certainty. With reference to the 

conceptual understanding developed during laboratory study and from geophysical 

investigations the following findings were made: 

 Below the ZFP, in the deeper unsaturated zone, only the surface (fracture) 

component of storage is subject to variation, desaturation of the matrix did 

not occur. 

 The majority of the unsaturated zone will be insensitive to measured 

variations in the chalk matrix SMC. 

 The magnitude of fracture surface storage within the unsaturated zone is of 

the order of that required to explain the additional yield provided by Chalk 

catchments during periods of sustained drought. 

 Lithological contrasts, in the form of marl seams, affect hydrological 

processes in the unsaturated zone and can lead to the development of 

stratified saturated conditions and perched water. 
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Results from two sites possessing similar stratigraphic and lithological 

properties showed recharge processes within the unsaturated zone differed. At 

EI2 observations imply that recharge occurred as a vertical flux via the matrix 

facilitated by drainage of water held on fracture surfaces. In contrast at NHB2 

hydraulic stratification appears to lead to sustained hydraulic gradients resulting in 

little, if any, capacity for vertical recharge. It is thought that differences in recharge 

mechanisms between sites relate to the extent of fracturing and weathering 

indicating that a depth dependent response to recharge may occur in the Chalk. 

Observations imply that the effects of weathering can over-ride formationally 

related lithological contrasts and reduce the potential for hydraulic stratification. 

Because of this, caution should be exercised when extrapolating the findings of 

studies conducted in the shallow subsurface to processes in the deeper 

unsaturated zone. A continuous profile, monitored from the surface to the water 

level, would be required to further investigate this phenomenon. 

Monitoring of water level and matric potential in the NHB2 borehole showed that 

a strong link existed between periods of positive matric potential, measured on the 

borehole wall, and water level rise in the borehole. These data show that: 

 Fracture / film flow and fully saturated conditions can be generated 

concurrent with lithological contrasts (marl seams) at relatively shallow 

depths (~20 m). 

 Open, unlined, monitoring boreholes provide potential conduits for rapid 

fracture / film flow. 

 The water level in an unlined borehole may be an artifact of the borehole 

itself and not necessarily representative of conditions within the 

undisturbed aquifer. 

 Matrix potential measurements from unlined boreholes may be biased by 

conditions within the borehole. 

This increased understanding of the borehole environment leads to the following 

recommendations with regard to open, unlined, boreholes: 

 The use of jacking tensiometers is avoided where possible. 

 Unless it can be proven that borehole affects do not occur water level 

data should be considered of dubious value for determining groundwater 

level fluctuation in the surrounding aquifer. 

Where jacking tensiometers are employed in such boreholes it is recommended 

that: 
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 Simultaneous water level data is considered a prerequisite for the 

interpretation of the data. 

 Formation logs and a series of CCTV surveys are conducted prior to their 

installation. 

The development of saturated conditions at relatively shallow depths, as 

observed at NHB2, implies that limited potential for vertical recharge may exist in 

certain Chalk formations, for example the Lewes. Under such conditions recharge 

would be expected to occur as lateral, stratigraphically constrained, flows along 

preferential pathways; focused recharge. If focused recharge in the Chalk is 

commonplace then it can be expected that aquifer structure and stratigraphy will 

exert a strong control on recharge routing and distribution at site, local and 

catchment scales. 

Using field instruments complex relationships between lithology, 

geomorphology and unsaturated zone hydrological processes have been 

observed within the Chalk. Establishing these relationships has, however, required 

detailed study to be undertaken and observations to be made both in the 

laboratory and the field. Failure to undertake such detailed characterisation would 

no doubt have led to misinterpretation of the behavior of the field instrumentation. 

The complexities observed in this study must be accounted for in future studies 

because failure to do so may result not only in serious misunderstandings but also 

in the derivation of false aquifer parameters. Combining results from laboratory 

tests, geophysical logs, CCTV surveys and field instrumentation has provided the 

first comprehensive insight into unsaturated zone processes, particularly recharge 

mechanisms. 
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Chapter 7 Summary and conclusions 
The Chalk unsaturated zone plays a crucial role in the hydrological cycle 

determining the timing and magnitude of recharge and the transport and fate of 

nutrients and pollutants. Despite more than three decades of study the 

understanding of this system is incomplete. It was identified in Chapter 2 that one 

of the principle reasons for this was a lack of data pertaining to the aquifer 

characteristics of the Chalk. This thesis sought to improve our knowledge of these 

characteristics in order to better understand the physical processes that control the 

movement and storage of water within the unsaturated zone. Investigating and 

quantifying the physical characteristics of the Chalk were the focus of Chapters 3 

and 4, the laboratory study. Findings made in the laboratory were then married 

with data and observations from the field investigations described in Chapters 5 

and 6 to provide new contributions to knowledge of unsaturated zone processes. 

In this chapter a summary of these findings is presented followed by a number 

of recommendations for further work. Finally, the implications of the work are 

discussed and conclusions presented. 

7.1 Summary of thesis 

7.1.1 Laboratory study 

The laboratory investigations undertaken during this study, Chapters 3 and 4, 

allowed the hydrogeological characterisation of the Chalk to be conducted in a 

more thorough manner than had been previously undertaken. By discriminating 

samples by lithology and stratigraphy, systematic differences in the nature of the 

Chalk matrix were illuminated and the interrelationship of index properties, density, 

porosity and hydraulic conductivity (K) investigated. Results showed that whilst 

stratigraphical and geographical differences in hydraulic properties exist these 

exert a relatively weak control on hydrogeological properties (Figure 69 C). In 

contrast intra-formational variations in K, due to the occurrence of marl seams, 

were found to exert strong localised control. Clastic marl horizons were observed 

to provide K contrasts of between <0.5 to ~1.5 orders of magnitude in K, see 

Figures 70 and 71, whilst plastic marls were found to provide contrasts of over 4 

orders of magnitude with the surrounding matrix material (Figure 73). The origins 

of the contrasts were found to lie in differences in primary depositional fabric 
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(Figure 72 and Figure 74). The potential hydrological significance of marl seams 

was illustrated using laboratory data and geophysical logs from two research sites 

to generate synthetic profiles of matrix K (Figure 84 and 85). The resulting profiles 

suggested that marl seams could be expected to exert a strong influence on the 

hydraulic behavior of the unsaturated zone. 

In addition to the testing of matrix properties an investigation of fracture 

permeability was undertaken using specimens containing natural fractures. The 

hydraulic conductivity of fractured specimens was found to be inversely 

proportional to the stress applied across the fracture plane and the observed 

K/stress dependency was best described by a power law function (Figure 77). This 

dependency indicates that the stress regime in the near surface (~25 mBGL) may 

exert a strong control on fracture apertures and hence the hydrological behavior of 

the rock mass. 

From the sample of Chalk tested during the preliminary laboratory analysis 

specimens were selected to provide a sample representative of the stratigraphical 

and geographical variation (Tables 12 and 13). These specimens were then 

subjected to laboratory tests developed specifically to investigate water storage in 

unsaturated Chalk. The tests allowed the SMC of the Chalk to be investigated in a 

detail not previously achieved allowing the surface (fracture) component of 

unsaturated storage to be quantified (Figures 91 and 93). The tests conducted to 

determine Chalk SMC’s were repeatable(Figure 98) and agreed with results from 

confirmatory tests such as MIP (Table 15 and Figure 96). 

Four models for fluid retention were applied to the SMC data and parameter 

values determined for a range of specimens (Table 17 through to 21). It was found 

that the SMC of chalk was best described using the Kosugi (KV) model (Figure 

101). Use of the KV model allowed storage and flow regimes in fractured chalk to 

be delineated (Figure 105) and the variability of the Chalk SMC to be assessed in 

terms of stratigraphy and lithology. Data show that although formationally related 

variation may exist in matrix properties, specifically the air entry pressure, similar 

systematic variations in fracture related properties were not evidenced (Figure 102 

to 104). The KV parameters were used in conjunction with previously determined 

material properties to construct and constrain a general model for fluid behavior in 

unsaturated Chalk (Figure 107). The model predicts surface storage and the 

mobility of surface films to be significant processes in the Chalk unsaturated zone. 

When coupled with a simplistic model for water film velocity results from the 
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determination of film thickness suggest will be an important mechanism for flow 

through Chalks of extremely low matrix K (Figure 108). 

7.1.2 Geophysical surveys 

A program of down-hole geophysical surveys was undertaken to investigate 

hydrological processes within the aquifer (Table 22). Formation logs, which 

enabled stratigraphical and lithological control at the borehole scale, were 

combined with fluid and visual logs to examine fluid movement and occurrence in 

the saturated and unsaturated aquifer. 

CCTV observations allowed, for the first time, flow processes in the Chalk 

unsaturated zone to be observed and provided evidence of water storage and flow 

on the surface of borehole walls (Figure 113). Observations from the NHB2 

borehole showed the unsaturated zone contained multiple intervals over which 

surface water films were present; hydraulic stratification of the unsaturated zone 

was observed. The close association between water films and marl horizons 

showed that marl layers promoted localised increases in saturation and that intra 

formational lithological contrasts had a marked effect on storage and flow (Figure 

130). Repeated surveys showed that these films were mobile and, with reference 

to laboratory data, how they may lead to solute migration in excess of that which 

could be expected by matrix flow (Figure 132). Observations of water films similar 

to those at NHB2 were made in a number of boreholes across the south east of 

England and hydraulic stratification was shown to be a wide spread phenomena. 

However, because it was not possible to determine using CCTV if the observed 

water films relate to zones of elevated but negative  or saturated, perched water 

the nature of the increase in saturation remained unclear. CCTV observations and 

the understanding of aquifer properties developed during the laboratory study 

were used to develop a conceptual model for the operation of the unsaturated 

zone (Figures 139 to 141). This model indicated how heterogeneous aquifer 

properties act to promote hydraulic stratification and lead to the development 

anisotropic flow in the unsaturated zone. 

In the saturated zone flow logging showed fluid movement to be, at least in part, 

controlled by fractures occurring in the vicinity of marl horizons, suggesting that 

lithological contrasts also act to compartmentalise flow in the saturated zone. 

Similarities between intervals identified as possessing water films in the 

unsaturated zone and those acting as flowing horizons in the saturated zone 
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suggest that stratigraphically constrained links, recharge routes, may exist 

between the two zones (Figure 137). 

The distribution of fractures was studied using optical imaging surveys and 

formation logs for a number of boreholes in the Brighton area. It was shown that 

below 20.6 m fracture frequency was not related to depth (Figure 133) but that 

fracture characteristics, in terms of frequency and connectivity could be related to 

Chalk formation and geomorphological setting. In geomorphological terms 

fracturing and connectivity were better developed in dry valleys than on interfluves 

and in formational terms a hierarchy existed which was broadly preserved across 

the catchment (Table 23). 

Simple conceptual models, formulated on the basis of fracture characteristics 

and lithological variation, show how saturated and unsaturated zone behavior may 

be predicted based on knowledge of aquifer characteristics and stratigraphic 

variation (Figure 142). The models show that, due to the stratigraphic distribution 

of marl seams, hydraulic stratification observed at intra formational scale (Figure 

140) may manifest itself at formational scale and consequently how the 

lithostratigraphy may affect the behavior of both the saturated and unsaturated 

zones. 

7.1.3 Field instrumentation 

To investigate in situ unsaturated process, data from two field sites, established as 

part of the FLOOD1 study, were used. 

Instrumentation in the shallow (<5 m) unsaturated zone at the NHB2 site 

provided data comparable with that of many former studies (Figure 149). Fracture 

flow in the shallow profile was found to be common being associated with both 

seasonal recharge and periods of heavy summer rainfall. The higher instance of 

fracture flow, when compared with previous studies, appeared to be a product of 

the relatively low matrix K of the Lewes Chalk at the NHB2 site. Laboratory data 

suggest, therefore, that regional and formational variation in the extent and 

duration of fracture flow may exist. Flow in the shallow profile was complex and 

multiple ZFPs often existed, however, due to limitations in both the depth and 

measurement range of the instruments it was not possible to determine the depth 

to which the lowest ZFP ultimately reached. Combining  data with SMCs from 

specimens of chalk suggested that below 1 m depth the chalk matrix remained 
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saturated at all times (Figure 150). Due to relatively poor lithological 

characterization, however, uncertainty remains as to the validity of these findings. 

Jacking tensiometers at NHB2 and EI2 were used to monitor  within the Chalk 

at depths beyond those previously investigated. The significance of variations in 

the SMC, measured during the laboratory study, was assessed in the context of 

field values for  (Figure 152 and Figure 155). It was found that below the ZFP 

only the surface (fracture) component of storage varied. Flow processes and 

storage at the two study sites were evaluated in the context of the conceptual 

understanding developed during laboratory study. Despite possessing similar 

stratigraphy and lithological properties, recharge processes differed markedly 

between the two sites. Matric potentials recorded at the NHB2 site suggested that 

fracture flow would be common and occur at most depths throughout the year 

(Figure 156); however, results from EI2 suggested fracture flow was rarely, if ever, 

initiated (Figure 151). Hydraulic gradients at both sites showed that the potential 

existed for recharge to occur throughout the year. Data indicated that at EI2 

drainage of water held on fracture surfaces occurred via the matrix to the water 

table throughout the year; recharge was continuous (Figure 153 and 154). At 

NHB2, despite high matric potentials, the majority of the unsaturated zone did not 

appear to drain, implying that hydraulic stratification, provided by the low K marl 

horizons, prevented recharge (Figure 158 and 159). The source of this contrasting 

behavior was postulated to be differences in rock mass properties, specifically the 

extent of fracturing. This suggested that the effects of weathering act to over ride 

formationally related lithological contrasts, reducing the potential for hydraulic 

stratification, indicating that recharge mechanisms in the Chalk maybe to some 

extent depth dependent being related to the extent of a weathered mantle and 

possibly also to fracture relaxation. Fracture data from the two sites when coupled 

with matric potential data (Figure 162) showed the magnitude of storage within the 

unsaturated zone to be of the order of that required to explain the additional yield 

provided by Chalk catchments during periods of sustained drought described by 

Lewis et al. (1993). 

In the NHB2 borehole periods of positive  measured on the borehole wall at 

20.5 m and water level rise were found to be concomitant (Figure 160). Saturated 

conditions, generated at the Bridgewick Marl, led to water entering the borehole 

and flowing down the borehole wall. This flow affected the deeper JTEN 

instruments and led to changes in the water level within the borehole (Figure 159). 
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These observations showed how  measurements are easily biased by conditions 

occurring within a borehole. The water level in an unlined borehole may not, 

therefore, be representative of conditions within the surrounding undisturbed 

aquifer but rather an artifact of the borehole itself. These observations also 

showed that unlined boreholes have the potential to provide conduits for rapid 

fracture / film flow and hence the transfer of pollutants to the saturated zone. 

Similarities between the NHB2 hydrograph and others from the Brighton area 

(Figure 161) suggested this to be a wide spread phenomena, although further 

investigation would be required to confirm this. The development of saturated 

conditions at shallow depth implies limited potential for vertical recharge exists at 

NHB2 and in the absence of the borehole, recharge would be expected to occur 

as a lateral, stratigraphically constrained flow. Recharge along preferential 

pathways, i.e. focused recharge, could, therefore, be characteristic of certain 

Chalk formations. 

7.1 Summary of contributions 

This thesis has investigated the hydrogeological characteristics of the Chalk using 

laboratory and field techniques and in doing so contributes to our knowledge of the 

Chalk aquifer and our understanding of its hydrogeological behavior have been 

made. 

In investigating the hydraulic properties of the Chalk matrix it has been shown 

that variations in hydraulic properties can be linked to lithological differences 

occurring at regional, inter and intra stratigraphic scales. For the first time 

hydraulic properties have been assessed in the context of the adopted 

lithostratigraphy. A general model for the unsaturated behavior of Chalk has been 

formulated which relates matrix hydraulic conductivity to unsaturated 

characteristics.  

Other important contributions have been provided by the insights into 

unsaturated zone flow processes gained through direct observation. The 

significant, though arguably unsurprising, observation that changes in flow regime 

occur concurrent with lithological contrasts provide clear evidence of the 

importance of aquifer characterisation in understanding the operation of the 

unsaturated zone.  

The main contribution provided by this thesis, however, has been the 

development of a physically based conceptualisation of the Chalk unsaturated 
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zone which incorporates lithological variation. The conceptualisation, developed 

through laboratory testing and validated by field observations, shows that the 

hydraulic properties of the Chalk can be strongly heterogeneous and thus impart 

significant anisotropy on the aquifer and in particular on unsaturated zone flow. 

This conceptualisation is in contrast to the more widely accepted view of the Chalk 

unsaturated zone as being hydraulically homogeneous and explains a number of 

new unsaturated zone phenomena recognised during this study. It has been 

shown how sources of this heterogeneity are related to stratigraphy, in terms of 

primary depositional fabric and fracturing. Importantly, however, it has also been 

shown that the affect of these stratigraphically related properties can be depth 

dependant. Geomophological affects, deeper weathering and/or increased 

fracturing, subdue or obliterate stratigraphically related contrasts and lead to more 

homogeneous and hence isotropic aquifer characteristics. 

Another contribution from this thesis is concerned with the deployment of 

instrumentation, and how instruments for measuring both matric potential and 

water level may be easily biased by the affects of the borehole environment. In 

particular it has been shown that without significant prior investigation jacking 

tensiometers are unsuitable for deployment in open boreholes and may give rise 

to potentially misleading data. Perhaps more importantly, however, it has also 

been shown that open boreholes may be an unreliable source of groundwater 

level data and provide potentially rapid conduits for the migration of pollutants. 

These latter points appear not to have been previously understood and have 

received little prior attention. 

Finally, it has been shown that to investigate the Chalk in sufficient detail as to 

enable the interpretation of data from seemingly simple instrumental arrays 

requires detailed and systematic study. Using field instruments complex 

relationships between lithology, geomorphology and unsaturated zone 

hydrological processes have been observed. Establishing these relationships, 

however, requires detailed observations to be made both in the laboratory and the 

field to establish the aquifers characteristics. Failure to undertake such 

characterisation would no doubt have led to misinterpretation of the behavior of 

the aquifer. The complexities observed in this study must be accounted for in 

future studies because failure to do so may result not only in serious 

misunderstandings but also to the derivation of false aquifer parameters. 
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7.2 Recommendations for further work 

To produce this thesis research has been conducted in several complementary 

areas; laboratory studies, geophysical surveys and field instrumentation. On the 

basis of the experience and understanding developed during this study 

recommendations are made for further work that it is felt would be productive in 

developing further our understanding of the Chalk unsaturated zone. In addition to 

the three principal areas of research, recommendations are also made for 

additional studies that could be undertaken to investigate further some of the 

concepts outlined within this thesis. 

7.2.1 Laboratory study 

The preliminary laboratory testing undertaken (Chapter 3) adds to a knowledge 

base of Chalk properties that will grow as further research is conducted. To enable 

more detailed models of the Chalk to be constructed it is recommended that for 

any further work in this area specimens be adequately constrained, both 

stratigraphically and lithologically. This will ensure that data sets can be directly 

compared and combined in future studies. 

 The recovery of intact fractured specimens from core and field specimens have 

allowed for novel experiments to be conducted that provide potentially new 

avenues for research. The recovery of these specimens, more accidental than 

planned, acts to highlight the need for ongoing laboratory study. Typical aperture 

values and the stress dependent permeability of fractures are areas of uncertainty 

in our understanding of the Chalk. Future research in this area should seek to 

better define the links between the properties of the Chalk matrix, fracture surface 

and its hydro-mechanical behavior. A detailed rock mechanics approach is likely to 

be required to accomplish this. 

Both the SMC of the Chalk and to a lesser extent unsaturated water film 

behaviour have been shown to be conducive to laboratory investigation. Although 

tests have been conducted over a wide stratigraphical range, results pertain only 

to specimens of unweathered Chalk and mainly from the SE of England. Data 

should be sought to address these deficiencies. Research into the properties of 

weathered Chalks is of particular importance to the operation of the shallow 

unsaturated zone and should be undertaken as a priority.  



333 

7.2.2 Field instrumentation 

Despite providing valuable insights in to the operation of the unsaturated zone the 

unsaturated zone monitoring array employed in the NHB2 borehole has perhaps 

run its course. Given that the interpretation of the data (Chapter 6) is correct and 

that the tensiometers below 21.5 m are subject to influence by shallower 

processes it is difficult to envisage what further insights the current configuration 

could provide in the future. Having served its purpose consideration should be 

given to reconfiguring the NHB2 site to investigate, in more detail, some of the 

established unknowns regarding the operation of the unsaturated zone at this site. 

Specifically these are: 

 The hydrological operation of the unsaturated zone at intermediate (>10 

and <21.5 m) depth. 

 The potential occurrence of multiple transient perched water tables 

concurrent with lithological contrasts (marl seams). 

To meet these objectives it is suggested that: 

 The existing jacking tensiometers be extracted and serviced. 

 The borehole fitted with a series of multi level vibrating wire piezometers 

(VWPs) installed directly above marls shown to promote hydraulic 

stratification and concurrent with the fracture at 70.5 m.  

 The borehole should be cement sealed to the base of the Bridgewick marl 1 

to prevent any cross communication between intervals. 

 Jacking tensiometers be re-installed in the interval between the base of 

casing (10 m) and just above Bridgewick marl 1. (21.5 m). The lowest 

tensiometer having the potential to monitor any water level that may 

develop there. 

Use of the borehole in this manner has several benefits over establishing a new 

research site. It enables existing geophysical and laboratory data to be employed, 

negating the requirement to conduct expensive and time-consuming tests again, 

does not require drilling a new borehole and allows the jacking tensiometers to be 

reused. There are, however, several potential disadvantages to using the existing 

site. Any ageing affects, the formation of precipitates on the borehole wall for 

instance, which may affect unsaturated processes in the borehole environment will 

be on going, further established and unquantifiable. Additionally, it would be 

challenging to install so much instrumentation in a single 150 mm diameter 

borehole. 
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The more costly alternative of establishing new monitoring regimes in new 

installations, should also be considered. To investigate transient saturated flow in 

the unsaturated zone will require either multiple boreholes drilled to intercept 

intervals of interest, e.g. just above marl or flint horizons, and cased off above, or 

alternatively a single installation of multi level piezometers. Given the small target 

intervals sought multiple installations will require very precise drilling and there 

could be no guarantee that so many closely spaced boreholes would not interfere 

with the natural operation of the system. This would, therefore, appear to be a 

risky undertaking and a single borehole multi level system the better option.  

For a multi level installation a single hole would be required which, once 

subjected to geophysical and camera investigation could be equipped with nested 

VWPs. VWPs offer the benefit of providing reliable water pressure readings in fully 

cement sealed boreholes (Mikkelsen, 2002; Mikkelsen and Green, 2003; 

Contreras et al., 2008). The use of VWPs would also potentially allow for the 

monitoring of unsaturated and saturated conditions. Mikkelsen and Green (2003) 

state that cement-bentonite grouts have an air entry value of ~690 kPa, far below 

any  expected to occur in the Chalk unsaturated zone below 1 m. Additionally, 

because the grout becomes a perfectly saturated porous material when set, a 

VWP could, therefore, be expected to measure . Installing them would be far 

easier than deploying either JTENs or pre-saturated suction probes down a 

borehole. The deployment of these instruments in existing boreholes offers a 

potentially rapid route to understanding in more detail the operation of both the 

saturated and unsaturated zones whilst minimising the risk of aquifer 

contamination from open boreholes. The use of VWPs in fully grouted chalk 

boreholes is an area where further testing and research should be undertaken as 

a priority. Whilst the deployment of these instruments is routine in geotechnical 

studies they appear not to have been used on the Chalk to any great extent and 

there remain potential problems with their deployment. The nature of the Chalk, a 

fractured rockmass, could lead to significant problems with cement sealing. 

7.2.3 Geophysical surveys 

From the present study the value provided by down hole geophysical studies 

conducted on existing boreholes is clear. This is an area where significant 

developments can be made and extra information gained relatively readily. 
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 It has been shown that to investigate the nature, extent and occurrence of 

surface films in the unsaturated zone two technologies are required, one to enable 

visual identification (CCTV) and one for matric potential measurement 

(tensiometer). It is possible that the two could be incorporated in a single sonde to 

allow for simultaneous identification and measurement of water films. The suction 

probe would be ideal for this application being compact, relatively robust and 

electronic. Although several engineering challenges exist in constructing such a 

sonde none would appear insurmountable. The suction probe for instance could 

be mounted on the sonde either on a jig similar to that used for the jacking 

tensiometer (Figure 59), or on a modified caliper arm, to allow deployment to the 

borehole wall. The benefits of this approach are clear, a transportable method of 

assessing the unsaturated zone. If coupled with formation logging tools this would 

allow for rapid characterisation and assessment of the unsaturated zone in the 

borehole environment. The use of such a tool would not necessarily be restricted 

either to investigating water film development or to use solely on the Chalk. 

Alternatively neutron logging, which responds to hydrogen content, could be used 

in an attempt to distinguish wet zones within boreholes. By identifying regions of 

increased hydrogen population concurrent with water films or depleted 

unsaturated storage the nature of the unsaturated zone could be further 

investigated. If this were so it could potentially provide a much quicker method for 

investigating unsaturated storage. If it could be calibrated accurately to water 

content the technique could potentially provide quantitative information with which 

to construct water balances for the unsaturated zone. A dedicated study would be 

required involving CCTV surveys and neutron logging to develop such an 

approach. 

The present study has illustrated that valuable data can be provided when 

optical OTV surveys are linked to formation logging and stratigraphic 

interpretation. The assessment of fracturing on the basis of formation and 

geomophological environment has provided useful information which point to 

systematic differences in fracture characteristics. It is recommended that this 

approach be perused. The development of a database of borehole investigations 

will significantly aid in developing a broader understanding of the variations in 

fracturing within the Chalk and how these relate to both stratigraphic and 

geomorphologic variations. 
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7.2.4 Additional studies 

The present study has identified that lithologically constrained links between 

saturated and unsaturated flow occur. Detailed field mapping and flow accretion 

(gauging) could be used to study Chalk fed streams to investigate potential 

relationships between Chalk formations, area of outcrop and contribution to flow. 

Anomalously high flow contribution during periods of flood may indicate that fast, 

preferential recharge routing is occurring in certain formations under high recharge 

loading. Additionally dating of water sampled from gauged locations may be used 

to investigate the degree to which rapid flow, bypassing the saturated zone, effect 

the catchment. 

To analyse in more detail recharge routes through the unsaturated zone it may 

be possible to conduct geochemical analysis. The potential exists for water routed 

across the top of marl seams to acquire a geochemical signature related to the 

trace element composition of the marl seam. If this were so then geochemical 

analysis of water samples linked to flow accretion gauging may provide 

information relating to both the flow paths and their relative contribution to flow 

under different recharge regimes. Linked with 2D and 3D numerical modelling this 

may be a particularly illuminating area of investigation. 

Alternatively, or in addition to the above, a number of boreholes equipped with 

multi level VWPs, as outlined in section 7.2.3, could be used to monitor water 

pressure response across a well-defined area, ideally a complete catchment. By 

observing the response of instruments located in different stratigraphical, structural 

and geomorphological settings a more complete understanding of the dynamics of 

water movement in the Chalk could be achieved. 

7.3 Implications and conclusions 

Results from laboratory tests, geophysical borehole logs, borehole camera logs 

and field instrumentation have provided comprehensive insights into unsaturated 

zone processes within the Chalk. These insights have been gained primarily 

through better aquifer characterisation, which has both helped to provide focus to 

the investigation of the aquifer and explain hitherto unobserved phenomena. The 

findings of this study have significant implications to both future research and 

accepted practice, and in particular where an understanding of recharge 

mechanisms is required. 
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In the context of the present study two valid points with regard to recharge 

estimation were made by Simmers (1998): 

 Realistic estimation depends on first identifying the probable flow 

mechanisms and important features influencing recharge for a given 

locality. 

 Model development is too often seen as an alternative to fieldwork and the 

model applied may be inappropriate to actual field conditions. 

The philosophy and findings of the present study exemplify these points. Work 

conducted here in an attempt to unravel the links between rock properties and 

hydrological behavior has shown previous modeling studies to be based on flawed 

assumptions and may serve to illustrate that they may be of limited use in 

describing in sufficient detail recharge to the Chalk. 

Simmers (1998) considered the principal recharge mechanisms to an aquifer, 

defined by Lerner et. al. (1990), to be direct, indirect and localised. Direct 

occurring by vertical percolation through the unsaturated zone; indirect by 

percolation through the beds of surface watercourses; and localised, an 

intermediate form of recharge, resulting from the concentration of water along 

preferential flow paths in the absence of well-defined channels. Direct and indirect 

recharge have long been associated with the Chalk and are routinely accounted 

for in recharge models, localised recharge, however, appears to have received 

little attention. 

The finding that direct recharge may occur throughout the year rather than 

being seasonally distributed has significant ramifications for groundwater modeling 

and aquifer parameterisation of the Chalk. Currently groundwater models employ 

aquifer parameters that are either estimated from pumping tests or derived 

through the optimisation of modelled parameters. Failure to account for continuous 

recharge will affect the validity of both types of derivation. Notwithstanding the fact 

that data from pumping tests tends to bias towards high yielding sites (Allen et al., 

1999) the data may be further flawed because the derivation of aquifer storage 

parameters (specific yield) often assumes that no recharge occurs. Similarly 

calculating storage by assessing discharge from a catchment during a sustained 

drought would also negate drainage from the unsaturated Chalk and provide 

incorrect answers. Additionally, because most groundwater models distribute 

recharge using a soil moisture balance (e.g. MORECS) then recharge patterns in 

groundwater models will be incorrect. Consequently parameter values, derived 
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using these models, may also be inaccurate and our understanding of how the 

aquifer will behave under conditions of floods, droughts and climate change 

scenarios, flawed. 

Observations made during this study suggest that stratigraphically constrained, 

localised, recharge will be of significance to the operation of the Chalk aquifer. 

Recharge along preferential flow paths has received considerable attention, with 

an increasing number of studies verifying the significance of the process and 

attempting to quantify its relative contribution to groundwater bodies. Existing 

literature indicates that local groundwater recharge models that ignore the 

possibility of such phenomena may be misleading (Stephens, 1994). Gee & Hillel 

(1988) visualise localised recharge as occurring on three spatial scales 

summarised by Simmers (1998) as: 

 'micro-scale' pathways, several centimeters or decimeters apart, such as 

those formed by shrinkage cracks, roots and burrowing animals; 

 'meso-scale' flow paths, with a spacing of several meters or tens of meters, 

initiated by local topographic or lithological variations; 

 'macro-scale' flow paths, spaced hundreds (or more) meters apart, caused 

by major landscape features such as karst sinks or playa basins. 

In this thesis links have been made between the micro, meso and macro scale 

flow paths. It has been demonstated how the physical characteristics of the Chalk 

may affect these flow paths leading to localised recharge. Because most 

groundwater models require accurately distributed recharge, failure to account for 

localized recharge will produce similar problems to those associated with the 

incorrect estimation of direct recharge as described above. 

The issue of localised recharge need not, however, be a problem should 

concern lie with regional estimates, as its effects will be averaged over large 

areas, but for site specific investigations, such as required for groundwater source 

management, knowledge of localised recharge pathways are likely to be required. 

A pertinent question, and one which cannot be entirely answered by this study, 

would be; at what scale may localised recharge occur in the Chalk? To gain some 

appreciation of what the answer may be consider the two cross sections 

constructed using the aquifer model of the Brighton area constructed by Hadlow 

(2011), Figure 166. In both cross sections the position of the Bridgewick Marl 1, 

the locus of perched water in the NHB2 borehole, is shown. Assuming that this 

acts as an aerially extensive aquiclude the potential for localised recharge exists 
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over distances of between 500 and 1500 m. This appraisal serves to illustrate that 

localised recharge may be significant even at the aquifer scale considering the 

limited size of some Chalk groundwater bodies. Ultimately, however, project 

objectives will dictate whether site-specific investigation or area-based estimation 

methods are appropriate. For detailed site specific investigations aquifer 

characterisation along the lines of that undertaken here will be required, for the 

determination of recharge over extended areas reliable aquifer properties and 

geological mapping data may provide an adequate understanding. Data and 

methods presented in this thesis are, therefore, applicable to both scales of 

investigation. 

The implications of localised recharge for groundwater management are 

significant. Aspects of the Environment Agency’s current groundwater protection 

strategy for the Chalk do not explicitly take into account unsaturated processes. 

The delineation of source protection zones (SPZ’s), for example, which are used 

by planning authorities to mitigate against adverse impact on groundwater 

abstractions by restricting activities and development may be severely flawed. 

SPZ’s are delineated based upon the configuration of the water table determined 

using steady state modelling and various assumptions regarding travel times in the 

saturated zone. Notwithstanding the fact that water level data on which these 

models are partly based may be flawed, there remains an issue of whether or not 

the configuration of the water table is a valid means with which to delineate the 

catchment of a groundwater source. If, as has been indicated in this study, 

recharge and pollutant movement can be controlled, even temporarily, by the 

physical configuration of the unsaturated zone then the surface catchment 

(recharge zone) for a groundwater source may not be accurately reflected by the 

water table. Future revisions to SPZ’s should take into account the likely effects of 

the unsaturated zone. Because groundwater catchments may be wrongly 

delineated based on considering only the configuration of the water table a similar 

situation exists when considering groundwater source yield assessments. 
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Figure 166. Modelled cross sections showing the structure of the Chalk in the Brighton area 

(Hadlow, 2011). Potential lateral extents of localised recharge pathways indicated based on 

Bridgewick Marl 1. SCk = Seaford Chalk, LCk = Lewes Chalk, HCk = Holywell Chalk. 

Bridgewick marl 1 shown as dashed line. 5x vertical exageration. 

The stratification of the unsaturated zone and the occurrence of temporal 

saturated conditions, ephemeral localized recharge, have relevance to water 

quality concerns. Under heavy recharge loading the development of 

stratigraphically constrained saturated conditions may occur and new recharge 

routes may be created which are not dominated by vertical gravity flow. Fracture 

flow at shallow depths the unsaturated profile could travel rapidly from the 

interfluves to dry valleys where it can percolate to the saturated zone, effectively 

short-circuiting usual recharge routes. This mechanism may offer at least a partial 

explanation as to the occurrence of nitrate/turbidity/bacteriological contamination 

at production boreholes following periods of heavy rainfall. An enhanced 

knowledge of aquifer characteristics may, therefore, assist in siting new sources or 

enable the prediction of such occurrences to be made. 

As we face uncertain times with respect to climatic variation the Chalk aquifer 

and its ability to satisfy our requirement for water will come under further scrutiny. 

Perhaps the largest concern will be the potential effect that changes in 

precipitation patterns may have on the aquifer, altering the timing and rate of 

Ian
pdf
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recharge. Detailed consideration the Chalk unsaturated zone will be crucial in 

examining the potential effects of climatic variation not only on water availability, in 

terms of flooding and drought, but also on water quality. This consideration will no 

doubt require modelling to be conducted. Whilst the development and application 

of modelling techniques for the Chalk unsaturated zone has made recent and 

significant advances it has relied on parameters whose variation was poorly 

understood. This thesis has attempted to address this deficiency and in doing so 

provided not only parameters that may be employed in such models but also 

evidence of mechanisms that may be required to be simulated. Our understanding 

of reality has been brought nearer to our ability to mathematically represent it and, 

for the time being at least, the application of erroneous parameters in such models 

less likely. The SMC parameter values presented here go at least some way 

towards providing this assurance. In recent modeling work Ireson (2007) showed 

the Chalk unsaturated zones response to rainfall was highly non-linear, 10% more 

rainfall leading to a reported 50% increase in the occurrence of fracture flow. It 

would be interesting to see how, or even if, such models could be adapted to 

incorporate the conceptualisation and parameters presented here and whether the 

spatial distribution of aquifer characteristics can be adequately discretised using 

current modeling approaches. The current state of the art models (Ireson et al., 

2009; Ireson and Butler, 2011) have yet to be applied to cases other than to one-

dimensional recharge in a vertical profile. Here it has been shown how lithological 

contrasts can impart significant heterogeneity on such a profile. At a catchment 

scale heterogeneity and aquifer anisotropy would become perhaps even more 

significant and so a two or three-dimensional approach should be perused. Should 

such models be found to be reliable when applied to test cases, a new generation 

of spatially distributed models would form the basis of enhanced groundwater 

vulnerability mapping, source protection policy and land use planning. 

Possibly the most far-reaching implications stem from perhaps one of the 

simpler conclusions made during this study, that an open borehole in unconfined 

Chalk may give rise to an artificial water level. Although only proven in a single 

borehole the importance of this finding cannot be overstated. Because so much of 

the work undertaken by hydrogeologists and hydrologists relies on the analysis of 

accurate groundwater level information derived from open boreholes the 

occurrence of this phenomenon should be investigated as a matter of the highest 

priority. Similar implications exist for water quality and pollution monitoring data 
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derived from open boreholes. If boreholes act as rapid conduits for flow through 

the unsaturated zone the validity of data from them must be called in to question, 

and the wisdom of attempting to monitor pollution using such installations 

reviewed. Again, this would appear to be a matter of some urgency. 

In much of the existing literature relating to the Chalk unsaturated zone there 

exists a general theme that it is unwise to generalise and that site-specific 

investigation is required. It is, however, necessary to generalise in order to 

characterise areas of an extensive aquifer that cannot be investigated due to 

environmental or financial constraints. Furthermore, generalisations are required 

to enable ‘broad brush’ assessments to be made and in order to focus finite 

resources on areas of most concern or least knowledge. What should be avoided, 

however, are blind generalisations, undertaken without a framework within which 

to do so. Such generalisations, made without adequate constraints, are in reality 

assumptions and lead to erroneous conclusions. With a solid (stratigraphic) 

framework with which to extrapolate our current understanding it is felt that useful 

generalisations can be made. Whilst the unsaturated zone of the Chalk has been 

found to vary in both composition and behavior it may only do so within the 

constraints of natural variation. The information in this thesis goes someway to 

quantifying this variation, and characterising the medium and its behavior. Whilst it 

is unlikely that all behaviors and properties are encompassed within the data and 

investigations presented here it is hoped that the information provided will be of 

use to future studies, modelling, field and laboratory, and with this in mind full 

results from this study are provided in their respective appendices. 

In conclusion, the objectives of this thesis were to: 

 Establish a methodology for investigating the vertical and lateral 

heterogeneity of the Chalk unsaturated zone using field and laboratory data 

and use this to assess the variation and distribution of hydrologically 

important parameters at a variety of scales. 

 Present and evaluate the results from novel laboratory tests, which have 

enabled the characterisation of the unsaturated properties of both the 

matrix and fracture domains of the Chalk. 

 Assess the suitability of the Chalk lithostratigraphy to act as an appropriate 

framework within which extrapolations of variations in hydraulic properties 

observed in the field and laboratory investigations may be made. 
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 Assess the ability and suitability of state of the art monitoring arrays as a 

means of monitoring and investigating conditions and processes prevalent 

in the deep unsaturated zone of the Chalk. 

 To develop conceptual models of the chalk unsaturated zone and its mode 

of operation based on field and laboratory observations. 

Following the data obtained and discussions presented these objectives have 

been met and through combining laboratory test results, geophysical borehole 

logs, borehole camera logs and field instrumentation, valuable insights into the 

operation of the Chalk unsaturated zone have been gained. Understanding the 

fundamental physical controls on water movement has been key to interpreting 

this data. Whilst the study has also shown that significant difficulties, associated 

with novel methods of field investigation and laboratory tests still exist, new 

directions for research in these areas have been suggested. It is only through 

continued systematic and rigorous investigation that the hydraulic processes in the 

unsaturated zone that have been hinted at herein be confirmed. The contributions 

made to understanding the Chalk aquifer in this thesis challenge many existing 

views. It is hoped that this work provides impetus for current groundwater 

practitioners to re-evaluate data and revise their view of the Chalk, and stimulate 

future researchers. Despite more than 30 years of research, there remains much 

to discover about the Chalk. 
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Appendices 
The five data appendices to this thesis are held on a data disk (Disk 1) appended 

to this thesis. 

Appendix 1 Maps 

Location and geological maps of study sites. 

Appendix 2 Laboratory data 

Data and results from laboratory testing. 

Appendix 3 Geophysical data 

Data and results from Geophysical surveys. 

Appendix 4 Field instrument data 

Field instrument data. 

Appendix 5 North Heath Barn (NHB2) CCTV footage 

Extracts from CCTV surveys of the NHB2 borehole showing key features such as 

base of casing, borehole wetness and the water level. 


